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Evaluation ofPile Drivability 



FUGRO- McCLELLAND MARINE GEOSCIENCES, INC. 


C_H2M HILL
Report No. 0201-3933 6100 Hillcroft {77081) 
Odober 22, 1999 Sacramento P.O. Box 740010 

Houston, TX 77274 
Phone: 713-778-5500OCT281999 
Fax : 713-778-5573 

Earth Mechanics 
17660 Newhope Street, Suite E RECEIVED 
Fountain Valley, California· 92708 

Attention: Dr. Hubert law 

Evaluation of Pile Drivability 

Benicia-Martinez Bridge 

Suison Bay, California 


This report presents the results of our drivability study for 2500-mm-diameter pennanent steel 
casings to be driven at the above location. The study was authorized by your letter dated September 9, 
1999. Preliminary results were submitted on September 17 and September 24, 1999. 

Principal Findings 

Our evaluation of pile drivability indicates that the 2500-mm-10 casing should be driven 10 m into 
the rock with a Del mag D-1 00 hammer if the lower bound resistance is applicable, but an IHC S-500 
hammer would be required if the upper bound resistance is applicable. The required penetration could also 
be obtained for the upper bound resistance with a Delmag D-100 hammer and center relief drilling. The 
maximum driving stresses are acceptable for all hammers, as the pennanent casing has a minimum yield 
strength of 50 ksi (345 MPa). 

General Soil Conditions 

Our evaluation of pile drivability is based on a soil boring drilled by others. Boring 97-1 was drilled 
at 5.0 m Rt. sta. 39+1 0. Soil conditions are tabulated below to the depth of interest. 

Deoth. m 

Stratum From To Description 


I 0 9 Very loose clayey silt 
II 9 14 Very loose silt and fine sandy silt with clay 
Ill 14 16 Very loose fine sand with silt 
IV 16 17.5 Medium dense fine sand with silt 
v 17.5 20 Very loose fine sand with silt 
VI 20 21 Very soft to finn clay with silt 
VII 21 22.5 Very soft decomposed siltstone 
VIII 22.5 23 Moderately soft to soft, moderately weathered 

sandstone 
IX 23 25 Hard to moderately hard, moderately to slightly 

weathered sandstone 
X 25 27 Moderately soft, moderately weathered claystone, 

siltstone, and sandstone 
XI 27 32 Moderately hard, slightly weathered sandstone 

and siltstone 
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A Roman numeral representing each stratum is shown in the above tabulation, as well as on the resistance 
to driving and predicted blow count plates. Soils are naturally formed materials, and their proi>erties are 
likely to be variable, controlled by nonuniform geologic depositional processes and post-depositional 
events. Layered strata, in particular, may change in thickness, density, and soil type within relatively short 
horizontal and vertical distances. Because soil borings provide information at discrete intervals, some soil 
property variations may not be detected. Subsequent recommendations contained in this report were 
developed assuming that soil conditions as revealed by the borings are continuous throughout the general 
area. Consideration of possible stratigraphic changes, faulting, or other differences in soil conditions that 
could influence pile drivability is beyond the scope of this investigation. 

Evaluation of Pile Drivability 

Soil Resistance to Driving. Curves of soil resistance to driving were computed for coring 
conditions using procedures recommended by Stevens, Wiltsie, and Turton (1982), and are presented on 
Plate 1 for a 2SOO-mm-diameter permanent steel casing without a driving shoe. When a pile cores, relative 
movement between pile and soil occurs both on the outside and inside of the pile wall. The end bearing 
area is only the cross-sectional area of steel at the driving shoe. When a pile plugs, the soil plug moves 
with the pile during driving. Shaft resistance is mobilized only on the outer wall. The end bearing area is 
the gross area of the pile. 

The soil resistance to driving in rock is based on the ROD (Rock Quality Designation), the percent 
recovery, and the compressive strength of the rock. The ROD is defined as the percent ratio of the 
cumulative length of core samples 4 in. long or longer to the length of the core run. The percent recovery is 
defined as the percent ratio of the length of sample recovered to the length of core run. Very poor to poor 
quality rock is considered to have an ROD of less than SO percent. Rock having a compressive strength of 
less than s MPa is considered to be weak. 

Driving piles into rock is anticipated to severely fracture the rock layers and reduce the rock to a 
granular material. Therefore, unit skin friction for piles driven in rock layers is computed assuming sand 
parameters. Silty sand parameters are assigned to rock layers that are interbedded with silt or clay seams 
and layers. 

For poor to fair quality rock, unit end bearing is limited to values given for granular soils. For more 
competent rock, unit end bearing is computed using the following equation: 

q = U Nu 

where: u = compressive strength of rock, and 

Nu = dimensionless bearing capacity factor. 

A value of 3 is used for Nu. Rock end bearing acts only on the area of steel at the pile tip. Unit end bearing 
for the soil plug is computed assuming sand parameters, or silty sand parameters for rock layers inter
bedded with silt or clay. 

Qualitatively, refusal in rock layers is likely when the ROD is greater than SO percent, the percent 
recovery is greater than 85 percent, and the unconfined compressive strength of the rock is greater than 
5MPa. 

Wave Equation Analyses. Wave equation analyses were performed using the hammer, pile, and 
soil parameters given on Plate 2. The GRLWEAP computer program developed by Goble and Rausche 
(1986) was used to model the Delmag D-100 diesel hammer and the IHC S-200 and S-SOO hydraulic 
hammers. GRLWEAP differs from other diesel hammer simulations in two respects: (1) a thermodynamic 
analysis determines the gas pressure in the combustion chamber during compression, combustion delay, 
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ignition, and expansion, rather than assuming a constant pressure; and (2) the hammer stroke is .calculated 
rather than using a prescribed value. For hydraulic hammers, the ram impacts directly on the pile cap. A 
cushion is not used. A follower is required because the largest pile diameter driven with the IHC S-200 and 
D-100 hammers is 48 inches (1219 mm). · 

The GRLWEAP computer program was also used to model the Vulcan 560 and Menck 3000 
hammers. For air/steam hammers, the rated hammer energy, hammer efficiency, ram weight, pile cap 
weight, and cushion properties are required. ·.Driving ·system perfonnance parameters were detennined 
from our data base. A follower is required· because the largest pile diameter driven with the Vulcan 560 
and Menck 3000 hammers is 72 inches (1829 mm). 

The soil quake and damping parameters recommended by Roussel (1979) were used in our wave 
equation analyses. These parameters were detennined form a comprehensive correlation study performed 
for large-diameter offshore piles in which the driving records of 58 piles at 15 offshore sites in the Gulf of 
Mexico were analyzed. The side and point quake are assumed equal, with a magnitude of 0.10 in. 
(2.5 mm) for stiff to hard clay, silt, and sand. -Side damping in clay decreases with increasing shear 
strength, which is in agreement with the laboratory test results of Coyle and Gibson (1970) and Heerema 
(1979). For silt and sand, side damping is 0.07 and 0.08 sec/ft (0.23 and 0.26 sec/m), respectively. Point 
damping of 0.15 seclft (0.49 sec/m) is recommended for firm to hard clay, silt, and sand. The quake and 
damping parameters recommended for silt are also recommended for rock. 

Results of Wave Equation Analyses 

Our experience with driving large-diameter piles has shown that blow counts predicted for the 
coring case will generally give the best estimate of the field blow counts. Predicted blow counts are 
presented on Plates 3 through 5 for the Delmag 0-100 diesel hammer. 

Results are presented for the 2500-mm-10 casing without a driving shoe on Plate 3. For the lower 
bound resistances, blow counts are expected to be less than 100 blows per 0.25 m to 27-m penetration, 
but greater than 200 blows per 0.25 m in the underlying moderately hard sandstone and siltstone. 

The use of a driving shoe can prevent damage to the pile toe during hard driving. The inside 
clearance provided by the driving shoe also acts to reduce skin friction on the inside of the pile, and may 
delay plugging by reducing lateral stresses developed in the soil plug. Wave equation analyses were also 
performed for the 2500-mm-10 casing with a driving shoe having the same outside diameter, a wall 
thickness of 54 mm, and a length of 1.5 m. The results presented on Plate 4 indicate that the reduction in 
internal friction is offset by the increase in end bearing, and the predicted blow counts are similar. 

Orivability can be improved by center relief drilling. Results are presented on Plate 5 assuming 
drilling extends 1 m ahead of the pile toe. Because both the internal friction and the end bearing are 
reduced, the driving is much easier. Blow counts are expected to be less than about 80 blows per 0.25 m 
for the lower bound resistance, and less than 300 blows per 0.25 m for the upper bound resistance. 
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Wave equation analyses were also pertonned for several hammers to compare the_ maximum 
resistance overcome by each hammer at 200 blows per 0.25 m, and the maximum driving stresses. 
Results are tabulated below: 

Hammer Driving Resistance. MN Maximum Driving Stress. MPa 

Delmag D-100-13 20.21 112 
IHCS-200 29.89 142 
Vulcan 560 33.81 164 
Menck MRBS 3000 34.88 158 
IHCS-500 54.32 257 

These results indicate that a Delmag D-100 hammer should drive the 2500-mm-ID casing 10m into 
the rock if the lower bound resistan~ is applicable, but an IHC S-500 hammer would be required if the 
upper bound resistance is applicable. The required penetration could also be obtained for the upper bound 
resistance with a Delmag D-1 00 hammer and center relief drilling. The maximum driving stresses are 
acceptable for all hammers, as the special provisions for this project call for AASHTO M270, Grade 345 
plate for the permanent casing, which has a minimum yield strength of 50 ksi (345 MPa). 

Warranty 

The results presented in this report are based on soil conditions revealed by a single boring 
obtained by others at the boring location only. Lateral variation in subsurface conditions across the site 
could result in variable blow counts. Deviations between the observed and predicted blow counts may 
indicate soil conditions, which are different from those assumed for this study, and may require further 
investigation. 

-Fugro-McCielland warrants that its services with respect to this study were performed with a 
degree of care and skill equal to that ordinarily exercised under similar conditions by reputable members of 
our profession practicing in the same or similar locality. No other warranty, express or implied, is made or 
intended. 

The following illustrations are attached and complete this report: 

Plate 1 Estimated Soil Resistance to Driving 
Plate 2 Summary of Wave Equation Parameters 
Plates 3 thru 5 Predicted Blow Counts 

We are pleased to be of assistance on this project. Please contact us if you have any questions or 
need additional information. 

Sincerely, 

FUGRO-McCLELLAND 
MARINE GEOSCIENCES, INC. 

Robert F. Stevens, Ph.D., P.E. 
Senior Consultant 

RFS/dka{39331rpt) 
Copies Submitted: (3) 
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HAMMER PROPERTIES 

IHC-S-200 IHC-S-500 

Rated Energy, ft-lb 147,180 368,300 
Hammer Efficiency, % 95 95 
Weight of Ram, lb 22,000 55,300 
Weight of Pile Cap, lb 7,700 12,300 
Cushion Stiffness, lb/in. 
Coefficient of Restitution 

Cushion 0.98 0.98 
Pile Cap on Follower 0.95 0.95 

PILE PROPERTIES 

Inside Diameter, mm 
Length, m 
Wall Thickness, mm 
Unit Weight, pcf 
Modulus, psi 

SOIL PROPERTIES 

Quake, in. 
Side 
Tip 

Damping, sec/ft 
Side 
Tip 

Tip Resistance 

Vulcan 
560 

312,500 
67 

62,500 
45,900 

9.0 X 107 

0.70 
0.95 

2500 
36 
41 

492 
29.6 X 106 

0.10 
0.10 

0.07 
0.15 

1 to 95 

Menck 
3000 

325,480 
67 

66,100 
34,800 

5.5 X 107 

0.70 
0.95 

SUMMARY OF WAVE EQUATION PARAMETERS 

Benicia-Martinez Bridge 
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HAMMER PROPERTIES 

Rated Energy, ft-kips 
Blow Rate, blows per minute 
Weight of Ram, lb 
Ram Springs, lb/in. 
Weight of Impact Block, lb 
Ram-Impact Block Spring, lb 
Stiffness of Cushion, lb/in. 
Weight of Pile Cap, lb 
Coefficient of Restitution, 

Ram on Impact Block 

Cushion (Aiuminum-Micarta) 

Pile Cap on Pile 


Maximum Stroke, ft 
Maximum Combustion Pressure, psi 
Minimum Combustion Pressure, psi 
Combustion Chamber Volume, in.3 

Combustion Delay, sec 
Duration of Fuel Ignition, sec 
Area of Cylinder, in.2 

Exponent for Expansion Process 
Compressive Stroke 

Del mag 
D-100-13 

158 to 246 
34to45 
22,030 

3.83 X 108 

5,000 
1.78 X 108 

1.64 X 108 

4,220 

0.90 
0.80 
0.95 

11.16 
1,275 

929 
1080 

.0005 
.002 

483.0 
1.25 

28.35 

SUMMARY OF WAVE EQUATION PARAMETERS 
Benicia-Martinez Bridge 
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Predicted Blow Counts. Blows per 0.25 meter 
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Creep and Shrinkage Te.st Reports 



C T L Structural/Architectural Engineering, 
Testing and Materials Technology 

5420 Old Orchard Road, Skokie, Illinois Goon-1030 
8471965-7500 8001522-2CTL Fax:847/965-6541 

October 21, 1999 

Mr. Steve Thoman 

CH2M Hill 

2485 Natomas Drive, Suite 600 

Sacramento, CA 95833 


Re: Lightweight Concrete Creep and Shrinkage Tests for the Benicia-Martinez Bridge 

Dear Mr. Thoman: 

As authorized by a CH2M Hill!T. Y. Lin International Subconsultants Services Agreement, 
CTL has performed compressive strength, modulus of elasticity, and creep tests on concrete 
samples submitted and identified others. We understand the samples were fabricated from 
three sanded-lightweight concrete mixes, each containing a different lightweight coarse 
aggregate. Target 28-day compressive strength was 6500 psi. 

Modulus of elasticity was determined in accordance with ASTM C 469-94, "Standard Test 
Method for Static Modulus of Elasticity and Poisson's Ratio of Concrete in Compression. 
Compressive strength was determined in accordance with ASTM C 39-96, "Standard Test 
Method for Compressive Strength of Cylindrical Concrete Specimens." Creep tests were 
performed in accordance with ASTM C 512-87 (Reapproved 1997), "Standard Test Method 
for Creep of Concrete in Compression." All tests were conducted on specimens fabricated, 
submitted, and identified by others. Creep was determined for each concrete mix at three 
ages of loading: 3, 28 and 91 days. Creep specimens were maintained under load for at least 
91 days. 

Test results are summarized in the attached tables and graphs. The "Realite" concrete mix 
loaded at 7 days was not required by the agreement, however, by the time this was 
discovered the test was well underway. Results are presented for your information. 
Interestingly, the results for this concrete loaded at 7 days fit well with the-other data for this 
concrete. In some cases, creep and shrinkage tests were continued past the required 91 days 
of loading because other tests were still in progress. 

Creep data are presented both as specific creep (creep strain/applied creep load) and creep 
coefficient (creep deformation as a ratio to initial elastic deformation) for your convenience. 
The performance of the three mixes, with respect to creep and shrinkage, can be compared 
by evaluating test data for a similar age of loading after a specific time under load. The creep 

Construction Tecllnology Laboratories, Inc. Chicago/Skokie Denver/Littleton 



CTL 


Mr. Steve Thoman 
Page 2 of2 
October 21, 1999 

and shrinkage test data can also be used to refine creep models used to predict field 
deformations. 

If you have any questions on this matter, please call me. 

Sincerely, 

CONSTRUCTION TECHNOLOGY LABORATORIES, INC. 


Ronald G. Burg, P.E. 
Principal Engineer 

RGB/tp 
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Compressive Strength and Modulus of Elasticity Test Results 
"Realite" Aggregate Concrete 

Specimen No. 
Test Age 1 2 3 Average 

Compressive Strength, psi 4 6370 6280 6360 6340 
Modulus of Elasticity, ksi 4 3360 3300 3330 
Compressive Strength, psi 7 6590 7800 6920 7100 
Modulus of Elasticity, ksi 7 3680 3680 
Compressive Strength, psi 28 8670 8720 8530 8640 
Modulus of Elasticity, ksi 28 3080 3100 3090 
Compressive Strength, psi 91 9500 10,180 9010 9560 
Modulus of Elasticity, ksi 91 3410 3740 3580 

Notes: 
l. 	All specimens provided and identified by others. 

2. 	 Specimens tested at an age of three days were cured in molds prior to test 

3. Specimes tested at 7 days cured in molds for 3 days, moist cured until test. 

4. 	 Specimens tested at an age of 28 and 91 days were cured in molds for three days, 

moist cured until an age of 14 days and then air cured until test. 

Construction Technology Laboratories, Inc. 109061 



ASTM C 512 Creep and Shrinkage of Realite 

(Load Applied and Drying Started at an Age of 4 Days) 


Drying Load induced Specific 
Days shrinkage deformation* creep Creep 

Loaded (millionths) (millionths) (~strain/psi) coefficient Condition 

0 0 951 0 0.00 Instantaneous strain 
36 1307 0.14 0.37 Additional strain due to creep 

2 73 1482 0.21 0.56 " 

3 100 1552 0.24 0.63 " 

4 108 1627 0.27 0.71 " 

5 126 1725 0.31 0.81 " 

6 130 1739 0.32 0.83 
7 133 1778 0.33 0.87 " 

14 162 1910 0.38 1.01 " 


21 165 1950 0.40 1.05 " 


28 204 2015 0.43 1.12 " 


59 231 2127 0.47 1.24 " 


91 237 2153 0.48 1.26 

121 300 2248 0.52 1.36 " 


151 343 2318 0.55 1.44 

183 376 2362 0.56 1.48 

214 413 2400 0.58 1.52 

245 419 2412 0.58 1.54 " 


Notes: 

*Adjusted for drying shrinkage 

Test specimens are 6x 12-in. cylinders and were indentified and provided by otners. 

Applied stress during creep test: 2500 psi 
Compressive strength at time of loading: 6340 psi (ASTM C 39) 
Modulus of elasticity at time of loading: 3330 ksi (ASTM 469) 
Age at loading: 4 days 
Preload environment: in molds 
Loaded environment: 50% ±4 relative humidity 

CTL Project No.: I 09061 Construction Technology Laboratories, Inc. 



ASTM C 512 Creep and Shrinkage of Realite 

(Load Applied and Drying Started at an Age of 4 Days) 
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ASTM C 512 Creep and Shrinkage of Realite 

(Load Applied and Drying Started at an Age of7 Days) 


Drying Load induced Specific 

Days shrinkage deformation* creep Creep 
Loaded (millionths) (millionths) (f.lstrain/psi) coefficient Condition 

0 0 863 0 0.00 Instantaneous strain 

3 1107 0.10 0.28 Additional strain due to creep 
2 45 1222 0.14 0.42 

3 46 1263 0.16 0.46 

4 53 1302 0.18 0.51 .. 
5 45 1328 0.19 0.54 
6 47 1365 0.20 0.58 
7 54 1400 0.22 0.62 " 

14 69 1516 0.26 0.76 
21 68 1531 0.27 0.77 " " 

28 68 1603 0.30 0.86 " 

60 98 1740 0.35 1.02 " 

90 121 1783 0.37 1.07 
120 147 1863 0.40 1.16 
152 197 1965 0.44 1.28 

183 242 2016 0.46 1.34 
214 254 2026 0.47 1.35 
245 292 2085 0.49 1.42 " " 

Notes: 

*Adjusted for drying shrinkage 

Test specimens are 6x 12-in. cylinders and were provided and indentified by others. 

Applied stress during creep test: 2500 psi 
Compressive strength at time of loading: 7100 psi (ASTM C 39) 
Modulus of elasticity at time of loading: 3680 ksi (ASTM 469) 
Age at loading: 7 days 
Preload environment: 3 days in mold, 4 days moist 
Loaded environment: 50% ±4 relative humidity 
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ASTM C 512 Creep and Shrinkage of Realite 

(Load Applied and Drying Started at an Age of 7 Days) 
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ASTM C 512 Creep and Shrinkage of Realite Concrete 

(Drying Started at an Age 14 days, Load Applied at an Age of 28 Days) 


Drying Load induced Specific 

Days shrinkage deformation* creep Creep 
Loaded (millionths) (millionths) (Jlstrain/psi) coefficient Condition 

0 0 748 0 0.00 Instantaneous strain 
- 11 885 0.05 0.18 Additional strain due to creep 

2 0 903 0.06 0.21 " 
3 8 924 0.07 0.23 " 
4 23 924 0.07 0.23 " 

5 15 943 0.08 0.26 
6 13 953 0.08 0.27 " 
7 54 970 0.09 0.30 

14 60 1061 0.13 0.42 " 

21 - 47 1053 0.12 0.41 " 

28 59 1088 0.14 0.45 " 


59 38 1197 0.18 0.60 " 

90 37 1243 0.20 0.66 " 


Notes: 

*Adjusted for drying shrinkage 

Test specimens are 6x 12-in. cylinders and were provided and indentified by oiTlers. 

Applied stress during creep test: 2500 psi 
Compressive strength at time of loading: 8640 psi (ASTM C 39) 

Modulus of elasticity at time of loading: 3090 ksi (ASTM 469) 
Age at loading: 28 days 
Preload environment: 14 days moist, 14 days in air 
Loaded environment: 50% ±4 relative humidity 
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ASTM C 512 Creep and Shrinkage of Realite Concrete 

(Drying Started at an Age 14 days, Load Applied at an Age of 28 Days) 
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ASTM C 512 Creep and Shrinkage of Realite Concrete 

(Drying Started at an Age 14 days, Load Applied at an Age. of 91 Days) 


Drying Load induced Specific 
Days shrinkage deformation* creep Creep 

Loaded (millionths) (millionths) (Jlstrain/psi) coefficient Condition 

0 0 789 0 0.00 Instantaneous strain 

- 8 842 0.02 0.07 Additional strain due to creep 
2 3 884 0.04 0.12 " " 

3 5 931 0.06 0.18 " " 

4 4 945 0.06 0.20 " " 

5 4 946 0.06 0.20 " " 

6 4 948 0.06 0.20 " " 
7 8 966 0.07 0.22 " 

14 15 994 0.08 0.26 " " 

21 15 1028 0.10 0.30 " " 

28 17 1067 0.11 0.35 " " 

58 66 1159 0.15 0.47 " " 


90 122 1275 0.19 0.62 " 


121 144 1324 0.21 0.68 " " 

152 176 1374 0.23 0.74 " " 


Notes: 

*Adjusted for drying shrinkage 

Test specimens are 6x12-in. cylinders and were provided and indentified by otners. 

Applied stress during creep test: 2500 psi 
Compressive strength at time of loading: 9570 psi (ASTM C 39) 
Modulus of elasticity at time of loading: 3680 ksi (ASTM 469) 
Age at loading: 91 days 
Preload environment: 14 days moist, 77 days in air 
Loaded environment: 50% ±4 relative humidity 
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ASTM C 512 Creep and Shrinkage of Realite Concrete 

(Drying Started at an Age 14 days, Load Applied at an Age of 91 Days) 
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Compressive Strength and Modulus of Elasticity Test Results 
"Utelite" Aggregate Concrete 

Test 

Compressive Strength, psi 

Modulus of Elasticity, ksi 

Compressive Strength, psi 

Modulus of Elasticity, ksi 

Compressive Strength, psi 
Modulus of Elasticity, ksi 

Age 

3 
3 

28 
28 

91 
91 

1 

4450 

7310 

8970 

Specimen No. 
2 

5060 
2640 
7360 
3190 
7950 
3210 

3 

4820 
2520 
6650 
2870 
7940 
2950 

Average 

4780 
2580 
7110 
3030 
8290 
3080 

Notes: 
1. All specimens provided and identified by others. 

2. Specimens tested at an age of three days were cured in molds prior to test. 

3. Specimens tested at an age of 28 and 91 days were cured in molds for three days, 

moist cured until an age of 14 days and then air cured until test. 
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ASTM C 512 Creep and Shrinkage of Utelite Concrete 
(Load Applied and Drying Started at an Age of 3 Days) 

Drying Load induced Specific 
Days shrinkage deformation* creep Creep 

Loaded (millionths) (millionths) (Jlstrain/psi) coefficient Condition 

0 0 863 0 0.00 Instantaneous strain 

1 0 1124 0.12 0.30 Additional strain due to creep 

2 25 1223 0.16 0.42 " " 

3 28 1305 0.20 0.51 " " 

4 32 1382 0.23 0.60 " 

5 30 1422 0.25 0.65 " " 

6 30 1442 0.26 0.67 " " 

7 45 1491 0.28 0.73 " " 

14 46 1592 0.33 0.84 " " 

21 53 1624 0.34 0.88 " " 
28 57 1685 0.37 0.95 " " 

59 33 1741 0.40 1.02 " " 

90 36 1784 0.41 1.07 " " 
122 42 1835 0.44 1.13 " 

152 70 1915 0.47 1.22 " " 

182 135 1974 0.50 1.29 " 

214 136 1983 0.50 1.30 " " 

Notes: 
*Adjusted for drying shrinkage 

Test specimens are 6x12-in. cylinders and were provided and indentified by otners. 

Applied stress during creep test: 2220 psi 
Compressive strength at time of loading 4780 psi (ASTM C 39) 
Modulus of elasticity at time of loading: 2580 ksi (ASTM 469) 
Age at loading: 3 days 
Preload environment: in molds 
Loaded environment: 50% ±4 relative humidity 
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ASTM C 512 Creep and Shrinkage of Utelite Concrete 
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ASTM C 512 Creep and Shrinkage of Utelite 

Drying Started at an Age of 14 Days, Load Applied at an Age of 28 Days 


Drying Load induced Specific 


Days shrinkage deformation* creep Creep 


Loaded (millionths) (millionths) (f1strain/psi) coefficient Condition 

0 0 793 0 0.00 Instantaneous strain 

I 25 913 0.05 0.15 Additional strain due to creep 

2 11 916 0.05 0.16 " 

3 11 953 0.06 0.20 " 

4 12 968 0.07 0.22 " " 

5 13 979 0.07 0.24 " " 

6 15 999 0.08 0.26 " 

7 18 1000 0.08 0.26 " 
14 30 1087 0.12 0.37 " 


21 37 1144 0.14 0.44 " 


28 37 1140 0.14 0.44 II 


59 25 1196 0.16 0.51 II " 


90 38 1261 0.19 0.59 


121 74 1337 0.22 0.69 " 


153 73 1373 0.23 0.73 " 


183 81 1409 0.25 0.78 " 


Notes: 

*Adjusted for drying shrinkage 

Test specimens are 6x 12-in. cylinders and were provided and indentified by others. 


Applied stress during creep test: 2500 psi 
Compressive strength at time of loading 7110 psi (ASTM C 39) 

Modulus of elasticity at time of loading: 3030 ksi (ASTM 469) 

Age at loading: 28 days 

Preload environment: 14 days moist, 14 days air dry 


Loaded environment: 50% ±4 relative humidity 
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ASTM C 512 Creep and Shrinkage of Utelite Concrete 

Drying Started at an Age of 14 Days, Load Applied at an Age of 91 Days 


Drying Load induced Specific 

Days shrinkage deformation* creep Creep 

Loaded (millionths) (millionths) (f1strain/psi) coefficient Condition 

0 0 859 0 0.00 Instantaneous strain 

14 916 0.02 0.07 Additional strain due to creep 

2 16 928 0.03 0.08 " 
3 15 940 0.03 0.09 " 
4 18 970 0.04 0.13 " " 

5 27 988 0.05 0.15 " " 

6 28 998 0.06 0.16 

7 29 1006 0.06 0.17 

14 34 1034 0.07 0.20 " " 

21 41 1055 0.08 0.23 " " 
..28 41 1086 0.09 0.26 " 
..59 102 1174 0.13 0.37 " 


90 104 1234 0.15 0.44 " " 

121 121 1268 0.16 0.48 " 


Notes: 

*Adjusted for drying shrinkage 


Test specimens are 6x12-in. cylinders and were provided and indentified by others. 


Applied stress during creep test: 2500 psi 

Compressive strength at time of loading 8280 psi (ASTM C 39) 

Modulus of elasticity at time of loading: 3030 ksi (ASTM 469) 

Age at loading: 91 days 

Preload environment: 14 days moist, 77 days air dry. 


Loaded environment: 50% ±4 relative humidity 
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ASTM C 512 Creep and Shrinkage of Utelite Concrete 

Drying Started at an Age of 14 Days, Load Applied at an Age of 91 Days 
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Compressive Strength and Modulus of Elasticity Test Results 
"Stalite" Aggregate Concrete 

Test 

Compressive Strength, psi 

Modulus of Elasticity, ksi 

Compressive Strength, psi 

Modulus of Elasticity, ksi 

Compressive Strength, psi 

Modulus of ElastiCity, ksi 

Age 

3 
3 

28 
28 
91 
91 

1 

3980 

8760 

9550 

Specimen No. 
2 

4040 
3000 
8320 
3940 
9460 
3910 

3 

3970 
3000 
8030 
3760 
8380 
3900 

Average 

4000 
3000 
8370 
3850 
9130 
3910 

Notes: 
I. All specimens provided and identified by others. 

2. Specimens tested at an age of three days were cured in molds prior to test. 

3. Specimens tested at an age of 28 and 91 days were cured in molds for three days, 

moist cured until an age of 14 days and then air cured until test. 
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ASTM C 512 Creep and Shrinkage of StatUte Concrete 
(Load Applied and Drying Started at an Age of 3 Days) 

Drying Load induced Specific 
Days shrinkage deformation* creep Creep 

Loaded (millionths) (millionths) (!lstrain/psi) coefficient Condition 

0 0 619 0 0.00 Instantaneous strain 

1 30 909 0.18 0.47 Additional strain due to creep 

2 58 1011 0.24 0.63 " " 

3 63 1082 0.29 0.75 " " 

4 61 1108 0.31 0.79 " " 

5 80 1181 0.35 0.91 " " 

6 98 1229 0.38 0.99 " " 

7 142 1286 0.42 1.08 " " 

14 199 1402 0.49 1.26 It " 

21 257 1454 0.52 1.35 
28 262 1481 0.54 1.39 " " 

59 302 1566 0.59 1.53 " " 

90 333. 1600 0.61 1.58 " " 

.;.,: 

Notes: 
*Adjusted for drying shrinkage 

Test specimens are 6xl2-in. cylinders and were provided and indentified by otllers. 

Applied stress during creep test: 1600 psi 
Compressive strength at time of loading 4000 psi (ASTM C 39) 
Modulus of elasticity at time of loading: 3000 ksi (ASTM 469) 
Age at loading: 3 days 
Preload environment: in molds 
Loaded environment: 50% ±4 relative humidity 
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ASTM C 512 Creep and Shrinkage of Statlite Concrete 

(Load Applied at 28 Days, Drying Started at an Age of 14 Days) 


Drying Load induced Specific 
Days shrinkage deformation* creep Creep 

Loaded (millionths) (millionths) (J1Strain/psi) coefficient Condition 

0 0 643 0 0.00 Instantaneous strain 
0 787 0.06 0.22 Additional strain due to creep 

2 4 829 0.07 0.29 " " 

3 16 865 0.09 0.35 " " 

4 23 887 0.10 0.38 " " 
5 25 903 0.10 0.40 " " 
6 28 918 0.11 0.43 " " 

7 37 954 0.12 0.49 " 

14 75 1027 0.15 0.60 " II 


21 97. 1099 0.18 0.71 " II 


28 105 1108 0.19 0.73 " II 


59 173 1262 0.25 0.96 II 


90 174 1258 0.25 0.96 " II 


Notes: 
*Adjusted for drying shrinkage 

Test specimens are 6x 12-in. cylinders and were provided and indentified by others. 

Applied stress during creep test: 2500 psi 
Compressive strength at time of loading 8370 psi (ASTM C 39) 
Modulus of elasticity at time of loading: 3850 ksi (ASTM 469) 
Age at loading: 28 days 
Preload environment: 14 days moist, 14 days air dry 

Loaded environment: 50% ±4 relative humidity 


CTL Project No.: 109061 Construction Technology Laboratories, Inc. 



1400 

ASTM C 512 Creep and Shrinkage of Statlite Concrete 

(Load Applied at 28 Days, Drying Started at an Age of 14 Days) 

1200 

1000 

c 
·~-Ill ::L 

800 

600 <-- Elastic Strain 

-o-Creep 

-o-Shrinkage 

400 

Applied stress during creep test:, psi: 2500 

200 

0 

0 10 20 30 

I _____l -----~--------_1-

40 50 60 

Age, days under load 

70 80 

I 

90 

I 

100 

Construction Technology Laboratories, Inc. 109061 



ASTM C 512 Creep and Shrinkage of StatUte Concrete 

(Load Applied at 91 Days, Drying Started at an Age of 14 Days) 


Drying Load induced Specific 

Days shrinkage deformation* creep Creep 


Loaded (millionths) (millionths) (J.Istrain/psi) coefficient Condition 

0 0 673 0 0.00 Instantaneous strain 
1 38 753 0.03 0.12 Additional strain due to creep 
2 35 783 0.04 0.16 11 " 

3 39 794 0.05 0.18 " " 

4 33 809 0.05 0.20 " 

5 30 837 0.07 0.24 II " 

6 34 843 0.07 0.25 
7 33 847 0.07 0.26 " " 

14 35 886 0.09 0.32 " 


21 19 890 0.09 0.32 II " 


28 28 911 0.10 0.35 " 


58 104 1065 0.16 0.58 " 

92 114 1117 0.18 0.66 " 


Notes: 

*Adjusted for drying shrinkage 

Test specimens are 6x 12-in. cyl~nders and were provided and indentified by others. 

Applied stress during creep test: 2500 psi 
Compressive strength at time of loading 9130 psi (ASTM C 39) 
Modulus of elasticity at time of loading: 3910 ksi (ASTM 469) 
Age at loading: 91 days 
Preload environment: 14 days moist, 77 days air dry 

Loaded environment: 50% ±4 relative humidity 
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BACKGROUND 

This report is the second of two reports that discusses thermal analyses of the referenced project. 
This generalized report provides guidelines for the constructability of the mass concrete elements 
of the referenced project. The first report, entitled "Thermal Analyses and Recommendations 
Regarding the Specifications and Constructability of Typical Mass Concrete Structural Elements 
of the Benicia-Martinez Bridge" is a technical report, which discusses the results of thermal 
analyses and provides recommendations regarding the specifications and constructability of 
typical mass concrete structural elements of the referenced project. Recommendations presented 
in the first report were based on thermal analyses performed in accordance with calculation 
procedures described in ACI 207, "Mass Concrete". 

INTRODUCTION 

Mass concrete is defined as any cast concrete section with a minimum dimension greater than 
1 m (3 ft) or any cast concrete section with high cement content. Many sections of the Benicia
Martinez Bridge are considered to be mass concrete. 

Placement of mass concrete requires special considerations because large increases in concrete 
temperature routinely occur as a result of hydration of the cementitious materials. Figure 1 
presents a typical time- temperature plot for a massive concrete element. Note this plot may not 
be representative of any specific element in the Benicia-Martinez Bridge. 
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Figure 1 - Hypothetical Temperatures within a Massive Concrete Element 

Problems related to mass concrete include thermal cracking and long-term durability of the 
concrete. Thermal cracking of the concrete results from high internal concrete temperatures and 
a relatively cool surface temperature. Extensive thermal cracking of the structures can occur if 
special precautions are not followed. Long-term durability of the concrete can be compromised 
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if the temperature of the concrete exceeds 70°C {158°F). Specific durability concerns are related 
to delayed ettringite formation (DEF). DEF can result in expansion and cracking of hardened 
concrete during exposure to moisture. The deterioration can begin months or years-after 
construction and may continue for several years. 

MASS CONCRETE ELEMENTS 

The Benicia-Martinez Bridge is compromised of five distinct mass concrete elements. These 
elements include piles, pile caps, pier shafts, pier tables, and box girder bottom slabs. The 
concrete elements are described below along with potential problems. A range of solutions are 
discussed in later sections. 

Concrete Sections 

The concrete piles consist of reinforced concrete elements cast into 2.5-m diameter steel shafts. 
Piles extend from the bedrock to a height of approximately 2 m (6.6 ft) above the bay water. 
Without precautions, thermal cracking may occur on the top surface of the concrete piles. 

Pile caps consist of reinforced post-tensioned concrete cast into a precast reinforced concrete 
shell. Nine piles extend approximately 4 m (13.1 ft) into the pile caps. The overall dimensions 
of the pile caps are approximately 19 by 21.5 by 5.25 m high (62.3 by 70.5 by 17.2 ft). The 
precast shell has a wall thickness of approximately 400 mm (15.7 in.) and a floor thickness of 
1375 mm (54.1 in.). The bottom ofthe precast shell is planned to be approximately 2m (6.6 ft) 
below water level. Within the precast shell, an 18.2 by 20.7 x 3.9-m (59.7 by 67.9 by 12.8 ft) 
block of concrete must be cast. Without precautions, thermal cracking is likely to occur on the 
top surface of the pile cap. In extreme cases, cracking may also occur on the side faces. Due to 
the size of the mass concrete, maximum concrete temperatures may easily exceed 70°C (158°F) 
which can result in long-term durability (DEF) concerns. 

Pier shafts consist of integrally cast reinforced concrete pier "lobes" and walls with overall plan 
dimensions of 6.6 by 8.5 m (21.7 by 27.9 ft). The maximum wall thickness is 1600 mm (63 in.). 
The minimum wall thickness is 775 mm (29.7 in.). Pier shafts range in height up to 40 m 
(131.2 ft). The potential for thermal cracking of the concrete can be controlled with precautions. 
The maximum temperature of the concrete may also be problematic. 

Pier tables and box girder bottom slabs require concrete with a high modulus of elasticity. The 
easiest way to achieve a high modulus of elasticity is with a low water to cement ratio, likely 
resulting in high cement contents. Although many of the box girder bottom slab sections are less 
than 1 m (3 ft) thick, the required high cement content forces the box girder bottom slabs to be 
considered as mass concrete. The concrete bottom slab width and thickness at the pier shaft were 
taken to be 8500 and 1700 mm (334.6 and 66.9 in.), respectively. The concrete bottom slab 
width and thickness at station "IN" were taken to be 8653 and 1485 mm (340.6 and 58.5 in.), 
respectively. The concrete bottom slab width and thickness at station "7N" were taken to be 
9612 and 761 mm (378.4 and 30.0 in.), respectively. 
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Concrete Mixes 

In general, each concrete element requires a different concrete mix design. Specifications . 
describe the mix designs by the 28-day compressive strength and the unit weight of the concrete. 
Compressive strengths of the piles, pile caps, pier shafts, pier tables, and box girder bottom slabs 
are 25, 35, 35, 45, and 45 MPa (3600, 5100, 5100, 6500, and 6500 psi), respectively. Box girder 
bottom slabs consist of lightweight concrete, while all other mass elements consist of normal 
weight concrete. 

Project specifications require cementitious contents of the piles, pile caps, pier shafts range from 
350 to 475 kg/m3 (590 to 800 pcy). Cementitious content of the pier tables and box girder 
bottom slabs are required to range from 400 to 550 kg/m3 (675 to 925 pcy). The use of fly ash is 
suggested in the project specifications. 

ANALYSES 

Analyses were performed to determine 1) the maximum allowable temperature differencei 
between the interior of the concrete and the exterior surface to prevent thermal cracking and 
2) the maximum concrete temperature and temperature differenceii due the hydration of 
cementitious materials. Analyses were performed for all of the typical mass concrete elements. 

Maximum Allowable Temperature Differences to Prevent Thermal Cracking 

Analyses to determine the maximum allowable temperature difference for each typical concrete 
element indicated that precautions are required for all concrete elements. Concrete piles and pile 
caps will crack unless some minimal precautions are followed. Potential solutions such as 
insulating the concrete surface and precooling concrete are discussed in later sections. 

Maximum allowable temperature differences are presented in Table 1. These temperatures 
represent the maximum allowable temperature differences between the highest temperature 
within the concrete, usually at or near the center, and the outside surface. Surface cracking of the 
concrete can be anticipated if these temperature differences are exceeded. Results in Table 1 
indicate that the faster the concrete develops strength, the higher the allowable temperature 
difference, and the sooner insulation can be removed. 

Calculations assumed a coefficient of thermal expansion for concrete of 3.3 x 10-6 mm/mm/°C 
(5.9 x 10·6 in/in/°F). Thermal expansion is based on the type of aggregate used. The effect of the 
thermal expansion is significant on the maximum allowable temperature difference. Lower 
thermal expansions result in higher allowable temperature differences. Higher thermal 
expansions result in lower allowB;ble temperature differences. Table 2 shows the effect of 
thermal expansion on the allowable temperature difference for the pile caps. As shown in the 
table, selection of aggregates has a significant effect on the allowable temperature rise and the 
required precautions. 

'Analyses outlined in sections 4.2 and 4.4 of ACI 207.2R-95, "Effect of Restraint, Volume Change, and 
Reinforcement on Cracking of Mass Concrete". 

"Analyses used a 2-dimensional finite difference model as outlined in ACI 207.lR-87, "Mass Concrete". 
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Table 1 - Maximum Allowable Temperature Differences to Prevent Thermal Cracking 

Allowable Temperature Difference Concrete 
Compressive 

Strength*, Piles, Pier Tables, and 
Piers Pile Caps 

MPa Box Girder Bottom Slabs 

MPa psi oc OF oc OF oc OF 

5 720 10.6 19 5.0 9 3.9 7 

10 1450 15.0 27 7.2 13 5.6 10 

15 2170 18.3 33 8.9 16 7.2 13 

20 2900 21.1 38 10.6 19 8.3 15 

25 3620 23.3 42 11.7 21 8.9 16 

30 4350 25.6 46 12.8 23 10.0 18 

35 5070 27.8 50 13.9 25 10.6 19 

40 5800 29.4 53 15.0 27 11.7 21 

45 6520 31.7 57 15.6 28 12.2 22 

50 7250 33.3 60 16.7 30 12.8 23 
* Compressive strength of the concrete surface at any time after castmg. 

Table 2 - Effect of Thermal Expansion (Aggregate Type) on the Maximum Allowable 
Temperature Differences for Concrete Pile Caps. 

Aggregate Type and Thermal Expansion** In-Place 
Concrete 

Compressive Limestone Gravel Quartz 
2.2x10-6 mm/mmrc 3.3 x10-6 mm/mmrc 3.9 x10"6 mm/mm/ocStrength* 

(4.0x10-6 inlinrF) (5.9x10-6 in/infO F) (7.0x1 0-6 in/infO F) 

oc OF oc OF oc OFMPa psi 

10 1450 8.9 16 5.6 10 5.0 9 

20 2900 12.2 22 8.3 15 7.2 13 

30 4350 15.0 27 10.0 18 8.3 15 

40 5800 17.2 31 11.7 21 10.0 18 

50 7250 19.4 35 12.8 23 11.1 20 
..* Thts IS the actual concrete strength, not the destgn strength 

** Typical values of thermal expansion. 
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Predicted Maximum Temperature and Temperature Differences 

Analyses to determine the maximum concrete temperature due to hydration of the cementitious 
materials considered: 

1. Initial concrete temperature 
2. Average air temperature (during the curing of the concrete) 
3. Water temperature (for elements in contact with water) 
4. Effects of insulation 
5. Cementitious (cement and fly ash) content 
6. Type IT and Type V cement 
7. Internal cooling pipes on the pile caps 

To simplify this report, results of the analyses are summarized below. Specific results for a 
variety of conditions can be found in the referenced technical report. 

Cementitious Materials 
The use of fly ash, as a partial replacement to cement can significantly reduce the maximum 
concrete temperature. Class "F' fly ash generates approximately half as much heat as the cement 
that it replaces. Fly ash should be used at the maximum level allowed. 

Cement type has a significant effect on the maximum concrete temperature. In general, cements 
with the lowest heat of hydration should be used. Figure 2 shows the typical heat generation of 
various cement types. 

220 ~-------------------------------------------------. 
493 

Type Ill 

443 
r::: -
C1) 

393 E 
C1) 
(.) 

343 -0 

- :W 
--- .-- - Type II 293 ;::;; 

C)...
Type V C1)243 r:::

100 / ------- ------ ----- wc// ~---------- 193 -C'CS 

:::r::70 f /_/" -
C1) 

143~ Note: Type IV cement is rarely available and is not shown 

40~'------~--~~--~~~~------~--~~~~~~-+ 93 
10 100 

Time, days 

Figure 2 - Typical Heat of Hydration Curves for Common Cement Types 
(REF: PCAiii Publication EBOOl, "Design and Control of Concrete Mixtures) 

"' Portland Cement Association, 5420 Old Orchard Road, Skokie, Illinois, 60077 
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Concrete Temperature 
The initial concrete temperature is the most influential factor in the resulting maximum concrete 
temperature from hydration of cementitious materials. In most cases, reducing the initial _ 
concrete temperature by 5.6°C (l0°F) reduced the resulting maximum concrete temperature by a 
similar amount. Initial concrete temperatures are significantly affected by practices of the 
concrete supplier. Keeping the aggregate in the shade, or frequently sprinkling the aggregate 
stockpile will keep the aggregate temperature near or possibly below that of the average air 
temperature. To further reduce concrete temperatures, ice can be substituted for water in the 
concrete mix. Liquid nitrogen can be used to cool the concrete mix to 1.7°C (35°F), if required. 

Surface Insulation 
Adding insulation to the exterior surface of the concrete does not significantly increase the 
maximum concrete temperature. However, insulation does result in lower temperature . 
differences by increasing the surface temperature. Additional benefits of insulation and increased 
surface temperatures are discussed in a late section. In most cases, surface insulation is required 
to prevent thermal cracking. 

Maximum Temperature 
In many cases, the maximum concrete temperature exceeded 70°C (158°F). It is CTL's opinion 
that long-term durability of the concrete, in regard to delayed ettringite formation (DEF), may be 
compromised at temperature in excess of 70°C (158°F). Data regarding the long-term ability of 
supplementary cementitious materials, such as fly ash and slag, to prevent DEF in concrete that 
has been exposed to high temperatures does not currently exist. 

Internal Cooling 
Analyses were performed to determine the effect of internal cooling on the concrete pile caps. 
Pile caps are massive concrete elements that, due to their geometry, contact with water, and 
precast concrete shell, cannot tolerate large temperature differences. Analyses were performed 
with and without internal cooling pipes. Analyses indicated that, even with internal cooling, 
surface insulation is required to minimize or prevent thermal cracking. 

Analyses without concrete cooling pipes indicated that concrete temperatures readily exceeded 
70°C (158°F). Temperature rises ranged from 25.0 to 62.8°C (45°F to ll3°F), depending on the 
cementitious content and cement type. For a concrete mix without internal cooling, a low 
thermal expansion concrete with a minimum cementitious content and a low heat of hydration 
cement is required. Maximum concrete temperatures are predicted to occur between 10 and 
20 days after casting, depending on the concrete mix, water temperature, and average air 
temperature. Removal of the insulation, although not calculated, may be allowed at a time of 
60 or more days after casting. Removal of the insulation can occur when the concrete core 
temperature is within the allowable temperature difference as indicated in Table 1. 

Analyses assumed concrete with surface insulation and internal cooling pipes placed at 610-mm 
(24 in.) on-center, in one direction. Bay water was assumed to be pumped through the cooling 
pipes. Analyses indicated that cooling pipes decreases the maximum concrete temperature by 10 
to 52°F, depending on the initial concrete temperature, the bay water temperature, and the 
cementitious materials. In all cases, the maximum concrete temperature was below 70°C 
(158°F). Temperature rises were reduced to 18 to 80°F, and time of maximum temperature was 
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reduced significantly to 1 to 4 days after casting. Removal of the insulation, although not 
calculated, is likely to occur much sooner in piles with internal cooling than piles without 
internal cooling. This implies that the construction schedule can proceed with fewerdelay.s. 

The use of internal cooling is likely to have similar effects on other mass concrete elements. 

POTENTIAL SOLUTIONS 

Many potential solutions exist to minimize thermal problems in mass concrete. Many options for 
dealing with thermal problems are discussed below. 

Cementitious Materials 

Proper selection of the cementitious materials is essential in designing a mix for mass concrete 
applications. The cement type and use of pozzolans should be selected to minimize the heat of 
hydration. Type II and Type V cements, in general, have the lowest heat of hydration (Figure 2). 
Many cement manufacturers do not provide heat of hydration data in normal documentation. 
Cements should be sought with the lowest heat of hydration. If measured in accordance with 
ASTM C 186, early age heat of hydration at 3 and 7 days should be measured in addition to the 
typical 28-day heat of hydration. Maximum concrete temperatures typically occur in less than 
7 days. Fly ash typically generates half of the amount of heat of the cement that it replaces. The 
use of fly ash also can increase the strength of concrete; therefore, fly ash content should be 
maximized. 

Concrete Mix 

The concrete mix can significantly influence the potential for thermal problems. Selection of a 
low thermal expansion aggregate, as previously discussed can significantly affect the potential 
for thermal cracking. If a low thermal expansion aggregate is used, allowable temperature 
differences are increased, thus minimizing the amount of time that the concrete surface must be 
insulated. 

Cementitious contents have a significant effect on the maximum concrete temperature as 
illustrated in Figure 3. Cementitious contents should be minimized. If allowed by specifications, 
or by the project engineer, concrete mixes should be designed to meet compressive strength 
requirements at 56 days, rather than 28 days. This may allow for a significant reduction in the 
cementitious content. 

Maximizing the aggregate size will also allow for a reduction of cementitious content, while 
maintaining the compressive strength requirement. Figure 4 illustrates the effect of aggregate 
size on the optimum cementitious content. The maximum aggregate size should be no greater 
than allowed by applicable codes. 
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Figure 3 - Effect of Cementitious Content on the Maximum Concrete Temperature 
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Figure 4 - Effect of Aggregate Size on the Optimum Cementitious Content 
(REF: PCA Publication IS128, "Concrete for Massive Structures") 

Minimizing the water-to-cementitious ratio will maximize the compressive strength, and 
minimize the required cementitious content as shown in Figure 5. The minimum practical water 
to cementitious ratio is on the order of 0.35. Achieving a workable mix at this low water content 
requires the use of admixtures. Care should be taken to minimize the air content of the concrete. 
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A typical rule of thumb is that compressive strength is reduced by 5% by every I% of entrained 
air. Entrained air can significantly decrease the compressive strength, thus increasing the 
required cementitious content to meet a specified compressive strength. 
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Figure 5- Relationship between Water to Cement Ratio and Compressive Strength 
(REF: PCA Publication IS128, "Concrete for Massive Structures") 

As a note, compressive strength development of concrete in massive structures is typically 
considerably more rapid than that of lab-cured cylinders due to the higher temperatures in the 
concrete structure. Curing at elevated temperatures increases the compressive strength 
development, as seen in Figure 6. 

It is advantageous to measure or estimate the compressive strength of the concrete surface, or 
concrete cylinders cured at the surface temperature. If removal of insulation, based on allowable 
temperature differences, is determined by the compressive strength of the concrete surface 
(assuming the surface is insulated), insulation can be removed sooner than if the allowable 
temperature difference is based on compressive strength of lab cured cylinders. 

Initial Concrete Temperature 

The initial concrete temperature is the most influential factor in the resulting maximum concrete 
temperature from hydration of cementitious materials. In most cases, reducing the initial 
concrete temperature by 5.6°C (10°F) reduced the resulting maximum concrete temperature by a 
similar amount. 

Initial concrete temperatures are significantly affected by practices of the concrete supplier. 
Keeping the aggregate in the shade, or frequently sprinkling the aggregate stockpile will keep the 
aggregate temperature near that of the average air temperature. 
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Figure 6- Effect of Temperature on Compressive Strength Development 

To further reduce concrete temperatures, ice must be substituted for water in the concrete mix. 
Liquid nitrogen can be used to cool the concrete mix to 1.7°C (35°F), if required. Project 
specifications and ACI practices must be followed if either practice is used. 

Simple practices to cool aggregates at the batch plant by shading and sprinkling are much more 
cost effective than the use of ice and liquid nitrogen. 

Surface Insulation 

Analyses indicate that insulation is required on the formwork and exposed concrete surfaces to 
prevent thermal cracking. Insulation is only required to prevent the temperature differential 
between the exterior and interior from exceeding allowable temperature differences presented in 
Table 1. 

Good practice is to place the insulation on the concrete after it has set, so the concrete surface is 
not damaged, but before the first night when colder temperatures may cause a decrease in 
exterior surface temperatures. 

Insulating the surface of large concrete elements increases the concrete surface temperature, 
which in turn decreases the temperature difference between the interior and surface. The 
insulation also slows the rate of cooling of the concrete interior. The use of insulation to 
minimize thermal cracking can negatively impact the construction schedule. This can be inferred 
from Figure 7. 

Removing insulation periodically while maintaining a temperature differential between the 
surface and interior of less than the allowable temperature difference will allow the concrete 
interior to cool at a faster rate. This will allow an earlier permanent removal of insulation. 
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Figure 7 -Effect of Insulation on Concrete Temperature and Temperature Difference 

Except as explained below, insulation must be kept in contact with all exposed concrete surfaces, 
including forms, until the difference between the interior concrete and the anticipated night time 
(low daily) air temperature is less than the allowable. If it is not possible to have direct contact 
between the insulation and concrete, the air space between the concrete or forms and insulation 
should be enclosed so that it is a dead air space and not subjected to infiltration of exterior air. 
Insulation may be removed periodically to remove formwork, perform other work, or allow the 
concrete to cool if done in the following manner. Thermocouples must be available to read 
concrete surface and interior concrete temperatures. The maximum interior concrete temperature 
is generally at the center of the thickest portion of the element. Insulation may be removed from 
a concrete surface as long as the allowable temperature difference is not exceeded. Insulation 
should be replaced every evening so the concrete surface does not cool beyond these limits 
overnight. Removal sequencing should be performed so that the critical sections such as the ends 
are exposed to air for the least amount of time. 

When the concrete interior temperature is within the allowable temperature difference of the 
coldest anticipated nighttime air temperature for the next several days, the insulation may be 
permanently removed. 

Internal Cooling Pipes 

The use of internal cooling pipes within the pile caps was shown to significantly reduce the 
maximum concrete temperature and time of maximum temperature. Cooling pipes can be 
effectively used to speed the construction and the potential for thermal problems. 

In the concrete pile cap, cooling pipes were assumed to be spaced at 610 mm (24 in.), on center 
in one direction. Bay water was assumed to be pumped through the cooling pipes. Cooling pipes 
will remain in the concrete after the concrete has hardened, therefore, must not be deleterious to 
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the concrete. PVC or flexible plastic pipes may be acceptable, unless rigidity of the structure is 
questioned. Copper pipes may cause problems with the corrosion of reinforcing steel. Steel or 
iron pipes may be a better alternative, however, the time associated with fabrication and 
installation should be considered. 

Limiting Lift Heights 

Limiting the height of concrete pours to 1 m (3 ft) or less can be a successful method to minimize 
the potential for thermal problems. Mass concrete is defined as any concrete pour with a 
minimum dimension less than 1 m (3 ft), or any concrete mix with a high cementitious content. 
It may be possible to construct such elements as the concrete pile cap in several pours without the 
use of insulation or other precautions. 

If concrete is placed in lifts, several days should be allowed between pours to dissipate excessive 
heat. Because the amount of time required dissipate excessive heat is dependent on the concrete 
temperature, average air temperature, concrete element size and surface insulation, a specific 
time cannot be provided. Concrete placed on existing concrete that has not cooled sufficiently 
will reduce the ability of the new concrete to cool downwards. This will increase internal 
concrete temperatures of the new concrete, and therefore increase the temperature differential 
between the top surface and interior of the new concrete. 

Concrete surfaces and penetrating rebar will need to be water blasted and wetted (at a minimum) 
to ensure a good bond between concrete pours. 

Temperature Logging 

Thermocouples should be used to measure concrete core and surface temperatures and ambient 
air temperatures. Teflon sheathed Type "K" thermocouples are recommended. Temperature 
logging equipment should be capable of printing, data storage and downloading to a computer. 
Additional thermocouples should be incorporated into concrete elements in case critical 
thermocouples are defective or are damaged during or after concrete placement. The referenced 
technical report indicates recommended locations for thermocouple placement. 

The use of thermocouples along with the proper development of concrete maturity data in many 
cases can allow compressive strengths to be accurately predicted. In-place concrete compressive 
strength is important because warm (or hot) concrete develops strength more rapidly than lab 
cured concrete. The use of in-place concrete compressive strengths will allow for quicker 
removal of surface insulation. 

IMPORTANCE OF ASSUMPTIONS 

CTL has exercised engineering judgment to make reasonable assumptions in the analyses and 
resulting recommendations presented in this report and the referenced technical report. 
Calculation assumptions may not replicate field conditions. Data in tables and figures of this 
report are hypothetical and may not be applicable to this project. 
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INTRODUCTION 

This report is the first of two reports that discusses thermal analyses of the referenced project. 
This report is a technical report, which discusses the results of thermal analyses and provides 
recommendations regarding the specifications and constructability of typical mass concrete 
structural elements of the referenced project. A second report, entitled "Guidelines for 
Successful Construction of the Benicia-Martinez Bridge -Thermal Considerations for Mass 
Concrete Elements" is a generalized report provides guidelines for the constructability of the 
mass concrete elements of the referenced project. 

BACKGROUND 

Dimensions 
Typical concrete pile, pile cap, pier shafts, pier table, and box girder bottom slab sections for the 
referenced project were taken from reduced-size set of drawings entitled "Benicia Martinez 
Bridge & OH". Drawings were stamped "In-progress 90% checked details". Page T009 of the 
drawings presented the typical concrete sections for analyses. 

The concrete pile and pile cap dimensions were taken from details presented on pages T022 and 
T031. As shown, piles consist of reinforced concrete elements cast into 2.5-m (8.2-ft) diameter 
steel shafts. Steel shafts extend from air through brackish water, mud and bedrock. Pile caps 
were indicated to consist of reinforced concrete cast into a precast reinforced and post-tensioned 
concrete shell. The overall dimensions of the pile caps were 19 by 21.5 by 5.25 m (62.3 by 70.5 
by 17.2 ft). The precast shell had a wall thickness of approximately 400 rnm (15.7 in.) and a 
floor thickness of 1375 rnm (54.1 in.). The bottom the precast shell was indicated to be 
approximately 2-m (6.6 ft) below water level. 

Pier shaft dimensions were taken from page T049. Pier shafts consist of integrally cast 
reinforced concrete pier "lobes" and walls with overall plan dimensions of 6.6 by 8.5 m (21.7 by 
27.9 ft). The maximum wall thickness is 1600 rnm (63 in.). The minimum wall thickness is 
775 mm (29.7 in.). 

Pier table and box girder bottom slab dimensions were taken from page T063. The pier table 
width and thickness (concrete bottom slab at the pier shaft) were taken to be 8500 and 1700 mm 
(334.6 and 66.9 in.), respectively. The concrete box girder bottom slab width and thickness at 
location "IN" were taken to be 8653 and 1485 mm (340.6 and 58.5 in.), respectively. The 
concrete bottom box girder slab width and thickness at location "7N" were taken to be 9612 and 
761 mm (378.4 and 30.0 in.), respectively. 

Concrete 
Five concrete mixes were considered for this project. Exact mix designs were not specified. 
Provided information that indicated 28-day design compressive strengths were 25, 35, 35, and 
45 MPa (3600, 5100, 5100, and 6500 psi) for the piles, pile caps, pier shafts, and pier tables, 
respectively. Normal weight concrete was specified for the piles, pile caps, and pier shafts. 
Page T063 of the referenced drawings indicated that the pier tables were to be constructed of 
normal weight concrete, with adjoining box girder bottom slabs sections (including sections 
"IN" and "7N") to be constructed of lightweight 1920 kg/m3 (120 pcf) concrete. 
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Section 90-1.01 of the referenced project specifications indicated that the cementitious content of 
the piles, pile caps, pier shafts should be in the range of 350 to 475 kg/m3 (590 to 800 pcy}. 
Cementitious content of the pier tables should be in the range of 400 to 550 kg/m3 (675 to 
925 pcy). Cement types and the use of fly ash were suggested in the CalTrans and project 
specifications. 

ANALYSES AND ASSUMPTIONS 

Maximum Allowable Temperature Differences 
The maximum allowable temperature differences between the interior of the concrete and the 
exterior surface were calculated according to Sections 4.2 and 4.4 of ACI 207.2R-95, "Effect of 
Restraint, Volume Change, and Reinforcement on Cracking of Mass Concrete". The calculated 
values are the predicted maximum allowable temperature differences to prevent thermal cracking 
due to heat generation from hydration of cementitious material and the subsequent heat 
dissipation. Concrete will crack as a result of a warm interior and large tensile stress on a 
relatively cool exterior surface. 

The maximum allowable temperature differences to prevent thermal cracking for the four typical 
concrete elements were calculated based on the geometry of the element, the restraint, 
compressive strength, and coefficient of thermal expansion. The coefficient of thermal 
expansion of the concrete was assumed to be 3.3x10-6 mm/mm/°C (5.9x10-6 in./in./°F). Elastic 
modulus and tensile strength were estimated based on the compressive strength. The restraint of 
the piles, pile caps, piers, pier tables, and box girder bottom slabs was assumed to be 0.35, 0.9, 
0.7, 0.35, and 0.35, respectively (Reference: "Mass Concrete", Concrete Society Digest No.2, 
The Concrete Society, London.). 

Although the piles are cast into a steel shell, the thermal expansion of the shell, in comparison to 
the concrete, is such that the external restraint is assumed to be minimal. The restraint of the pile 
caps is high because of the restraint provided by the precast concrete shell. The restraint of the 
piers is relatively high because the piers are tall and significantly less massive than the pile caps 
on which the piers are cast. The external restraint of the pier tables and box girder bottom slabs 
was assumed to be minimal. 

Predicted Maximum Temperature and Temperature Differences 
Two dimensional finite-difference analyses were performed according to ACI 207.1R-87, "Mass 
Concrete" to calculate the maximum predicted temperature difference within the described 
concrete sections. The analyses were performed using 45-rninute time increments until a period 
of 24 hours after the maximum concrete temperature was achieved. The thermal diffusivity of 
the concrete was assumed tobe 39 and 65 mm2/rnin (0.6 and 1.0 ft2/day) for the lightweight and · 
normal weight concrete sections, respectively. Assumptions resulted in a modeling resolution of 
46 and 76 mm (1.8 and 3 in.), respectively. 

To simplify thermal analyses, all concrete sections were modeled using twelve different concrete 
mix designs. Concrete mix designs consisted of either Type II or Type V cement with 20 percent 
class "F' fly ash replacement. Type II and Type V cements, with their low heats of hydration are 
often used in mass concrete. Type V cement typically has a lower heat of hydration than Type II 
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cement. Fly ash was incorporated because its heat of hydration is approximately half that of the 
cement that it replaces. 

Typical heat of hydration data was taken from PCA Publication EB001, "Design and Control of 
Concrete Mixtures". Analyses considered total cementitious contents of 300, 350, 400, 450, 500, 
and 550 kg/m3, (506, 590, 674, 758, 843, 927 pcy), as presented in Table 1. Fly ash was assumed 
to generate 60% less heat than cement. The coefficient of thermal expansion of the concrete was 
assumed to be 3.3x10-6 mm/mm/°C (5.9x10-6 in./in./0 F). Initial concrete temperatures were 
assumed to range from 7.2 to 23.9°C (45 to 75°F) in 5.6°C (10°F) increments. Concrete 
temperatures at the lower end of the assumed range may require the use of ice in the mix water or 
other supplementary cooling such as liquid nitrogen. 

Analyses were performed using average ambient air temperatures of 1.7, 27.8, 8.9, 12.8, 17.2, 
and 16.1 oc (35, 82, 48, 55, 63, and 61 °F). These temperatures represent winter design, summer 
design and historical average January, April, July, and September conditions in San Francisco, 
California. For purposes of this project, the average ambient air temperature can be calculated by 
averaging hourly job-site air temperatures over a period of several days before and after a specific 
concrete placement. 

Table 1 -Concrete Mix Summary 

Mix No. 
Cement 

Type 

Cementitious 
Content, 

kg/m3 pcy 

Cement 
Content, 

kg/m3 pcy 

Fly Ash 
Content, 

kg/m3 pcy 

1 
2 

II 
v 300 506 240 405 60 101 

3 
4 

II 
v 350 590 280 472 70 118 

5 
6 

II 
v 400 674 320 539 80 135 

7 
8 

II 
v 450 758 360 606 90 152 

9 
10 

II 
v 500 843 400 674 100 169 

11 
12 

II 
v 550 927 440 742 110 185 

Water temperatures use in the analyses were supplied by Mr. Steve Lyles of the NOAA National 
Ocean Service's San Francisco Bay Physical Oceanographic Real-time Monitoring System 
(PORTS) project, in an Email on March 3, 1999. Mr. Lyles indicated that historic surface water 
temperature data are not available at Benicia. He noted that historic surface water temperature 
data at San Francisco typically range "in the low 50's (°F) during the winter months and up to the 
70's (°F) during the summer months". He also indicated that at San Francisco, the lowest and 
highest recorded surface water temperatures were 6.7 and 23.3°C (44 and 74°F), respectively. 
The exact location of the recording station was not provided. Air and water temperature 
assumptions used in the analyses are presented in Table 2. 
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Table 2- Assumed Air and Water Temperatures 

Average Air Water 
Temperature, Temperature,Case 
oc OF oc OF 

1 8.9 48 10.0 50 
2 12.8 55 12.8 55 
3 17.2 63 18.3 65 
4 16.1 61 15.6 60 
5 1.7 35 6.7 44 
6 27.8 82 23.3 74 

Insulating the concrete surfaces was selected as a means of maintaining the temperature 
difference between the interior and surface of the analyzed concrete sections. No insulation and 
insulation with R-values of 2 and 4 hr·ft2·°F/Btu were used in the analyses. Insulation, if present, 
was assumed to be placed on all exposed surfaces after initial set of the concrete. Insulation 
materials are discussed in a later section of this report. 

The effects of hourly temperature changes, wind, humidity, formwork, and rebar placement do 
not significantly affect the temperatures within mass concrete, and are generally not included in 
heat generation and dissipation analyses. Mass concrete temperatures are affected more by 
average daily temperatures than by hourly temperatures. Constant average daily temperatures, 
denoted ambient temperatures in this report, have been used in the analyses. Calculations 
assume concrete sections will not be directly exposed to high winds for long periods and ambient 
conditions (during the time of concrete placement) will remain relatively constant while the 
concrete cures. 

Calculations in this report are for concrete placed on existing concrete that has cooled to 
approximately average ambient temperatures. The required time for cooling is a function of the 
maximum concrete temperature, average ambient air temperature, surface insulation, and 
concrete geometry. Concrete placed on existing concrete that has not cooled sufficiently will 
reduce the ability of the new concrete to cool downwards. This will increase internal concrete 
temperatures of the new concrete, and therefore increase the temperature differential between the 
top surface and interior of the new concrete. 

Three sets of analyses were performed for concrete pile caps. The first set assumed that the steel 
shell of the pile caps acted a perfect heat sink. The temperature of the steel shell was set to that 
of the bay water temperature. The second set of analyses assumed that the steel shell of the pile 
caps acted like the concrete of the precast concrete shell. This resulted in conservative analyses, . 
where the concrete of the pile cap did not dissipate heat as quickly. The third set of analyses 
assumed cooling pipes were cast into the concrete. This set of analyses is discussed in a later 
section of this report. 
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RESULTS 

Maximum Allowable Temperature Differences 
Results of the analyses to determine the maximum allowable temperature difference for each 
typical concrete element are presented in Table 3. These temperatures represent the maximum 
allowable temperature differences between the highest temperature within the concrete (usually 
at or near the center) and the outside surface based on the compressive strength of the surface 
concrete. Surface cracking ofthe concrete can be anticipated if these temperatures are exceeded. 

It is important to note that the compressive strength development of concrete in massive 
structures is typically considerably more rapid than that of lab-cured cylinders due to the higher 
temperatures in the concrete structure. Because of this, it is not practical to present the allowable 
temperature difference on a time scale. The allowable temperature difference is presented in 
Table 3 as a function of the in-place compressive strength of the concrete surface. 

It is also important to note that the allowable temperature differences listed in Table 3 are 
somewhat dependent on the actual concrete mix design and physical properties. Values 
presented assume typical relationships between the elastic modulus, tensile strength, tensile strain 
capacity, and compressive strength. If an aggregate with a higher coefficient of thermal 
expansion is used, the allowable temperature differences will be reduced. 

Table 3 - Maximum Allowable Temperature Differences to Prevent Thermal Cracking 

Allowable Temperature Difference Concrete 
Compressive 

Strength*, Piles, Pier Tables, and 
Piers Pile Caps Mpa Box Girder Bottom Slabs 

MPa psi oc OF oc OF oc OF 

5 720 10.6 19 5.0 9 3.9 7 
10 1450 15.0 27 7.2 13 5.6 10 
15 2170 18.3 33 8.9 16 7.2 13 
20 2900 21.1 38 10.6 19 8.3 15 
25 3620 23.3 42 11.7 21 8.9 16 
30 4350 25.6 46 12.8 23 10.0 18 
35 5070 27.8 50 13.9 25 10.6 19 
40 5800 29.4 53 15.0 27 11.7 21 
45 6520 31.7 57 15.6 28 12.2 22 
50 7250 33.3 60 16.7 30 12.8 23 

* Compressive strength of the concrete surface at any time after castmg. 

The typical "rule-of-thumb" for the maximum allowable temperature difference is 20°C (36°F). 
Calculations show that the compressive strength development significantly affects the allowable 
temperature difference. Calculations also show that use of the typical "rule-of-thumb" will lead 
to thermal cracking in many cases. 

181005 May 14, 1999 -5- Construction Technology Laboratories, Inc. 



As indicated in Table 3, the allowable temperature difference of the pile caps is reduced in 
comparison to that of the other structures. This is due to the high restraint provided by the 
precast concrete shell of the pile cap. If the allowable temperature difference is exceeded. 
thermal cracking is likely to occur on the top surface of the pile cap. Insulation is required on the 
top surface to minimize or eliminate the potential for thermal cracking. The analyses indicated 
that it is not practical to insulate the sides of the precast concrete shell. The walls of the precast 
concrete shell have an approximate R-value of 1 hr-ft2·°F/Btu. Additional surface insulation on 
the walls would likely increase the internal concrete temperatures, resulting in increased thermal 
expansion and increased stresses in the precast concrete shell. 

Thermal cracking of the top surface of the pile caps is likely to be uniformly spaced and parallel 
to the edges, in both directions. The spacing and width of the thermal cracking is dependent on 
the difference between the actual and allowable temperature difference. Unless the reinforcing 
steel has yielded, cracking will extend only to the surface of the reinforcing steel. Thermal 
cracking is often mistaken for drying shrinkage; however, the width of drying shrinkage cracks 
typically increases over time, while thermal cracks typically close as the structure cools. 

The restraint due to casting of the tall, thin, and complex shape of the pier shafts on the pile caps 
also significantly reduces the allowable temperature difference. If the allowable temperature 
difference is exceeded, thermal cracking is likely occur near the bottom of the pier shaft. 
Thermal cracking is likely to be vertically oriented and uniformly spaced, extending upwards 
from the base of the pier. The spacing, width, and height of the thermal cracking is dependent on 
the difference between the actual and allowable temperature difference. Insulation is required on 
the formwork to minimize or eliminate the potential for thermal cracking. Insulation should also 
be placed on the surface of the pile caps immediately surrounding the piers. 

Predicted Maximum Temperature and Temperature Differences 
Results of the analyses to predict the maximum concrete temperature and temperature differences 
for each typical concrete element are presented in Tables B 1 through B4 in Appendix B. 
Table B 1 considers the portion of the concrete pile above water. Table B2 considers the pile cap. 
Two cases are presented; one with concrete, and one with internal cooling pipes spaced at 
610 mm (24 in.) on-center in one direction. Analyses considering the cooling potential of the 
steel shell of the piles indicated little difference in the maximum concrete temperature and 
temperature difference; however, the time of maximum temperature occurred 15 percent sooner 
(on average) in the analyses assuming that the steel acted as a perfect heat sink. Table B2 
presents the more conservative of the analyses. Table B3 considers the concrete pier shaft. 
Table B4 considers the pier table and the box girder bottom slabs at locations "IN" and "7N". In 
all tables, maximum predicted temperatures in excess 70°C (158°F) are presented in bold 
typeface. Use of the tables is illustrated in examples provided in Appendix A. 

In summary, the initial concrete temperature is the most influential factor in the resulting 
maximum concrete temperature from hydration of cementitious materials. Adding insulation to 
the exterior surface of the concrete does not significantly increase the maximum concrete 
temperature due to hydration of cementitious materials but does significantly reduce the 
maximum temperature difference. In most cases, surface insulation is required to prevent 
thermal cracking. 
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Analyses show that maximum concrete temperatures can exceeded 70°C (158°F). It is well 
known that the long-term durability of concrete can be compromised at temperatures in excess of 
70°C (158°F). CTL recommends that concrete be limited to a maximum temperature of 7_0°C 
(158°F) to alleviate potential durability concerns, as described below. 

RECOMMENDATIONS 

The analyses presented in this report assumed that thermal cracking is not desirable or allowable. 
Results of the analyses indicate that for all elements considered, it is possible to construct the 
elements without thermal cracking. ACI 224R-90 "Control of Cracking in Concrete Structures", 
does allow for limited thermal cracking of prescribed widths. Table 4.1 of ACI 224-90 indicates 
that maximum tolerable crack widths of 0.15 and 0.30 mm (0.006 and 0.012-in.) are allowed for 
concrete exposed to "seawater and seawater spray" and "humidity, moist air, and soil", 
respectively. Allowing thermal cracks up to these limits will typically increase the maximum 
allowable temperature difference. This may speed the construction schedule, and reduce 
construction costs. 

Calculations to predict the width and spacing are based on the geometry of the element, early age 
concrete properties, restraint, and reinforcing steel layout. If thermal cracking is allowed, it is 
important to note that unless the reinforcing steel is yielded, thermal cracks typically extends to 
the depth of the reinforcing steel and may close ("heal") as the element cools. Additionally, 
thermal crack may also close as the structure is loaded. 

Although this report indicates that constructing a structure free of thermal cracks is possible with 
reasonable effort·, it may be desirable for the contract documents to allow thermal cracking to 
"acceptable" widths. Allowing acceptable cracking may allow for a quicker construction 
schedule and deceased costs to the owner. If allowed, CTL recommends that ACI 207 
calculations to predict the maximum allowable temperature rise for each element be required and 
that measured early age properties including the compressive strength, elastic modulus, and 
tensile strength be required in the analyses. Early age properties are key because it is often at 
early ages when the temperature rise of the element exceeds the allowable temperature rise. 

If thermal cracking is allowed, it is important to note that additional stresses from drying 
shrinkage or other mechanisms may increase the size of the thermal cracks beyond the acceptable 
limits. Therefore, CTL recommends a specified crack repair procedure be included in the 
contract documents. 

Cementitious Content 
The best strategy for reducing the cracking potential due to thermal gradients is to keep the 
cementitious content of the concrete mix design to a minimum. We recommend using a concrete 
mix that achieves the required compressive strength for the structure at a time greater than 
28 days, without excessive over-design. Often, ultimate strengths lower than 30 MPa (4,350 psi) 
are adequate for large mass structures. High compressive strengths are often specified as a factor 
of safety against durability issues. High cementitious contents are often specified as a means of 
meeting low water/cement ratios. Both these practices contribute to excessive heat generation 
within the concrete, and increase the potential for thermal cracking. 
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Concrete mix designs for use in this project are currently specified by compressive strength, 
minimum cementitious content, and maximum cement replacement by supplementary 
cementitious materials. CalTrans specifies 28-day compressive strengths for concretes less than 
31 MPa (4,490 psi) and 35-day compressive strengths for concretes greater than 31 MPa 
( 4,490 psi). 

CTL recommends the minimum cementitious contents be significantly reduced if the contractor 
or supplier can demonstrate compliance with the compressive strength specification. The 
maximum supplementary material replacement level should be increased to allow for unique 
mixes with low heats of hydration. Additionally, the 28- and 35-day specification should be 
increased to a 56-day specification to further reduce the required cementitious content or allow 
for low heat of hydration concrete mix designs with slow initial strength development assuming 
the elements are not subjected to full design loading until they are at least 56 days old. The 
impact of using 28-day, rather than 56-day compressive strengths, regarding the factor of safety 
for the design compressive strength is not considered. Concrete mixes should be evaluated on a 
case-by-case basis through pretesting. 

Additionally, it is well known that compressive strength development is increased with increased 
temperatures. Considerations should be made for the use of reliable in-place concrete strength 
measurements, rather than that of lab-cured cylinders. CTL can provide assistance if required. 

Delayed Ettringite Formation 
In many cases, the maximum concrete temperature are predicted to exceed 70°C (158°F). It is 
CTL' s opinion that long-term durability of the concrete, with regard to delayed ettringite 
formation (DEF), may be compromised at temperatures in excess of 70°C (158°F). 

DEF may occur in hardened concrete that has been subjected to high-temperature at early ages. 
The resulting deterioration is manifested as expansion and cracking of the concrete during 
subsequent exposure to moisture. The deterioration can begin after months or years and may 
continue for several years. 

It is important to note that not all ettringite is harmful. Ettringite is a normal and healthy 
hydration product, formed during setting and hardening of concrete as a result of the reaction 
between the gypsum and the tricalcium aluminate of the cement. In concrete exposed to varying 
moisture conditions, ettringite tends to re-crystallize in pores and cracks as so-called secondary 
ettringite. 

Ettringite is unstable above a certain critical temperature and is therefore decomposed and not 
formed in concrete heat cured above that critical temperature. The location of the components of 
the decomposed ettringite at this stage is highly debated, but one school of thought indicates, that 
the sulfate is taken up in the hydrated calcium silicates from where it later is slowly released 
when the hardened concrete reaches ambient temperature. Ettringite will form at various rates 
depending on the permeability and moisture condition of the concrete. Whether the concrete will 
expand and crack as a result of this ettringite formation depends on the chemical composition of 
the cement, the aggregate, and exposure conditions. As of now, the fundamental reactions and 
mechanisms are highly debated amongst researchers. 
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Concrete mixes with supplementary cementitious materials have shown moderate-term resistance 
to DEFat temperatures well above 70°C (158°F). Long-term studies are now underway; 
however, results are not available. Therefore, CTL recommends a maximum allowable concrete 
temperature of 70°C (158°F). 

Temperature Measurement 
Thermocouples should be used to log concrete core and surface temperatures and ambient air 
temperatures. Duplicate thermocouples should be incorporated into concrete elements in case 
critical thermocouples are defective or are damaged during concrete placement. Figures 1 
through 4 present suggested locations for thermocouple placement. The thermocouples should 
be connected to a data acquisition system capable of printing, data storage and downloading to a 
computer. Temperatures should be recorded on an hourly basis. Teflon sheathed Type K 
thermocouples are recommended. 

The use of thermocouples along with the proper development of concrete maturity data, in many 
cases, can allow for compressive strengths to be accurately predicted and reduce the number of 
field cured quality control cylinders. CTL can provide additional assistance, if requested. 

Pile Caps 
The pile caps, as proposed, have unique problems relating to heat generation and thermal 
expansion. Mass concrete is cast into a precast concrete shell. The walls of the precast shell are 
relatively thin in comparison to the base and the overall plan dimensions of the shell. Nine rigid 
concrete piles restrain the base of the shell, and the bottom 2m (6.6 ft) of the shell is below the 
water surface. Analyses, which do not consider special precautions, indicate a concrete 
temperature rise of 25.0 to 62.8°C ( 45°F to ll3°F). A simplified calculation considering the 
temperature rise and the previously described concrete property assumptions (and not the effects 
of reinforcing steel or crack control joints) indicates the potential unrestrained volumetric 
thermal expansion of the pile cap ranges from 5 to 13 mm (0.2 to 0.5 in.). Although not in our 
scope of work, these expansions may generate significant stresses on the shell walls. CTL 
recommends that a structural engineer calculate the potential for cracking in the shell walls. 

If the potential for structural cracking is real and significant, many strategies are available to 
minimize any potential thermal expansion problems. The maximum and allowable temperature 
difference can be limited, however this may place additional burdens on the contractor. Other 
measures include casting of the mass concrete of the pile caps in four equal lifts with significant 
time to allow for cooling of the concrete to ambient temperatures. Alternatively, cooling pipes 
can be cast into the concrete. Table B2 provides this strategy as an alternative. In the analyses, 
pipes were spaced at 610 mm (24 in.) on-center in one direction. The water temperature within 
the cooling pipes was assumed to be constant (along the length of the cooling pipes) and at the 
temperature of the surrounding water. Pipes should not be of a material that is deleterious to 
concrete or causes corrosion of the reinforcing steel. 

Insulation 
Insulating the surface of large concrete elements increases the concrete surface temperature, 
which in tum decreases the temperature difference between the interior and surface. The 
insulation also slows the rate of cooling of the concrete interior. 
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~------1---1-- Recommended location for a 
thermocouple tree (equidistant 
from piles). It is recommended 
that a second thermocouple tree 
be installed as a backup. Only 
one tree needs to be monitored. 

--------- Thermocouples should be 
placed 50 mm (2 in.) from the 
top and bottom surfaces. An 
additional thermocouple should 
be placed 100 mm (4 in.) below 
the top surface of the piles. 
Thermocouples should be 
supported by plastic or wood and 
should be kept away from 
reinforcing steel. 

FIGURE 1 - Recommended Location of Thermocouples in the Pile Caps 
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Recommended locations for 
thermocouples. Thermocouples should 
be placed 50 mm (2 in.) from the 
surfaces. An additional thermocouple 
should be placed as indicated by the 
inersection of the dashed lines. 
Thermocouples should be placed a 
minimum of 3 m (1 0 ft) above the pile 

; 
I cap, or at middepth of the concrete pour. 

It is recommended that a second set of 
thermocouples be installed as a backup. 
Only one set needs to be monitored. 
Thermocouples should be supported by 

\ plastic or wood and should be kept away 

Y•'--fr_o_m_r_e_in_f_o_rc_in_g_s_t_ee_l.________, 

\--.-

FIGURE 2 - Recommended Location of Thermocouples in the Piers 
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~--- Alternate location for thermocouples 
when wall thickness is greater than 
bottom slab thickness. Thermocouples 
should be placed 50 mm (2 in.) from 
the surfaces. An additional 
thermocouple should be place~ 
midway between the top and bottom 
surfaces. 

~I 
I 

~	Recommended locations for 
thermocouples. Thermocouples 
should be placed 50 mm (2 in.) from 
the surfaces. An additional 
thermocouple should be placed 
midway between the top and bottom 
surfaces. 

It is recommended that a second set of 
thermocouples be installed as a 
backup. Only one set needs to be 
monitored. Thermocouples should be 
supported by plastic or wood and 
should be kept away from reinforcing 

NOTE: Simplified Drawing 
steel. 

FIGURE 3 - Recommended Location of Thermocouples in the Pier Tables and Box Girder Bottom Slabs 
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Recommended locations for 
thermocouples. Thermocouples 
should be placed 50 mm (2 in.) from 
the outer surface. An additional 
thermocouple should be at the pile 
centerline. 

Themocouple should be placed at 
mid-depth of the pour. 

It is recommended that a second set of 
thermocouples be installed as a 
backup. Only one set needs tg t?e. 
monitored. Thermocouples should be 
supported by plastic or wood and 
should be kept away from reinforcing 
steel. 

FIGURE 4 - Recommended Location of Thermocouples in the Piles 
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Insulation can consist of almost any material. Table 4 describes the insulating properties of 
various materials. CTL typically recommends that polystyrene insulation covered with plywood 
be used wherever the insulation must be used a working surface. In other locations, 
commercially available insulating blankets for concrete construction or any other insulating 
material can be used. 

Table 4- Typical R-Values of Various Insulating Materials 

Thickness R-Value 
Material 

mm in. hrft2·°F/Btu 
Polystyrene (pink) 10 % 2 
Polystyrene {white) 25 1 4 

Plywood 13 Y2 0.6 
Insulating Blanket - - 2.8 
Sand (estimated) 400 16 1 

Wood Shavings (dry) 25 1 2.2 
NOTE: Metnc umts are not typically provided for msulatwn. 

Removing insulation periodically while maintaining a temperature differential between the 
surface and interior of less than the allowable temperature difference will allow the concrete 
interior to cool at a faster rate. This will allow an earlier permanent removal of insulation. 

Except as explained below, insulation must be kept in contact with all exposed concrete surfaces, 
including forms, until the difference between the interior concrete and the anticipated night time 
(low daily) air temperature is less than the allowable. If it is not possible to have direct contact 
between the insulation and concrete, the air space between the concrete or forms and insulation 
should be enclosed so that it is a dead air space and not subjected to infiltration of exterior air. 

Insulation may be removed periodically to remove formwork, perform other work, or allow the 
concrete to cool if done in the following manner. Thermocouples must be available to read 
concrete surface and interior concrete temperatures. The maximum interior concrete temperature 
is generally at the center of the thickest portion of the element. Insulation may be removed from 
a concrete surface as long as the allowable temperature difference is not exceeded. Insulation 
should be replaced every evening so the concrete surface does not cool beyond these limits 
overnight. Removal sequencing should be performed so that the critical sections such as the ends 
are exposed to air for the least amount of time. 

Good practice is to place insulation on the concrete after it has set, so the concrete surface is not 
damaged, but before the first night when colder temperatures may cause a decrease in exterior 
surface temperatures. Calculations that assume immediate placement of insulation are not 
adversely affected by placing the insulation on the concrete after the concrete has set, before the 
first night, and before the temperature differential exceeds the allowable. 

Insulation may be permanently removed when the concrete interior temperature is within the 
allowable temperature difference of the coldest anticipated nighttime air temperature for the next 
several days. 
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APPENDIX A- EXAMPLES 

Example 1 - Determine the Maximum Initial Concrete Temperature for a Pile Cap 

Assume: 

1. 	 Mix 5 -Normal weight concrete with 400 kg/m3 (674 pcy) of cementitious material 
(80% Type II cement and 20% fly ash). 

2. 	 Average water temperature is 15.6°C (60°F). 

3. 	 Average air temperature is 16.1°C (61 °F). 

4. 	 R-4 insulation will be used. 

5. 	 Internal cooling pipes will not be used. 

Procedure: 

Determine the relevant data. Columns 8, 9, and 10 of Table B2 contain data for pile caps 
without cooling pipes. Cases 340, 346, 352, and 358 consider the appropriate air and 
water temperatures. Calculated concrete temperatures are presented below. 

Initial Concrete Temp. Max Concrete Temp. 
7.2°C (45°F) 53.9°C (129°F) 
12.8°C (55°F) 58.9°C (138°F) 
18.3°C (65°F) 63.9°C (147°F) 
23.9°C (75°F) 69.4°C (157°F) 

Data indicates that an initial concrete temperature of 23.9°C (75°F) will result in a 
temperature just below the maximum allowable temperature of 70°C (158°F) 
recommended by CTL. In practice, the concrete temperature should be measured as it is 
placed in the formwork because concrete can heat by 5.6°C (10°F) during pumping and 
placement. Because of this, the initial concrete temperature as delivered to the jobsite 
should be 18.3°C (65°F) or less. 
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Example 2 - Determine the Required Level of Insulation for a Pier Table 

Assume: 

1. 	 Mix 6- Normal weight concrete with 400 kg/m3 (674 pcy) of cementitious material 
(80% Type IT cement and 20% fly ash). 

2. 	 Compressive strengths based on lab testing are 10, 25, 30, 40, and 50 MPa (1450, 
3630, 4350, 5800, and 7250 psi) at 1, 3, 6, 14, and 28 days, respectively. 

3. 	 Average air temperature is 16.l°C (61°F) 

4. 	 Initial concrete temperature is 12.8°C (55°F) 

5. 	 The compressive strength development of the concrete structure is similar to that 
determined in the laboratory. Note this is typically incorrect for mass concrete with 
insulating blankets. 

Procedure: 

Determine the allowable temperature difference. Table 3 indicates the following 
allowable temperature differences ( dT): 

Day Compressive Strength dT 
1 10 MPa (1450 psi) 15.0°C (27°F) 
3 25 MPa (3630 psi) 23.3°C (42°F) 
6 30 MPa (4350 psi) 25.6°C (46°F) 
14 40 MPa (5800 psi) 29.4°C (53°F) 
28 50 MPa (7250 psi) 33.3°C (60°F) 

Determine the level of insulation. Columns 6 though 8 of Table B4 contains data 
regarding pier tabless With normal weight concrete. Cases 370, 394, 418 consider no 
insulation, R-2 and R-4 insulation on the pier table, as indicated below: 

Insulation Max Temp. dT Time, days 
None 41.1 oc (106°F) 24.4°C (44°F) 3.3 
R-2 43.9°C (ll1°F) 17.2°C (31°F) 5.3 
R-4 45.6°C (ll4°F) 13.9°C (25°F) 7.5 

Note because the maximum temperatures are below 70°C (158°F), none of the insulation 
levels are deleterious to the long-term durability of the concrete. Although the predicted 
temperature difference of the case with no insulation is marginally acceptable (24.4°C 
(44°F) predicted at 3.3 days versus 23.3°C (42°F) allowed at 3 days), good practice is to 
insulate the formwork and concrete surface with R-2 insulation. 
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APPENDIX B- RESULTS OF ANAL VSES 

This section of the report presents results of the thermal analyses in tabular format.- Results are 
presented for a twelve different concrete mix designs and range of initial concrete, ambient air, 
and water (if applicable) temperatures. Due to space limitations, data is presented in inch-pound 
units only. For conversions to SI units use the following conversions: 

Temperature: °C = (°F- 31) /1.8 

Temperature Difference: oc = °F I 1.8 

Table B 1 considers the portion of the concrete pile above water. Table B2 considers the pile cap. 
Two cases are presented; one with concrete, and one with internal cooling pipes at 610 mm 
(24 in.) on-center in one direction. Table B3 considers the concrete pier shaft. Table B4 
considers the pier table and the box girder bottom slab at locations "IN" and ''7N". 

In all tables, maximum predicted temperatures in excess 70°C (158°F) are presented in bold 
typeface. 

·':'..,_' 
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Table 81 • Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

1 1 0 48 45 96 44 3.3 
2 1 0 55 45 97 39 3.4 
'3 1 0 63 45 98 33 3.8 
4 1 0 61 45 98 34 3.7 
5 1 0 35 45 95 55 2.9 
6 1 0 82 45 103 19 5.1 
7 1 0 48 55 105 53 3.0 
8 1 0 55 55 105 47 3.2 
9 1 0 63 55 106 40 3.4 
10 1 0 61 55 106 42 3.3 
11 1 0 35 55 104 64 2.7 
12 1 0 82 55 110 26 4.3 
13 1 0 48 65 114 61 2.8 
14 1 0 55 65 115 55 2.9 
15 1 0 63 65 115 48 3.1 
16 1 0 61 65 115 50 3.0 
17 1 0 35 65 113 72 2.6 
18 1 0 82 65 118 33 3.8 
19 1 0 48 75 123 70 2.7 
20 1 0 55 75 124 64 2.7 
21 1 0 63 75 124 57 2.8 

I 

22 1 0 61 75 124 59 2.8 
23 1 0 35 75 122 81 2.5 
24 1 

L__--- ------- ---------------
0 82 75 126 

------
41 3.4 I 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., 
Case No. A-Value OF OF OF OF days 

i 

25 1 2 48 45 99 24 4.6 ! 

26 1 2 55 45 100 21 4.9 
I

27 1 2 63 45 101 18 5.4 

28 1 2 61 45 101 19 5.3 

29 1 2 35 45 98 30 4.2 

30 1 2 82 45 104 11 7.3 

31 1 2 48 55 108 28 4.2 

32 1 2 55 55 109 26 4.5 

33 1 2 63 55 110 22 4.8 

34 1 2 61 55 110 23 4.7 

35 1 2 35 55 108 34 3.9 

36 1 2 82 55 112 15 6.1 

37 1 2 48 65 118 33 4.0 

38 1 2 55 65 118 30 4.2 

39 1 2 63 65 119 26 4.4 

40 1 2 61 65 119 27 4.3 

41 1 2 35 65 117 38 3.7 

42 1 2 82 65 121 19 5.3 

43 1 2 48 75 127 37 3.7 

44 1 2 55 75 128 34 3.9 

45 1 2 63 75 128 30 4.1 

46 1 2 61 75 128 31 4.0 

47 1 2 35 75 127 42 3.5 

48 1 2 _82 75 '___13() 23 4.8 


~ ~--------- ---~~---~ ---~ 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Plies 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

49 1 4 48 45 101 16 5.6 
50 1 4 55 45 102 15 6.0 
51 1 4 63 45 102 12 6.6 
52 1 4 61 45 102 13 6.4 
53 1 4 35 45 100 20 5.0 
54 1 4 82 45 105 8 9.1 
55 1 4 48 55 110 19 5.1 
56 1 4 55 55 111 17 5.4 
57 1 4 63 55 111 15 5.9 
58 1 4 61 55 111 16 5.8 
59 1 4 35 55 109 23 4.7 
60 1 4 82 55 114 10 7.5 
61 1 4 48 65 119 22 4.8 
62 1 4 55 65 120 20 5.0 
63 1 4 63 65 120 18 5.3 
64 1 4 61 65 120 18 5.3 
65 1 4 35 65 119 25 4.4 
66 1 4 82 65 122 13 6.5 
67 1 4 48 75 129 25 4.5 
68 1 4 55 75 129 23 4.7 
69 1 4 63 75 130 21 5.0 
70 1 4 61 75 130 21 4.9 
71 1 4 35 75 128 28 4.2 
72 1 

----
4 82 75 131 15 5.8 
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Table 81 - Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp.,
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

73 2 0 48 45 84 34 3.5 
74 2 0 55 45 85 28 3.8 
75 2 0 63 45 87 22 4.4 
76 2 0 61 45 87 24 4.3 
77 2 0 35 45 83 44 3.0 
78 2 0 82 45 94 11 6.9 
79 2 0 48 55 93 42 3.1 
80 2 0 55 55 94 36 3.3 
81 2 0 63 55 95 30 3.8 
82 2 0 61 55 95 31 3.6 
83 2 0 35 55 92 53 2.8 
84 2 0 82 55 100 16 5.3 
85 2 0 48 65 102 50 2.8 ' 

86 2 0 55 65 103 44 3.0 
87 2 0 63 65 104 38 3.3 
88 2 0 61 65 103 39 3.2 
89 2 0 35 65 101 61 2.6 
90 2 0 82 65 107 23 4.3 
91 2 0 48 75 111 59 2.7 
92 2 0 55 75 112 53 2.8 
93 2 0 63 75 112 46 3.0 
94 2 0 61 75 112 48 2.9 
95 2 0 35 75 111 70 2.5 
96 2 0 82 75 115 31 3.7 
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Table 81 - Predicted Temperatures and Temperature Differences for Concrete Plies 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

97 2 2 48 45 87 19 5.0 ' 

98 2 2 55 45 88 16 5.6 
99 2 2 63 45 90 13 6.4 
100 2 2 61 45 89 14 6.1 
101 2 2 35 45 86 24 4.4 
102 2 2 82 45 95 6 10.7 

' 

103 2 2 48 55 96 23 4.5 
104 2 2 55 55 97 20 4.9 
105 2 2 63 55 98 17 5.4 
106 2 2 61 55 98 18 5.3 
107 2 2 35 55 95 28 4.0 
108 2 2 82 55 102 10 7.8 
109 2 2 48 65 106 27 4.2 
110 2 2 55 65 106 24 4.4 
111 2 2 63 65 107 21 4.8 
112 2 2 61 65 107 22 4.7 
113 2 2 35 65 105 33 3.8 
114 2 2 82 65 109 13 6.3 
115 2 2 48 75 115 31 3.8 
116 2 2 55 75 115 28 4.0 
117 2 2 63 75 116 25 4.3 
118 2 2 61 75 116 26 4.2 
119 2 2 35 75 114 37 3.5 
120 2 2 82 75 118 17 5.3 

181005 May 14, 1999 Construction Technology Laboratories, Inc. 



Table B1 - Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

121 2 4 48 45 89 13 6.3 
122 2 4 55 45 90 11 7.0 
123 2 4 63 45 91 9 8.1 
124 2 4 61 45 91 10 7.8 
125 2 4 35 45 88 16 5.4 
126 2 4 82 45 96 5 14.1 
127 2 4 48 55 98 16 5.6 
128 2 4 55 55 99 14 6.1 
129 2 4 63 55 100 12 6.8 
130 2 4 61 55 99 12 6.6 
131 2 4 35 55 97 19 5.0 
132 2 4 82 55 103 7 10.1 
133 2 4 48 65 107 18 5.1 
134 2 4 55 65 108 16 5.4 
135 2 4 63 65 108 14 5.9 
136 2 4 61 65 108 15 5.8 
137 2 4 35 65 106 22 4.6 
138 2 4 82 65 111 9 7.9 
139 2 4 48 75 117 21 4.7 
140 2 4 55 75 117 19 5.0 
141 2 4 63 75 118 17 5.3 
142 2 4 61 75 117 18 5.2 
143 2 4 35 75 116 25 4.3 
144 2 4 82 75 119 12 6.7 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp., 
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

145 3 0 48 45 104 52 3.2 
146 3 0 55 45 105 47 3.4 
147 3 0 63 45 106 40 3.7 
148 3 0 61 45 106 42 3.6 
149 3 0 35 45 103 63 3.0 
150 3 0 82 45 110 26 4.6 
151 3 0 48 55 113 60 3.0 
152 3 0 55 55 114 55 3.2 
153 3 0 63 55 115 48 3.4 
154 3 0 61 55 115 50 3.3 
155 3 0 35 55 112 71 2.8 
156 3 0 82 55 118 33 4.1 
157 3 0 48 65 122 69 2.8 
158 3 0 55 65 123 63 3.0 
159 3 0 63 65 124 56 3.1 
160 3 0 61 65 123 58 3.0 
161 3 0 35 65 121 80 2.7 
162 3 0 82 65 126 41 3.6 
163 3 0 48 75 132 77 2.7 
164 3 0 55 75 132 71 2.8 
165 3 0 63 75 133 65 2.9 
166 3 0 61 75 133 66 2.8 
167 3 0 35 75 131 89 2.5 
168 3 0 82 75 135 49 

--
3.3 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., 
Case No. R-Value OF OF OF OF days 

169 3 2 48 45 108 29 4.6 

170 3 2 55 45 109 26 4.8 

171 3 2 63 45 110 22 5.2 

172 3 2 61 45 110 23 5.1 

173 3 2 35 45 107 34 4.2 

174 3 2 82 45 113 15 6.6 

175 3 2 48 55 117 33 4.3 

176 3 2 55 55 118 30 4.5 

177 3 2 63 55 119 26 4.8 

178 3 2 61 55 119 27 4.7 

179 3 2 35 55 117 38 4.0 

180 3 2 82 55 121 19 5.8 

181 3 2 48 65 127 37 4.0 

182 3 2 55 65 127 34 4.2 

183 3 2 63 65 128 31 4.4 

184 3 2 61 65 128 31 4.3 

185 3 2 35 65 126 42 3.8 

186 3 2 82 65 130 23 5.1 

187 3 2 48 75 136 41 3.8 

188 3 2 55 75 137 38 4.0 

189 3 2 63 75 137 35 4.1 

190 3 2 61 75 137 36 4.1 

191 3 2 35 75 135 46 3.6 

192 3 2 82 75 139 27 4.7 


-
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Table B1- Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
Of 

Temp., 
Of 

Temp., 
Of 

Difference, 
Of 

Temp. Dlff., 
days 

193 3 4 48 45 110 19 5.6 
194 3 4 55 45 111 17 5.9 
195 3 4 63 45 112 15 6.4 
196 3 4 61 45 111 16 6.3 
197 3 4 35 45 109 23 5.1 
198 3 4 82 45 114 10 8.1 
199 3 4 48 55 119 22 5.2 
200 3 4 55 55 120 20 5.4 
201 3 4 63 55 121 18 5.8 
202 3 4 61 55 120 19 5.7 
203 3 4 35 55 118 26 4.8 
204 3 4 82 55 123 13 7.1 
205 3 4 48 65 129 25 4.8 
206 3 4 55 65 129 23 5.1 
207 3 4 63 65 130 21 5.3 
208 3 4 61 65 130 21 5.3 
209 3 4 35 65 128 28 4.5 
210 3 4 82 65 131 16 6.3 
211 3 4 48 75 138 27 4.6 
212 3 4 55 75 138 26 4.8 
213 3 4 63 75 139 23 5.0 
214 3 4 61 75 139 24 5.0 
215 3 4 35 75 137 31 4.3 
216 3 4 82 75 140 18 5.8 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

217 4 0 48 45 91 40 3.4 
218 4 0 55 45 92 34 3.8 
219 4 0 63 45 93 28 4.2 
220 4 0 61 45 93 30 4.1 
221 4 0 35 45 89 50 3.1 
222 4 0 82 45 99 16 5.9 
223 4 0 48 55 99 48 3.2 
224 4 0 55 55 100 42 3.3 
225 4 0 63 55 101 36 3.7 
226 4 0 61 55 101 37 3.6 
227 4 0 35 55 98 59 2.8 
228 4 0 82 55 106 22 4.9 
229 4 0 48 65 108 56 2.9 
230 4 0 55 65 109 50 3.1 
231 4 0 63 65 110 44 3.3 
232 4 0 61 65 110 45 3.2 
233 4 0 35 65 107 67 2.7 
234 4 0 82 65 113 29 4.1 
235 4 0 48 75 118 65 2.7 
236 4 0 55 75 118 59 2.8 
237 4 0 63 75 119 52 3.0 
238 4 0 61 75 119 54 3.0 
239 4 0 35 75 117 76 2.5 
240 4 - ~__Q-~ 82 75 121 36 3.6 
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Table B1 - Predicted Temperatures and Temperature Differences for Concrete Piles 

Case 

-----------~--

Concrete 
Mix 
No. 

Average Initial 
Air Concrete 

Insulation Temp., Temp., 
A-Value OF OF 

Maximum 
Concrete 
Temp.,

OF 

Maximum 
Temperature 
Difference, 

OF 

Time of 
Maximum 

Temp. Diff., 
days 

241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
258 
259 
260 
261 
262 
263 
264 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

---------

2 48 45 
2 55 45 
2 63 45 
2 61 45 
2 35 45 
2 82 45 
2 48 55 
2 55 55 
2 63 55 
2 61 55 
2 35 55 
2 82 55 
2 48 65 
2 55 65 
2 63 65 
2 61 65 
2 35 65 
2 82 65 
2 48 75 
2 55 75 
2 63 75 
2 61 75 
2 35 75 
2 82 75 

94 
95 
96 
96 
93 

101 
103 
104 
105 
105 
102 
108 
113 
113 
114 
114 
112 
116 
122 
122 
123 
123 
121 
125 

22 
19 
16 
17 
28 
9 

26 
23 
20 
21 
32 
13 
30 
28 
24 
25 
36 
17 
35 
32 
28 
29 
40 
21 

5.0 
5.4 
6.1 
5.9 
4.4 
8.9 I 

4.5 
4.9 
5.3 
5.2 
4.1 
7.1 
4.2 
4.4 

I 

4.8 I 

4.7 
3.8 
6.0 
4.0 i 

4.1 i 
4.3 
4.3 
3.7 
5.3 
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Table 61 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Concrete 
Mix 

Case No. 

Average 
Air 

Insulation Temp., 
R-Value OF 

Initial 
Concrete 
Temp.,

OF 

Maximum 
Concrete 
Temp.,

OF 

Maximum 
Temperature 
Difference, 

OF 

Time of 
Maximum 

Temp. Dlff., 
days 

265 4 
266 4 
267 4 
268 4 
269 4 
270 4 
271 4 
272 4 
273 4 
274 4 
275 4 
276 4 
277 4 
278 4 
279 4 
280 4 
281 4 
282 4 
283 4 
284 4 
285 4 
286 4 
287 4 
288 4 

------------

4 48 
4 55 
4 63 
4 61 
4 35 
4 82 
4 48 
4 55 
4 63 
4 61 
4 35 
4 82 
4 48 
4 55 
4 63 
4 61 
4 35 
4 82 
4 48 
4 55 
4 63 
4 61 
4 35 
4 82 

-··~ --

45 
45 
45 
45 
45 
45 
55 
55 
55 
55 
55 
55 
65 
65 
65 
65 
65 
65 
75 
75 
75 
75 
75 
75 

96 
97 
98 
98 
95 
102 
105 
106 
107 
107 
104 
110 
114 
115 
116 
115 
114 
118 
124 
124 
125 
125 
123 
127 

15 
13 
11 
12 
19 
7 
18 
16 
14 
14 
21 
9 

21 
19 
17 
17 
24 
12 
23 
21 
19 
20 
27 
14 

6.3 
6.8 
7.7 
7.4 
5.5 
11.6 
5.7 
6.1 
6.7 
6.5 
5.1 
9.1 
5.2 
5.5 
5.9 
5.8 
4.8 
7.6 
4.8 
5.1 
5.4 
5.3 
4.5 
6.6 
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Table 81 - Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

289 5 0 48 45 113 60 3.2 
290 5 0 55 45 114 54 3.4 
291 5 0 63 45 115 48 3.6 
292 5 0 61 45 114 50 3.6 
293 5 0 35 45 111 71 3.0 
294 5 0 82 45 118 34 4.3 
295 5 0 48 55 122 68 3.0 
296 5 0 55 55 122 62 3.2 
297 5 0 63 55 123 56 3.3 
298 5 0 61 55 123 57 3.3 
299 5 0 35 55 120 79 2.8 
300 5 0 82 55 126 41 3.9 
301 5 0 48 65 131 77 2.8 
302 5 0 55 65 131 71 3.0 
303 5 0 63 65 132 64 3.1 I 
304 5 0 61 65 132 66 3.1 
305 5 0 35 65 130 88 2.7 
306 5 0 82 65 135 49 3.6 
307 5 0 48 75 140 85 2.7 
308 5 0 55 75 140 79 2.8 
309 5 0 63 75 141 72 2.9 
310 5 0 61 75 141 74 2.9 
311 5 0 35 75 139 96 2.6 
312 5 0 82 75 143 57 3.3 
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---------- -- -

Table 81 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., 
Case No. A-Value OF OF OF OF days 

313 5 2 48 45 117 33 4.5 
314 5 2 55 45 118 30 4.8 
315 5 2 63 45 119 27 5.1 
316 5 2 61 45 119 27 5.0 
317 5 2 35 45 116 38 4.2 
318 5 2 82 45 122 19 6.1 
319 5 2 48 55 126 37 4.3 
320 5 2 55 55 127 34 4.5 
321 5 2 63 55 128 31 4.7 
322 5 2 61 55 128 31 4.6 
323 5 2 35 55 125 42 4.0 
324 5 2 82 55 130 23 5.5 
325 5 2 48 65 136 41 4.0 
326 5 2 55 65 136 38 4.2 
327 5 2 63 65 137 35 4.4 
328 5 2 61 65 137 36 4.3 
329 5 2 35 65 135 46 3.8 
330 5 2 82 65 139 27 5.1 
331 5 2 48 75 145 45 3.8 
332 5 2 55 75 145 42 4.0 
333 5 2 63 75 146 39 4.2 
334 5 2 61 75 146 40 4.1 
335 5 2 35 75 144 51 3.7 
336 5 2 82 75 148 31 4.7 

--·-----
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Plies 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

337 5 4 48 45 119 22 5.5 
338 5 4 55 45 120 20 5.8 
339 5 4 63 45 121 18 6.2 
340 5 4 61 45 121 19 6.1 
341 5 4 35 45 118 26 5.1 
342 5 4 82 45 123 13 7.6 
343 5 4 48 55 129 25 5.2 
344 5 4 55 55 129 23 5.4 
345 5 4 63 55 130 21 5.8 
346 5 4 61 55 130 21 5.7 
347 5 4 35 55 128 28 4.8 
348 5 4 82 55 132 16 6.8 
349 5 4 48 65 138 28 4.9 
350 5 4 55 65 138 26 5.1 
351 5 4 63 65 139 24 5.3 
352 5 4 61 65 139 24 5.3 
353 5 4 35 65 137 31 4.6 
354 5 4 82 65 141 19 6.2 
355 5 4 48 75 147 30 4.7 
356 5 4 55 75 148 28 4.8 
357 5 4 63 75 148 26 5.0 
358 5 4 61 75 148 27 5.0 
359 5 4 35 75 147 34 4.4 
360 5 4 82 75 150 21 5.7 i 
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Table 81 • Predicted Temperatures and Temperature Differences for Concrete Plies 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

361 6 0 48 45 97 46 3.4 
362 6 0 55 45 98 40 3.7 
363 6 0 63 45 100 34 4.1 
364 6 0 61 45 99 36 3.9 
365 6 0 35 45 96 56 3.1 
366 6 0 82 45 105 21 5.4 
367 6 0 48 55 106 54 3.2 
368 6 0 55 55 107 48 3.3 
369 6 0 63 55 108 42 3.6 
370 6 0 61 55 108 43 3.6 
371 6 0 35 55 105 65 2.9 
372 6 0 82 55 112 28 4.6 
373 6 0 48 65 115 62 3.0 
374 6 0 55 65 116 56 3.1 
375 6 0 63 65 116 50 3.3 
376 6 0 61 65 116 51 3.2 
377 6 0 35 65 114 73 2.7 
378 6 0 82 65 120 35 4.0 
379 6 0 48 75 124 70 2.8 
380 6 0 55 75 125 65 2.9 
381 6 0 63 75 125 58 3.0 
382 6 0 61 75 125 59 3.0 
383 6 0 35 75 123 82 2.6 
384 6 0 82 75 128 42 3.6 
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Table 81 ·Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Diff., 
days 

385 6 2 48 45 101 26 5.0 
386 6 2 55 45 102 23 5.4 
387 6 2 63 45 103 20 5.9 
388 6 2 61 45 103 20 5.8 
389 6 2 35 45 100 31 4.5 
390 6 2 82 45 107 12 8.0 
391 6 2 48 55 110 30 4.6 
392 6 2 55 55 111 27 4.9 
393 6 2 63 55 112 24 5.3 
394 6 2 61 55 112 24 5.1 
395 6 2 35 55 109 35 4.2 
396 6 2 82 55 115 16 6.7 
397 6 2 48 65 119 34 4.3 
398 6 2 55 65 120 31 4.5 
399 6 2 63 65 121 28 4.8 
400 6 2 61 65 121 28 4.7 
401 6 2 35 65 119 39 4.0 
402 6 2 82 65 123 20 5.8 
403 6 2 48 75 129 38 4.0 
404 6 2 55 75 129 35 4.2 
405 6 2 63 75 130 32 4.4 
406 6 2 61 75 130 32 4.3 
407 6 2 35 75 128 43 3.8 
408 6 2 82 75 132 24 5.2 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

I 

I 
409 6 4 48 45 103 18 6.3 I 

410 6 4 55 45 104 16 6.7 
411 6 4 63 45 105 14 7.4 
412 6 4 61 45 105 14 7.3 
413 6 4 35 45 102 21 5.6 
414 6 4 82 45 109 9 10.3 
415 6 4 48 55 112 20 5.7 
416 6 4 55 55 113 18 6.1 
417 6 4 63 55 114 16 6.6 
418 6 4 61 55 114 17 6.4 
419 6 4 35 55 111 24 5.2 
420 6 4 82 55 117 11 8.5 
421 6 4 48 65 122 23 5.3 
422 6 4 55 65 122 21 5.6 
423 6 4 63 65 123 19 5.9 
424 6 4 61 65 123 19 5.8 
425 6 4 35 65 121 26 4.8 
426 6 4 82 65 125 14 7.3 
427 6 4 48 75 131 26 5.0 
428 6 4 55 75 131 24 5.2 
429 6 4 63 75 132 22 5.5 
430 6 4 61 75 132 22 5.4 
431 6 4 35 75 130 29 4.6 

.432 6 4 
----

82 75 134 17 6.5 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

433 7 0 48 45 121 68 3.2 
434 7 0 55 45 122 62 3.4 
435 7 0 63 45 123 56 3.6 
436 7 0 61 45 123 57 3.5 
437 7 0 35 45 120 78 3.0 
438 7 0 82 45 126 41 4.1 
439 7 0 48 55 130 76 3.0 
440 7 0 55 55 131 70 3.2 
441 7 0 63 55 132 64 3.3 
442 7 0 61 55 131 65 3.3 
443 7 0 35 55 129 87 2.8 
444 7 0 82 55 135 49 3.8 
445 7 0 48 65 139 84 2.9 
446 7 0 55 65 140 78 3.0 
447 7 0 63 65 140 72 3.1 
448 7 0 61 65 140 74 3.1 
449 7 0 35 65 138 95 2.7 
450 7 0 82 65 143 56 3.5 
451 7 0 48 75 148 93 2.8 
452 7 0 55 75 149 87 2.8 
453 7 0 63 75 149 80 3.0 
454 7 0 61 75 149 82 2.9 
455 7 0 35 75 147 104 2.7 
456 7 

------
0 

--------
82 75 152 64 3.3 
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Table 81 - Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., 
Case No. R-Value OF OF OF OF days 

457 7 2 48 45 126 37 4.5 

458 7 2 55 45 127 34 4.8 

459 7 2 63 45 128 31 5.0 

460 7 2 61 45 128 32 4.9 

461 7 2 35 45 125 42 4.2 

462 7 2 82 45 130 23 5.9 

463 7 2 48 55 135 41 4.3 

464 7 2 55 55 136 38 4.5 

465 7 2 63 55 137 35 4.7 

466 7 2 61 55 137 36 4.6 

467 7 2 35 55 134 46 4.0 

468 7 2 82 55 139 27 5.4 

469 7 2 48 65 145 45 4.1 

470 7 2 55 65 145 42 4.2 

471 7 2 63 65 146 39 4.4 

472 7 2 61 65 146 40 4.3 

473 7 2 35 65 144 51 3.9 

474 7 2 82 65 148 31 4.9 

475 7 2 48 75 154 49 3.9 

476 7 2 55 75 154 46 4.0 

477 7 2 63 75 155 43 4.2 

478 7 2 61 75 155 44 4.2 

479 7 2 35 75 153 55 3.7 

480 7 2 82 75 157 35 4.6 


-- - --·-- 
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Table B1 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

481 7 4 48 45 129 25 5.5 
482 7 4 55 45 129 23 5.8 
483 7 4 63 45 130 21 6.1 
484 7 4 61 45 130 22 6.0 
485 7 4 35 45 128 29 5.2 
486 7 4 82 45 132 16 7.3 
487 7 4 48 55 138 28 5.2 
488 7 4 55 55 138 26 5.4 
489 7 4 63 55 139 24 5.7 
490 7 4 61 55 139 24 5.6 
491 7 4 35 55 137 31 4.9 
492 7 4 82 55 141 19 6.6 
493 7 4 48 65 147 31 5.0 
494 7 4 55 65 148 29 5.2 
495 7 4 63 65 148 26 5.4 
496 7 4 61 65 148 27 5.3 
497 7 4 35 65 146 34 4.7 
498 7 4 82 65 150 21 6.1 
499 7 4 48 75 157 33 4.8 
500 7 4 55 75 157 31 4.9 
501 7 4 63 75 157 29 5.1 
502 7 4 61 75 157 30 5.0 
503 7 4 35 75 156 37 4.5 
504 7 4 82 75 159 24 5.7 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Plies 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

505 8 0 48 45 104 52 3.4 
506 8 0 55 45 105 46 3.7 
507 8 0 63 45 106 40 3.9 
508 8 0 61 45 106 42 3.9 
509 8 0 35 45 102 62 3.1 
510 8 0 82 45 111 27 5.1 
511 8 0 48 55 112 60 3.2 
512 8 0 55 55 113 54 3.3 
513 8 0 63 55 114 48 3.6 
514 8 0 61 55 114 49 3.5 
515 8 0 35 55 . 111 70 3.0 
516 8 0 82 55 118 34 4.4 
517 8 0 48 65 121 68 3.0 
518 8 0 55 65 122 62 3.1 
519 8 0 63 65 123 56 3.3 
520 8 0 61 65 123 57 3.3 
521 8 0 35 65 120 79 2.8 
522 8 0 82 65 126 41 3.9 
523 8 0 48 75 130 76 2.8 
524 8 0 55 75 131 70 3.0 
525 8 0 63 75 132 64 3.1 
526 8 0 61 75 132 65 3.0 
527 8 0 35 75 129 87 2.7 
528 8 0 82 75 

------
134 48 3.6 
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Table 81 • Predicted Temperatures and Temperature Differences for Concrete Plies 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

529 8 2 48 45 108 29 5.0 
530 8 2 55 45 109 26 5.3 
531 8 2 63 45 110 23 5.8 
532 8 2 61 45 110 24 5.6 
533 8 2 35 45 107 34 4.5 
534 8 2 82 45 114 16 7.4 
535 8 2 48 55 117 33 4.6 
536 8 2 55 55 118 30 4.9 
537 8 2 63 55 119 27 5.2 
538 8 2 61 55 119 28 5.1 
539 8 2 35 55 116 38 4.3 I 

540 8 2 82 55 122 19 6.4 
541 8 2 48 65 126 37 4.3 
542 8 2 55 65 127 34 4.5 
543 8 2 63 65 128 31 4.8 
544 8 2 61 65 128 32 4.7 
545 8 2 35 65 125 42 4.0 ' 

546 8 2 82 65 130 23 5.7 
547 8 2 48 75 136 41 4.1 
548 8 2 55 75 136 38 4.3 
549 8 2 63 75 137 35 4.5 
550 8 2 61 75 137 36 4.4 
551 8 2 35 75 135 47 3.8 
552 8 2 82 75 139 27 5.2 : 
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Table 81 ·Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R·Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

553 8 4 48 45 111 20 6.2 
554 8 4 55 45 111 18 6.6 

. 555 8 4 63 45 113 16 7.3 
556 8 4 61 45 112 16 7.1 
557 8 4 35 45 109 23 5.6 
558 8 4 82 45 116 11 9.5 
559 8 4 48 55 120 23 5.7 
560 8 4 55 55 120 21 6.1 
561 8 4 63 55 121 19 6.5 
562 8 4 61 55 121 19 6.4 
563 8 4 35 55 119 26 5.3 
564 8 4 82 55 124 14 8.1 
565 8 4 48 65 129 25 5.3 
566 8 4 55 65 129 23 5.6 
567 8 4 63 65 130 21 6.0 
568 8 4 61 65 130 22 5.9 
569 8 4 35 65 128 29 5.0 
570 8 4 82 65 132 16 7.1 
571 8 4 48 75 138 28 5.0 
572 8 4 55 75 139 26 5.3 
573 8 4 63 75 139 24 5.5 
574 8 4 61 75 139 24 5.5 
575 8 4 35 75 137 31 4.7 
576 8 4 82 75 141 19 6.4 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

577 9 0 48 45 130 76 3.2 
578 9 0 55 45 130 70 3.3 
579 9 0 63 45 132 64 3.5 
580 9 0 61 45 131 65 3.4 
581 9 0 35 45 128 86 3.0 
582 9 0 82 45 135 49 4.0 
583 9 0 48 55 138 84 3.0 
584 9 0 55 55 139 78 3.2 
585 9 0 63 55 140 72 3.3 
586 9 0 61 55 140 73 3.3 
587 9 0 35 55 137 95 2.8 
588 9 0 82 55 143 57 3.7 
589 9 0 48 65 148 92 2.9 
590 9 0 55 65 148 86 3.0 
591 9 0 63 65 149 80 3.1 
592 9 0 61 65 149 81 3.1 
593 9 0 35 65 146 103 2.8 
594 9 0 82 65 151 64 3.4 
595 9 0 48 75 157 101 2.8 
596 9 0 55 75 157 95 2.8 
597 9 0 63 75 158 88 3.0 
598 9 0 61 75 158 90 3.0 
599 9 0 35 75 156 112 2.7 
600 9 0 82 75 160 72 3.3 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Plies 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

601 9 2 48 45 135 41 4.5 
602 9 2 55 45 136 38 4.7 
603 9 2 63 45 137 35 4.9 
604 9 2 61 45 137 36 4.9 
605 9 2 35 45 134 47 4.3 
606 9 2 82 45 139 27 5.6 
607 9 2 48 55 144 45 4.3 
608 9 2 55 55 145 43 4.5 
609 9 2 63 55 146 39 4.7 
610 9 2 61 55 146 40 4.6 
611 9 2 35 55 144 51 4.1 
612 9 2 82 55 148 32 5.3 
613 9 2 48 65 154 50 4.1 
614 9 2 55 65 154 47 4.3 
615 9 2 63 65 155 43 4.4 
616 9 2 61 65 155 44 4.4 
617 9 2 35 65 153 55 3.9 
618 9 2 82 65 157 35 4.9 
619 9 2 48 75 163 54 4.0 
620 9 2 55 75 164 51 4.1 
621 9 2 63 75 164 47 4.2 
622 9 2 61 75 164 48 4.2 
623 9 2 35 75 162 59 3.8 
624 9 2 82 75 166 40 4.6 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

625 9 4 48 45 138 28 5.5 
626 9 4 55 45 139 26 5.8 
627 9 4 63 45 139 24 6.0 
628 9 4 61 45 139 25 5.9 
629 9 4 35 45 137 32 5.2 I 

630 9 4 82 45 142 19 6.9 
631 9 4 48 55 147 31 5.3 
632 9 4 55 55 148 29 5.4 
633 9 4 63 55 148 27 5.7 
634 9 4 61 55 148 27 5.6 
635 9 4 35 55 146 34 5.0 
636 9 4 82 55 150 22 6.4 
637 9 4 48 65 156 33 5.0 
638 9 4 55 65 157 32 5.2 
639 9 4 63 65 158 29 5.4 
640 9 4 61 65 157 30 5.3 
641 9 4 35 65 156 37 4.8 
642 9 4 82 65 159 24 6.0 
643 9 4 48 75 166 36 4.8 
644 9 4 55 75 166 34 5.0 
645 9 4 63 75 167 32 5.1 
646 9 4 61 75 167 33 5.1 
647 9 4 35 75 165 40 4.6 
648 9 4 

-----
82 75 168 27 5.6 
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Table 81 ·Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R·Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
Of 

Temp. Dlff., 
days 

649 10 0 48 45 110 58 3.4 
650 10 0 55 45 111 52 3.6 
651 10 0 63 45 113 46 3.9 
652 10 0 61 45 112 48 3.8 
653 10 0 35 45 108 68 3.2 
654 10 0 82 45 117 33 4.8 
655 10 0 48 55 119 66 3.2 
656 10 0 55 55 120 60 3.3 
657 10 0 63 55 121 54 3.6 I 

658 10 0 61 55 121 55 3.5 
659 10 0 35 55 117 76 3.0 
660 10 0 82 55 124 39 4.3 
661 10 0 48 65 128 74 3.0 
662 10 0 55 65 128 68 3.2 
663 10 0 63 65 129 62 3.3 
664 10 0 61 65 129 63 3.3 
665 10 0 35 65 127 85 2.8 
666 10 0 82 65 132 47 3.9 
667 10 0 48 75 137 82 2.8 
668 10 0 55 75 137 76 3.0 
669 10 0 63 75 138 70 3.1 
670 10 0 61 75 138 72 3.1 
671 10 0 35 75 136 93 2.7 
672 10 0 82 75 141 55 3.6 
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Table B1 ·Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

673 10 2 48 45 115 32 5.0 
674 10 2 55 45 116 29 5.3 
675 10 2 63 45 117 26 5.6 
676 10 2 61 45 117 27 5.5 
677 10 2 35 45 114 38 4.5 
678 10 2 82 45 121 19 7.0 
679 10 2 48 55 124 36 4.7 
680 10 2 55 55 125 33 4.9 
681 10 2 63 55 126 30 5.2 
682 10 2 61 55 126 31 5.1 
683 10 2 35 55 123 42 4.3 
684 10 2 82 55 129 23 6.2 
685 10 2 48 65 133 40 4.4 
686 10 2 55 65 134 38 4.5 
687 10 2 63 65 135 34 4.8 
688 10 2 61 65 135 35 4.7 
689 10 2 35 65 133 46 4.1 
690 10 2 82 65 137 27 5.6 
691 10 2 48 75 143 45 4.2 
692 10 2 55 75 143 42 4.3 
693 10 2 63 75 144 38 4.5 
694 10 2 61 75 144 39 4.5 
695 10 2 35 75 142 50 3.9 
696 10 2 82 75 146 31 5.1 
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Table 81 • Predicted Temperatures and Temperature Differences for Concrete Plies 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R·Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

697 10 4 48 45 118 22 6.2 
698 10 4 55 45 119 20 6.6 
699 10 4 63 45 120 18 7.1 
700 10 4 61 45 120 19 6.9 
701 10 4 35 45 117 26 5.7 
702 10 4 82 45 123 13 8.9 ! 

703 10 4 48 55 127 25 5.8 
704 10 4 55 55 128 23 6.1 
705 10 4 63 55 129 21 6.4 
706 10 4 61 55 128 21 6.3 
707 10 4 35 55 126 28 5.3 
708 10 4 82 55 131 16 7.8 
709 10 4 48 65 136 28 5.4 
710 10 4 55 65 137 26 5.7 
711 10 4 63 65 137 24 6.0 
712 10 4 61 65 137 24 5.9 
713 10 4 35 65 135 31 5.0 
714 10 4 82 65 140 18 7.0 
715 10 4 48 75 145 30 5.1 
716 10 4 55 75 146 28 5.3 
717 10 4 63 75 147 26 5.6 
718 10 4 61 75 146 27 5.5 
719 10 4 35 75 145 34 4.8 
720 10 

L ....------------- - 4._ -- 82 
-

75 148 21 6.4 
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Table 81 ·Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

721 11 0 48 45 138 83 3.2 
722 11 0 55 45 139 78 3.3 
723 11 0 63 45 140 71 3.4 
724 11 0 61 45 140 73 3.4 
725 11 0 35 45 137 94 3.0 
726 11 0 82 45 143 57 3.9 
727 11 0 48 55 147 92 3.0 
728 11 0 55 55 148 86 3.2 
729 11 0 63 55 149 79 3.3 
730 11 0 61 55 148 81 3.3 
731 11 0 35 55 146 103 2.9 
732 11 0 82 55 151 64 3.6 
733 11 0 48 65 156 100 2.9 
734 11 0 55 65 157 94 3.0 
735 11 0 63 65 157 87 3.1 
736 11 0 61 65 157 89 3.1 
737 11 0 35 65 155 111 2.8 
738 11 0 82 65 160 72 3.4 
739 11 0 48 75 165 109 2.8 
740 11 0 55 75 166 103 2.9 
741 11 0 63 75 166 96 3.0 
742 11 0 61 75 166 98 3.0 
743 11 0 35 75 164 120 2.7 
744 11 0 82 75 168 80 3.3 
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Table B1 -Predicted Temperatures and Temperature Differences for Concrete Plies 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., 
Case No. R-Value OF OF OF OF days 

745 11 2 48 45 144 46 4.5 

746 11 2 55 45 145 43 4.7 

747 11 2 63 45 146 39 4.9 

748 11 2 61 45 146 40 4.8 

749 11 2 35 45 143 51 4.3 

750 11 2 82 45 148 32 5.5 

751 11 2 48 55 153 50 4.3 

752 11 2 55 55 154 47 4.5 

753 11 2 63 55 155 43 4.6 

754 11 2 61 55 155 44 4.6 

755 11 2 35 55 152 55 4.1 

756 11 2 82 55 157 36 5.1 

757 11 2 48 65 163 54 4.2 

758 11 2 55 65 163 51 4.3 

759 11 2 63 65 164 48 4.4 

760 11 2 61 65 164 48 4.4 

761 11 2 35 65 162 59 4.0 

762 11 2 82 65 166 40 4.9 

763 11 2 48 75 172 58 4.0 

764 11 2 55 75 172 55 4.1 

765 11 2 63 75 173 52 4.2 

766 11 2 61 75 173 53 4.2 

767 11 2 35 75 171 63 3.8 

768 11 2 82 75 175 44 4.6 


--~-
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

769 11 4 48 45 147 31 5.5 
770 11 4 55 45 148 29 5.7 
771 11 4 63 45 149 27 6.0 
772 11 4 61 45 148 27 5.9 
773 11 4 35 45 146 34 5.2 
774 11 4 82 45 151 22 6.8 
775 11 4 48 55 156 34 5.3 
776 11 4 55 55 157 32 5.4 
777 11 4 63 55 158 30 5.7 
778 11 4 61 55 157 30 5.6 
779 11 4 35 55 156 37 5.0 
780 11 4 82 55 160 24 6.3 
781 11 4 48 65 166 36 5.0 
782 11 4 55 65 166 34 5.2 
783 11 4 63 65 167 32 5.4 
784 11 4 61 65 167 33 5.3 
785 11 4 35 65 165 40 4.8 
786 11 4 82 65 169 27 5.9 I 

787 
788 

11 
11 

4 
4 

48 
55 

75 
75 

175 
176 

39 
37 

4.8 
5.0 I 

789 11 4 63 75 176 35 5.2 
790 11 4 61 75 176 35 5.1 
791 11 4 35 75 174 43 4.7 
792 11 

--------- -~ 
4 82 75 178 30 5.6 I 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

793 12 0 48 45 117 64 3.4 
794 12 0 55 45 118 58 3.6 
795 12 0 63 45 119 52 3.8 
796 12 0 61 45 119 53 3.8 
797 12 0 35 45 115 74 3.2 
798 12 0 82 45 123 38 4.6 
799 12 0 48 55 125 72 3.2 
800 12 0 55 55 126 66 3.3 
801 12 0 63 55 127 60 3.6 
802 12 0 61 55 127 61 3.5 
803 12 0 35 55 124 82 3.0 
804 12 0 82 55 131 45 4.1 
805 12 0 48 65 134 80 3.0 
806 12 0 55 65 135 74 3.2 
807 12 0 63 65 136 68 3.3 
808 12 0 61 65 136 69 3.3 
809 12 0 35 65 133 91 2.8 
810 12 0 82 65 139 53 3.8 
811 12 0 48 75 143 88 2.9 
812 12 0 55 75 144 82 3.0 
813 12 0 63 75 145 76 3.2 
814 12 0 61 75 145 77 3.1 
815 12 0 35 75 142 99 2.8 
816 12 0 82 75 147 60 3.5 
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Table B1 -Predicted Temperatures and Temperature Differences for Concrete Plies 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 1 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., 
Case No. R-Value °F °F °F oF days 

817 12 2 48 45 122 36 5.0 
818 12 2 55 45 123 33 5.2 
819 12 2 63 45 124 30 5.6 
820 
821 

12 
12 

2 
2 

61 
35 

45 
45 

124 
121 

30 
41 

5.4 
4.6 I 

822 12 2 82 45 128 22 6.7 
823 12 2 48 55 131 40 4.7 I 

824 12 2 55 55 132 37 4.9 
825 12 2 63 55 133 34 5.1 
826 12 2 61 55 133 34 5.1 
827 12 2 35 55 130 45 4.3 
828 12 2 82 55 136 26 6.0 
829 12 2 48 65 140 44 4.4 
830 12 2 55 65 141 41 4.6 
831 12 2 63 65 142 38 4.8 
832 12 2 61 65 142 38 4.8 
833 12 2 35 65 139 49 4.2 
834 12 2 82 65 144 30 5.5 i 

835 12 2 48 75 150 48 4.2 
836 12 2 55 75 150 45 4.3 
837 12 2 63 75 151 42 4.5 
838 12 2 61 75 151 43 4.5 
839 12 2 35 75 149 53 4.0 I 

840 12 2 82 75 153__ 34 -~-~1__] 
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Table 81 -Predicted Temperatures and Temperature Differences for Concrete Piles 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temperature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

841 12 4 48 45 125 24 6.2 
842 12 4 55 45 126 23 6.5 
843 12 4 63 45 127 21 7.0 
844 12 4 61 45 127 21 6.9 
845 12 4 35 45 124 28 5.7 
846 12 4 82 45 130 16 8.5 
847 12 4 48 55 134 27 5.8 
848 12 4 55 55 135 25 6.1 
849 12 4 63 55 136 23 6.4 
850 12 4 61 55 136 24 6.3 
851 12 4 35 55 133 31 5.4 
852 12 4 82 55 138 18 7.6 
853 12 4 48 65 143 30 5.5 
854 12 4 55 65 144 28 5.7 
855 12 4 63 65 145 26 6.0 
856 12 4 61 65 145 26 5.9 
857 12 4 35 65 142 33 5.1 
858 12 4 82 65 147 21 6.9 
859 12 4 48 75 153 33 5.2 
860 12 4 55 75 153 31 5.4 
861 12 4 63 75 154 29 5.6 
862 12 4 61 75 154 29 5.5 
863 12 4 35 75 152 36 4.9 
864 12 4 82 75 156 23 6.4 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Average Initial 
Concrete Air Concrete 

Mix Insulation Temp., Temp., 
Case No. R-Value OF OF 

~-

Water 
and 

Precast 
Concrete 

Shell 
Temp.,

OF 

Concrete Only 

Maximum Maximum Time of 
Concrete Temperature Maximum 
Temp., Difference, Temp. Diff., 

OF OF days 

i 
I 

Cooling Pipes at 61 0-mm On-Center 

Maximum Maximum Time of 
Concrete Temeprature Maximum I 

Temp., Difference, Temp. Dlff., 
OF OF days 

1 1 0 48 45 
2 1 0 55 45 
3 1 0 63 45 
4 1 0 61 45 
5 1 0 35 45 
6 1 0 82 45 
7 1 0 48 55 
8 1 0 55 55 
9 1 0 63 55 
10 1 0 61 55 
11 1 0 35 55 
12 1 0 82 55 
13 1 0 48 65 
14 1 0 55 65 
15 1 0 63 65 
16 1 0 61 65 
17 1 0 35 65 
18 1 0 82 65 
19 1 0 48 75 
20 1 0 55 75 
21 1 0 63 75 
22 1 0 61 75 
23 1 0 35 75 
24 1 0 82 75 

50 
55 
65 
60 
44 
74 
50 
55 
65 
60 
44 
74 
50 
55 
65 
60 
44 
74 
50 
55 
65 
60 
44 
74 

105 55 8.2 
105 48 8.6 
106 41 9.5 
105 43 9.0 
104 67 7.7 
107 26 11.3 
114 64 7.6 
114 57 7.9 
115 50 8.5 
115 52 8.3 
114 76 7.3 
116 33 9.8 
124 73 7.2 
124 66 7.4 
124 59 7.9 
124 61 7.7 
123 85 6.9 
125 42 8.8 
133 82 6.8 
134 76 7.0 
134 68 7.4 
134 70 7.2 
133 94 6.6 
135 51 8.0 

83 30 1.7 
84 25 1.8 
88 22 2.1 
86 22 1.9 
81 39 1.6 
93 13 2.4 
89 35 1.5 
91 31 1.6 
94 27 1.8 
93 27 1.7 
88 45 1.5 
98 16 2.0 
96 41 1.4 
98 37 1.5 
101 32 1.6 
99 33 1.5 
95 51 1.3 
104 20 1.8 
104 48 1.3 
105 43 1.3 
108 38 1.5 
106 39 1.4 
102 58 1.2 
111 25 1.6

. 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp., 
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

25 1 2 48 45 50 105 45 9.2 83 22 1.7 
26 1 2 55 45 55 106 41 9.7 84 20 1.8 
27 1 2 63 45 65 106 35 10.7 88 16 2.1 
28 1 2 61 45 60 106 38 10.3 86 18 1.9 
29 1 2 35 45 44 105 55 8.7 81 25 1.6 
30 1 2 82 45 74 108 27 12.9 94 14 2.6 
31 1 2 48 55 50 115 53 8.5 89 26 1.5 
32 1 2 55 55 55 115 49 8.9 91 24 1.6 
33 1 2 63 55 65 116 42 9.6 94 20 1.8 
34 1 2 61 55 60 115 45 9.3 93 22 1.7 
35 1 2 35 55 44 115 62 8.1 88 29 1.5 
36 1 2 82 55 74 117 35 11.0 99 17 2.2 
37 1 2 48 65 50 124 60 8.0 96 31 1.4 
38 1 2 55 65 55 125 56 8.3 98 29 1.5 
39 1 2 63 65 65 125 49 8.8 101 24 1.6 
40 1 2 61 65 60 125 53 8.6 99 26 1.5 
41 1 2 35 65 44 124 69 7.7 95 34 1.3 
42 1 2 82 65 74 126 42 9.8 105 21 1.9 I 
43 1 2 48 75 50 134 68 7.6 104 36 1.3 
44 1 2 55 75 55 134 64 7.8 105 34 1.3 
45 1 2 63 75 65 135 56 8.3 108 29 1.5 
46 1 2 61 75 60 134 60 8.0 106 31 1.4 
47 1 2 35 75 44 134 76 7.3 102 39 1.2 
48 1 2 82 75 74 135 49 9.0 111 25 1.7 

- -------
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

49 1 4 48 45 50 106 46 9.9 84 23 1.9 
50 1 4 55 45 55 106 42 10.4 86 21 2.0 
51 1 4 63 45 65 107 35 11.5 89 17 2.3 
52 1 4 61 45 60 107 38 11.0 88 19 2.2 
53 1 4 35 45 44 105 51 9.3 81 25 1.7 
54 1 4 82 45 74 108 28 13.9 94 15 2.8 
55 1 4 48 55 50 115 53 9.1 91 28 1.7 
56 1 4 55 55 55 116 50 9.5 93 26 1.8 
57 1 4 63 55 65 116 42 10.3 96 21 2.0 
58 1 4 61 55 60 116 46 9.9 94 24 2.0 
59 1 4 35 55 44 115 58 8.6 89 30 1.6 
60 1 4 82 55 74 117 35 11.9 100 18 2.4 
61 1 4 48 65 50 125 61 8.5 98 33 1.5 
62 1 4 55 65 55 125 57 8.8 100 31 1.6 
63 1 4 63 65 65 125 50 9.5 102 26 1.8 
64 1 4 61 65 60 125 53 9.2 101 28 1.8 
65 1 4 35 65 44 124 66 8.1 96 36 1.5 
66 1 4 82 65 74 126 43 10.6 106 23 2.1 
67 1 4 48 75 50 134 68 8.1 106 38 1.5 
68 1 4 55 75 55 135 65 8.3 107 36 1.5 
69 1 4 63 75 65 135 57 8.8 109 30 1.6 
70 1 4 61 75 60 135 61 8.6 109 33 1.5 
71 1 4 35 75 44 134 73 7.8 104 41 1.3 
72 1 4 82 75 74 136 50 9.6 113 27 1.8 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

73 2 0 48 45 50 93 43 9.3 74 22 1.9 
74 2 0 55 45 55 93 37 10.1 76 18 2.1 
75 2 0 63 45 65 94 30 11.8 80 15 2.5 
76 2 0 61 45 60 94 32 11.0 78 15 2.3 
77 2 0 35 45 44 92 55 8.6 72 32 1.7 
78 2 0 82 45 74 97 18 16.3 87 9 2.2 
79 2 0 48 55 50 102 52 8.4 80 28 1.6 
80 2 0 55 55 55 102 46 8.9 82 23 1.7 
81 2 0 63 55 65 103 39 10.0 86 20 2.1 
82 2 0 61 55 60 103 40 9.5 84 20 1.9 
83 2 0 35 55 44 101 64 7.8 78 37 1.5 
84 2 0 82 55 74 105 25 12.5 90 11 2.4 
85 2 0 48 65 50 111 61 7.8 87 34 1.5 
86 2 0 55 65 55 112 55 8.1 89 29 1.5 
87 2 0 63 65 65 112 47 8.8 92 25 1.7 
88 2 0 61 65 60 112 49 8.5 90 25 1.6 
89 2 0 35 65 44 111 73 7.3 85 43 1.3 
90 2 0 82 65 74 113 31 10.4 95 14 2.0 
91 2 0 48 75 50 121 70 7.3 94 40 1.3 
92 2 0 55 75 55 121 64 7.5 96 35 1.4 
93 2 0 63 75 65 121 56 8.1 99 31 1.5 
94 2 0 61 75 60 121 58 7.8 97 31 1.5 
95 2 0 35 75 44 120 82 6.9 93 50 1.2 
96 . ... 2 ' 

0 82 75 74 122 39 9.1 102 18 
' 1.7 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 O·mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

97 2 2 48 45 50 93 36 10.8 74 16 1.9 
98 2 2 55 45 55 94 32 11.6 76 14 2.1 
99 2 2 63 45 65 95 26 13.7 80 10 2.5 
100 2 2 61 45 60 94 29 12.7 78 12 2.3 
101 2 2 35 45 44 93 46 9.8 72 18 1.7 
102 2 2 82 45 74 97 19 19.2 87 10 3.2 
103 2 2 48 55 50 103 43 9.6 80 20 1.6 
104 2 2 55 55 55 103 39 10.2 82 18 1.7 
105 2 2 63 55 65 104 33 11.5 86 14 2.1 
106 2 2 61 55 60 103 36 10.9 84 16 1.9 
107 2 2 35 55 44 102 53 8.9 78 23 1.5 
108 2 2 82 55 74 105 26 14.6 91 12 2.7 
109 2 2 48 65 50 112 51 8.8 87 25 1.5 
110 2 2 55 65 55 112 47 9.2 89 23 1.5 
111 2 2 63 65 65 113 40 10.1 92 18 1.7 
112 2 2 61 65 60 113 43 9.7 90 20 1.6 
113 2 2 35 65 44 112 60 8.3 85 28 1.3 
114 2 2 82 65 74 114 33 12.0 96 15 2.1 . 

115 2 2 48 75 50 122 58 8.2 94 30 1.3 ! 

116 2 2 55 75 55 122 54 8.5 96 27 1.4 
117 2 2 63 75 65 122 47 9.2 99 23 1.5 
118 2 2 61 75 60 122 50 8.8 97 25 1.5 
119 2 2 35 75 44 121 67 7.8 93 33 1.2 
120 2 2 82 75 74 123 40 10.4 102 19 1.8 I 
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Table 82 • Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp., 
OF 

Temp.,
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

121 2 4 48 45 50 94 37 11.7 75 17 2.1 I 

122 2 4 55 45 55 94 33 12.7 77 15 2.3 
123 2 4 63 45 65 95 26 15.1 81 11 2.8 
124 2 4 61 45 60 95 29 14.0 79 13 2.6 
125 2 4 35 45 44 93 43 10.6 72 19 1.8 
126 2 4 82 45 74 98 20 20.0 87 10 3.5 
127 2 4 48 55 50 103 44 10.4 82 22 1.8 
128 2 4 55 55 55 103 40 11.0 83 19 2.0 
129 2 4 63 55 65 104 33 12.6 87 15 2.3 

I 

130 2 4 61 55 60 104 36 11.9 85 17 2.2 
131 2 4 35 55 44 103 50 9.6 79 24 1.7 
132 2 4 82 55 74 106 26 16.1 92 13 2.9 
133 2 4 48 65 50 112 51 9.5 89 26 1.6 
134 2 4 55 65 55 113 47 9.9 90 24 1.8 
135 2 4 63 65 65 113 40 11.0 93 19 1.9 
136 2 4 61 65 60 113 44 10.5 92 22 1.9 
137 2 4 35 65 44 112 56 8.9 87 29 1.5 
138 2 4 82 65 74 114 33 13.2 98 17 2.3 
139 2 4 48 75 50 122 59 8.8 96 32 1.5 
140 2 4 55 75 55 122 55 9.2 98 29 1.5 
141 2 4 63 75 65 123 48 9.9 100 24 1.7 
142 2 4 61 75 60 122 51 9.5 99 27 1.6 
143 2 4 35 75 44 122 64 8.3 94 34 1.3 
144 2 4 82 75 74 124 41 11.3 104 21 2.0 
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Table B2- Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp., 
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

145 3 0 48 45 50 115 64 8.2 89 35 1.7 
146 3 0 55 45 55 115 58 8.5 90 30 1.8 
147 3 0 63 45 65 116 51 9.2 94 27 2.0 
148 3 0 61 45 60 115 52 8.8 92 27 1.9 
149 3 0 35 45 44 114 76 7.8 87 44 1.6 
150 3 0 82 45 74 117 34 10.5 98 17 2.2 
151 3 0 48 55 50 124 73 7.6 95 40 1.5 
152 3 0 55 55 55 124 67 7.9 97 36 1.6 
153 3 0 63 55 65 125 60 8.5 100 32 1.8 
154 3 0 61 55 60 125 61 8.2 99 32 1.7 
155 3 0 35 55 44 124 85 7.3 94 50 1.5 
156 3 0 82 55 74 126 42 9.4 104 20 1.9 
157 3 0 48 65 50 134 82 7.3 102 47 1.5 
158 3 0 55 65 55 134 76 7.5 104 42 1.5 
159 3 0 63 65 65 134 69 7.9 107 38 1.6 
160 3 0 61 65 60 134 70 7.7 105 38 1.5 
161 3 0 35 65 44 133 95 7.0 101 56 1.4 
162 3 0 82 65 74 135 51 8.6 110 24 1.8 
163 3 0 48 75 50 143 92 6.9 110 53 1.3 
164 3 0 55 75 55 143 85 7.1 111 48 1.4 
165 3 0 63 75 65 144 78 7.4 114 43 1.5 
166 3 0 61 75 60 144 80 7.3 112 44 1.5 
167 3 0 35 75 44 143 104 6.7 108 63 1.3 
168 3 0 82 75 74 144 60 8.0 117 30 1.6 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp., 
OF 

Difference, 
OF 

Temp. Diff., 
days 

169 3 2 48 45 50 115 53 9.2 89 26 1.7 
170 3 2 55 45 55 116 50 9.6 90 24 1.8 
171 3 2 63 45 65 116 43 10.4 94 20 2.0 
172 3 2 61 45 60 116 46 10.0 92 22 1.9 
173 3 2 35 45 44 115 63 8.7 87 29 1.6 
174 3 2 82 45 74 118 35 11.9 99 17 2.4 
175 3 2 48 55 50 125 61 8.6 95 30 1.5 
176 3 2 55 55 55 125 57 8.9 97 28 1.6 
177 3 2 63 55 65 126 50 9.5 100 24 1.8 
178 3 2 61 55 60 125 53 9.3 99 26 1.7 
179 3 2 35 55 44 125 70 8.2 94 33 1.5 
180 3 2 82 55 74 127 43 10.7 105 21 2.1 
181 3 2 48 65 50 134 68 8.1 102 35 1.5 
182 3 2 55 65 55 135 64 8.3 104 33 1.5 
183 3 2 63 65 65 135 57 8.8 107 28 1.6 
184 3 2 61 65 60 135 61 8.7 105 30 1.5 
185 3 2 35 65 44 134 77 7.8 101 38 1.4 
186 3 2 82 65 74 136 50 9.7 111 25 1.9 
187 3 2 48 75 50 144 76 7.7 110 40 1.3 
188 3 2 55 75 55 144 72 8.0 111 38 1.4 
189 3 2 63 75 65 145 64 8.3 114 33 1.5 
190 3 2 61 75 60 144 68 8.2 112 35 1.5 
191 3 2 35 75 44 144 84 7.5 108 43 1.3 
192 3 

----·-
2 82 75 74 145 57 9.0 117 29 1.7 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

193 3 4 48 45 50 116 54 9.8 90 27 1.9 
194 3 4 55 45 55 116 50 10.3 92 25 2.0 
195 3 4 63 45 65 117 43 11.1 95 21 2.3 
196 3 4 61 45 60 117 47 10.8 94 23 2.2 
197 3 4 35 45 44 115 59 9.3 88 30 1.8 
198 3 4 82 45 74 118 36 12.8 100 19 2.6 
199 3 4 48 55 50 125 62 9.2 97 32 1.8 
200 3 4 55 55 55 126 58 9.5 99 30 1.8 
201 3 4 63 55 65 126 50 10.2 102 25 2.0 
202 3 4 61 55 60 126 54 9.9 100 28 1.9 
203 3 4 35 55 44 125 66 8.7 95 35 1.6 
204 3 4 82 55 74 127 43 11.5 106 23 2.3 
205 3 4 48 65 50 135 69 8.7 104 37 1.6 
206 3 4 55 65 55 135 65 8.9 106 35 1.7 
207 3 4 63 65 65 136 58 9.5 109 30 1.8 
208 3 4 61 65 60 135 61 9.2 107 33 1.8 
209 3 4 35 65 44 134 74 8.3 102 40 1.5 
210 3 4 82 65 74 136 51 10.4 113 27 2.0 
211 3 4 48 75 50 144 77 8.2 112 42 1.5 
212 3 4 55 75 55 145 73 8.5 113 40 1.5 
213 3 4 63 75 65 145 65 8.9 116 35 1.7 
214 3 4 61 75 60 145 69 8.7 115 38 1.6 
215 3 4 35 75 44 144 81 7.9 110 45 1.4 
216 3 4 82 75 74 146 58 9.6 119 32 1.8 
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Table 82 • Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature · Maximum 

Case 
Mix 
No. 

Insulation 
R·Value 

Temp.,
OF 

Temp., 
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

217 4 0 48 45 50 100 51 9.3 78 26 1.9 
218 4 0 55 45 55 101 44 9.9 80 22 2.0 
219 4 0 63 45 65 102 38 11.3 85 19 2.4 
220 4 0 61 45 60 101 39 10.6 82 18 2.2 
221 4 0 35 45 44 100 63 8.6 76 36 1.7 
222 4 0 82 45 74 104 24 14.3 90 11 2.6 
223 4 0 48 55 50 110 60 8.4 85 32 1.7 
224 4 0 55 55 55 110 53 8.9 86 27 1.7 
225 4 0 63 55 65 111 46 9.8 90 23 2.0 
226 4 0 61 55 60 110 48 9.4 88 23 1.9 
227 4 0 35 55 44 109 72 7.9 83 41 1.5 
228 4 0 82 55 74 112 31 11.7 94 14 2.3 
229 4 0 48 65 50 119 69 7.9 92 37 1.5 
230 4 0 55 65 55 119 62 8.2 93 33 1.5 
231 4 0 63 65 65 120 55 8.8 96 29 1.7 
232 4 0 61 65 60 120 57 8.6 95 29 1.7 
233 4 0 35 65 44 119 81 7.4 90 47 1.4 
234 4 0 82 65 74 121 38 10.1 100 17 2.0 
235 4 0 48 75 50 129 78 7.4 99 44 1.3 
236 4 0 55 75 55 129 71 7.6 100 39 1.4 
237 4 0 63 75 65 129 64 8.1 103 34 1.5 
238 4 0 61 75 60 129 66 7.9 102 35 1.5 
239 4 0 35 75 44 128 90 7.1 97 53 1.3 

' 240 4 0 82 75 74 130 47 9.0 106 21 1.7 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 o-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

241 4 2 48 45 50 101 43 10.7 78 19 1.9 
242 4 2 55 45 55 102 39 11.4 80 17 2.0 
243 4 2 63 45 65 103 32 13.0 85 13 2.4 
244 4 2 61 45 60 102 35 12.3 82 15 2.2 
245 4 2 35 45 44 101 52 9.8 76 21 1.7 
246 4 2 82 45 74 105 25 16.7 91 12 3.0 
247 4 2 48 55 50 111 50 9.7 85 23 1.7 
248 4 2 55 55 55 111 46 10.2 86 21 1.7 
249 4 2 63 55 65 112 39 11.3 90 17 2.0 
250 4 2 61 55 60 111 42 10.8 88 19 1.9 
251 4 2 35 55 44 110 59 9.1 83 26 1.5 
252 4 2 82 55 74 113 32 13.6 95 15 2.4 
253 4 2 48 65 50 120 57 9.0 92 28 1.5 
254 4 2 55 65 55 120 53 9.3 93 26 1.5 
255 4 2 63 65 65 121 46 10.2 96 21 1.7 
256 4 2 61 65 60 121 50 9.8 95 23 1.7 
257 4 2 35 65 44 120 66 8.5 90 31 1.4 
258 4 2 82 65 74 122 39 11.7 101 18 2.1 
259 4 2 48 75 50 129 65 8.4 99 33 1.3 
260 4 2 55 75 55 130 61 8.7 100 30 1.4 
261 4 2 63 75 65 130 53 9.3 103 26 1.5 
262 4 2 61 75 60 130 57 9.0 102 28 1.5 
263 4 2 35 75 44 129 74 8.0 97 36 1.3 
264 4 2 82 75 74 131 46 10.4 L__ 1()'7 .... 

22 1.8 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 o-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp., 
Of 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp., 
Of 

Difference, 
Of 

Temp. Dlff., 
days 

i 

265 4 4 48 45 50 102 43 11.6 79 20 2.1 
266 4 4 55 45 55 102 40 12.4 82 18 2.3 
267 4 4 63 45 65 103 32 14.3 85 14 2.6 
268 4 4 61 45 60 103 36 13.4 84 16 2.5 
269 4 4 35 45 44 101 49 10.6 77 22 1.9 
270 4 4 82 45 74 105 26 18.6 91 12 3.3 
271 4 4 48 55 50 111 51 10.5 86 25 1.9 
272 4 4 55 55 55 111 47 11.0 88 23 2.0 
273 4 4 63 55 65 112 40 12.3 91 18 2.3 
274 4 4 61 55 60 112 43 11.8 90 21 2.1 
275 4 4 35 55 44 111 56 9.8 84 27 1.7 
276 4 4 82 55 74 114 33 15.0 96 16 2.7 
277 4 4 48 65 50 120 58 9.7 93 30 1.6 
278 4 4 55 65 55 121 54 10.1 95 27 1.8 
279 4 4 63 65 65 121 47 11.0 98 22 2.0 
280 4 4 61 65 60 121 50 10.5 97 25 1.9 
281 4 4 35 65 44 120 63 9.1 91 32 1.5 
282 4 4 82 65 74 122 40 12.8 102 20 2.3 
283 4 4 48 75 50 130 65 9.0 101 35 1.5 
284 4 4 55 75 55 130 62 9.3 102 32 1.6 
285 4 4 63 75 65 131 54 10.0 105 27 1.8 
286 4 4 61 75 60 130 58 9.7 104 30 1.7 
287 4 4 35 75 44 130 70 8.6 99 37 1.4 
288 4 4 82 75 74 132 47 11.3 109 L. ----------- _ _M_ 2.0 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp., 
OF 

Difference, 
OF 

Temp. Diff., 
days 

289 5 0 48 45 50 124 74 8.1 95 40 1.7 
290 5 0 55 45 55 125 67 8.4 96 35 1.8 
291 5 0 63 45 65 125 60 9.0 100 32 1.9 
292 5 0 61 45 60 125 62 8.7 98 32 1.9 
293 5 0 35 45 44 124 86 7.8 93 49 1.6 
294 5 0 82 45 74 127 43 10.0 104 20 2.1 
295 5 0 48 55 50 134 83 7.7 101 45 1.5 
296 5 0 55 55 55 134 76 7.9 103 41 1.6 
297 5 0 63 55 65 135 69 8.3 106 37 1.8 
298 5 0 61 55 60 134 71 8.2 105 37 1.7 
299 5 0 35 55 44 134 95 7.4 99 55 1.5 
300 5 0 82 55 74 136 52 9.1 110 24 1.9 
301 5 0 48 65 50 143 92 7.3 108 52 1.5 
302 5 0 55 65 55 144 86 7.5 110 47 1.5 
303 5 0 63 65 65 144 78 7.9 113 43 1.6 
304 5 0 61 65 60 144 80 7.8 111 43 1.5 
305 5 0 35 65 44 143 104 7.1 107 61 1.4 
306 5 0 82 65 74 145 61 8.5 116 29 1.8 
307 5 0 48 75 50 153 101 7.1 115 58 1.3 
308 5 0 55 75 55 153 95 7.2 117 53 1.4 
309 5 0 63 75 65 154 87 7.5 120 49 1.5 
310 5 0 61 75 60 153 89 7.4 118 49 1.5 
311 5 0 35 75 44 153 113 6.8 114 68 1.3 
312 5 ' 0 82 75 74 154 70 8.0 ____ _1_?~~ L_~~s~--- -

1.6 
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Table 82 • Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

313 5 2 48 45 50 125 61 9.1 95 30 1.7 
314 5 2 55 45 55 126 58 9.4 96 28 1.8 
315 5 2 63 45 65 126 50 10.1 100 24 1.9 
316 5 2 61 45 60 126 54 9.8 98 26 1.9 
317 5 2 35 45 44 125 71 8.7 93 33 1.6 I 

318 5 2 82 45 74 127 43 11.3 105 21 2.3 
319 5 2 48 55 50 135 69 8.6 101 34 1.5 
320 5 2 55 55 55 135 65 8.9 103 32 1.6 
321 5 2 63 55 65 136 58 9.4 106 28 1.8 
322 5 2 61 55 60 135 61 9.2 105 30 1.7 
323 5 2 35 55 44 134 78 8.3 99 37 1.5 
324 5 2 82 55 74 137 51 10.3 110 25 2.0 
325 5 2 48 65 50 144 76 8.2 108 39 1.5 
326 5 2 55 65 55 145 72 8.4 110 37 1.5 
327 5 2 63 65 65 145 65 8.8 113 32 1.6 
328 5 2 61 65 60 145 69 8.7 111 34 1.5 
329 5 2 35 65 44 144 85 7.9 107 42 1.4 
330 5 2 82 65 74 146 58 9.6 117 29 1.8 
331 5 2 48 75 50 154 84 7.8 115 44 1.3 
332 5 2 55 75 55 154 80 8.0 117 42 1.4 
333 5 2 63 75 65 155 73 8.4 120 37 1.5 
334 5 2 61 75 60 154 76 8.2 118 39 1.5 
335 5 2 35 75 44 154 92 7.6 114 47 1.3 
336 5 2 82 75 74 155 65 9.0 123 33 1.7
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 o-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

337 5 4 48 45 50 126 62 9.8 96 32 1.9 
338 5 4 55 45 55 126 59 10.1 98 30 2.0 
339 5 4 63 45 65 127 51 10.9 101 25 2.2 
340 5 4 61 45 60 127 55 10.6 100 28 2.1 
341 5 4 35 45 44 125 67 9.3 94 34 1.8 
342 5 4 82 45 74 128 44 12.2 106 23 2.5 
343 5 4 48 55 50 135 70 9.2 103 37 1.8 
344 5 4 55 55 55 136 66 9.5 105 34 1.8 
345 5 4 63 55 65 136 59 10.1 108 29 2.0 
346 5 4 61 55 60 136 62 9.8 107 32 1.9 
347 5 4 35 55 44 135 75 8.8 101 39 1.7 
,348 5 4 82 55 74 137 52 11.2 112 27 2.2 
349 5 4 48 65 50 145 77 8.7 111 41 1.6 
350 5 4 55 65 55 145 73 9.0 112 39 1.7 
351 5 4 63 65 65 146 66 9.5 115 34 1.8 
352 5 4 61 65 60 145 70 9.2 114 37 1.8 I 

353 5 4 35 65 44 145 82 8.4 108 44 1.5 I 

354 5 4 82 65 74 146 59 10.3 119 31 2.0 
355 5 4 48 75 50 154 85 8.3 118 47 1.5 
356 5 4 55 75 55 155 81 8.5 119 44 1.5 
357 5 4 63 75 65 155 74 9.0 122 39 1.7 
358 5 4 61 75 60 155 77 8.8 121 42 1.6 
359 5 4 35 75 44 154 90 8.1 116 49 1.5 
360 5 4 82 75 74 156 66 9.6 126 36 1.8 

------
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Average 
Concrete Air 

Mix Insulation Temp., 
Case No. R-Value OF 

Initial 
Concrete 
Temp.,

OF 

Water 
and 

Precast 
Concrete 

Shell 
Temp.,

OF 

Concrete Only 

Maximum Maximum Time of 
Concrete Temperature Maximum 
Temp., Difference, Temp. Dlff., 

OF OF days 

Cooling Pipes at 61 0-mm On-Center 

Maximum Maximum Time of 
Concrete Temeprature Maximum 
Temp., Difference, Temp. Dlff., 

OF OF days 

361 6 0 48 
362 6 0 55 
363 6 0 63 
364 6 0 61 
365 6 0 35 
366 6 0 82 
367 6 0 48 
368 6 0 55 
369 6 0 63 
370 6 0 61 
371 6 0 35 
372 6 0 82 
373 6 0 48 
374 6 0 55 
375 6 0 63 
376 6 0 61 
377 6 0 35 
378 6 0 82 
379 6 0 48 
380 6 0 55 
381 6 0 63 
382 6 0 61 
383 6 0 35 
384 6 0 82 

----- ----- - ----

45 
45 
45 
45 
45 
45 
55 
55 
55 
55 
55 
55 
65 
65 
65 
65 
65 
65 
75 
75 
75 
75 
75 
75 

50 
55 
65 
60 
44 
74 
50 
55 
65 
60 
44 
74 
50 
55 
65 
60 
44 
74 
50 
55 
65 
60 
44 
74 

108 58 9.2 
109 52 9.7 
110 45 10.8 
109 47 10.3 
108 70 8.7 
111 30 13.1 
117 67 8.5 
118 61 8.9 
119 54 9.7 
118 55 9.3 
117 79 8.1 
120 37 11.2 
127 76 7.9 
127 70 8.3 
128 63 8.8 
128 64 8.6 
126 88 7.6 
129 45 9.9 
136 85 7.6 
137 79 7.8 
137 72 8.3 
137 73 8.0 
136 97 7.3 
138 54 9.1 

... 

83 30 1.9 
85 25 1.9 
89 22 2.3 
87 22 2.1 
81 39 1.7 
94 14 2.5 
89 35 1.7 
91 31 1.7 
95 27 1.9 
93 27 1.9 
87 45 1.5 
99 17 2.2 
96 41 1.5 
98 37 1.6 
101 33 1.7 
99 33 1.7 
94 51 1.5 
104 20 1.9 
103 47 1.4 
105 43 1.5 
108 38 1.6 
106 39 1.5 
101 57 1.3 
111 25 1.7 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

385 6 2 48 45 50 109 49 10.6 83 22 1.9 
386 6 2 55 45 55 110 45 11.2 85 20 1.9 
387 6 2 63 45 65 111 39 12.5 89 16 2.3 
388 6 2 61 45 60 110 42 11.9 87 18 2.1 
389 6 2 35 45 44 109 59 9.8 81 24 1.7 
390 6 2 82 45 74 113 32 15.3 95 14 2.8 
391 6 2 48 55 50 119 56 9.7 89 26 1.7 
392 6 2 55 55 55 119 52 10.2 91 24 1.7 
393 6 2 63 55 65 120 46 11.1 95 20 1.9 
394 6 2 61 55 60 119 49 10.7 93 22 1.9 
395 6 2 35 55 44 118 66 9.2 87 29 1.5 
396 6 2 82 55 74 121 39 13.0 100 18 2.4 
397 6 2 48 65 50 128 64 9.1 96 31 1.5 
398 6 2 55 65 55 128 60 9.4 98 28 1.6 
399 6 2 63 65 65 129 53 10.2 101 24 1.7 
400 6 2 61 65 60 129 56 9.8 99 26 1.7 
401 6 2 35 65 44 127 73 8.7 94 34 1.5 
402 6 2 82 65 74 130 46 11.5 105 21 2.1 
403 6 2 48 75 50 137 71 8.5 103 36 1.4 
404 6 2 55 75 55 138 67 8.8 105 33 1.5 
405 6 2 63 75 65 138 60 9.4 108 28 1.6 
406 6 2 61 75 60 138 63 9.1 106 31 1.5 
407 6 2 35 75 44 137 80 8.2 101 39 1.3 
408 6 2 82 75 74 139 53 10.4 111 - 25__ ... 1.8 
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Table 82 • Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 610-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp., 
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

409 6 4 48 45 50 110 50 11.5 84 23 2.1 
410 6 4 55 45 55 110 46 12.3 86 21 2.2 
411 6 4 63 45 65 111 39 13.8 90 17 2.5 
412 6 4 61 45 60 111 43 13.0 88 20 2.4 
413 6 4 35 45 44 109 55 10.7 81 25 1.9 
414 6 4 82 45 74 113 33 16.9 96 15 3.0 
415 6 4 48 55 50 119 57 10.5 91 28 1.9 
416 6 4 55 55 55 119 53 11.0 93 26 2.0 
417 6 4 63 55 65 120 46 12.1 96 21 2.2 
418 6 4 61 55 60 120 50 11.6 95 24 2.1 
419 6 4 35 55 44 119 62 9.9 88 30 1.7 
420 6 4 82 55 74 122 40 14.3 101 19 2.6 
421 6 4 48 65 50 128 65 9.8 98 33 1.7 
422 6 4 55 65 55 129 61 10.2 100 31 1.8 
423 6 4 63 65 65 129 54 11.0 102 26 2.0 
424 6 4 61 65 60 129 57 10.6 101 28 1.9 
425 6 4 35 65 44 128 69 9.3 96 35 1.5 
426 6 4 82 65 74 131 47 12.5 107 23 2.3 
427 6 4 48 75 50 138 72 9.2 105 38 1.5 i 

428 6 4 55 75 55 138 68 9.5 107 36 1.6 
429 6 4 63 75 65 139 61 10.2 109 30 1.8 
430 6 4 61 75 60 138 65 9.8 108 33 1.7 
431 6 4 35 75 44 138 77 8.8 103 41 1.5 
432 6 4 82 75 74 140 54 11.3 113 27 2.0 
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Table 82 • Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

I 

433 7 0 48 45 50 134 83 8.1 100 45 1.7 
434 7 0 55 45 55 135 77 8.3 102 41 1.8 

I 

435 7 0 63 45 65 135 70 8.8 106 37 1.9 
I 

436 7 0 61 45 60 135 71 8.6 104 37 1.8 
437 7 0 35 45 44 134 95 7.8 98 55 1.6 
438 7 0 82 45 74 136 52 9.7 110 24 2.0 
439 7 0 48 55 50 144 92 7.7 107 51 1.5 
440 7 0 55 55 55 144 86 7.9 109 46 1.6 
441 7 0 63 55 65 145 79 8.3 112 42 1.8 
442 7 0 61 55 60 144 80 8.2 110 42 1.7 
443 7 0 35 55 44 143 105 7.4 105 60 1.5 
444 7 0 82 55 74 145 61 9.0 116 29 1.9 
445 7 0 48 65 50 153 102 7.4 114 57 1.5 
446 7 0 55 65 55 154 95 7.6 116 52 1.5 
447 7 0 63 65 65 154 88 7.9 119 48 1.6 
448 7 0 61 65 60 154 90 7.8 117 48 1.5 
449 7 0 35 65 44 153 114 7.1 112 66 1.4 
450 7 0 82 65 74 155 70 8.4 122 34 1.8 
451 7 0 48 75 50 163 111 7.1 121 63 1.4 
452 7 0 55 75 55 163 104 7.3 123 58 1.5 
453 7 0 63 75 65 164 97 7.6 126 54 1.5 
454 7 0 61 75 60 163 99 7.4 124 54 1.5 
455 7 0 35 75 44 163 123 6.9 120 73 1.3 
456 7 0 82 

~--

75 74 
---·---------

164 79 8.0 128 40 1.6 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

457 7 2 48 45 50 135 70 9.1 100 34 1.7 
458 7 2 55 45 55 136 66 9.4 102 32 1.8 
459 7 2 63 45 65 136 58 10.0 106 28 1.9 
460 7 2 61 45 60 136 62 9.7 104 30 1.8 
461 7 2 35 45 44 135 79 8.7 98 37 1.6 
462 7 2 82 45 74 137 52 11.0 110 25 2.2 
463 7 2 48 55 50 145 77 8.7 107 38 1.5 
464 7 2 55 55 55 145 73 8.9 109 36 1.6 
465 7 2 63 55 65 146 66 9.4 112 32 1.8 
466 7 2 61 55 60 145 69 9.1 110 34 1.7 
467 7 2 35 55 44 144 86 8.3 105 41 1.5 
468 7 2 82 55 74 147 59 10.2 116 29 1.9 
469 7 2 48 65 50 154 84 8.3 114 43 1.5 
470 7 2 55 65 55 155 81 8.5 116 41 1.5 
471 7 2 63 65 65 155 73 8.8 119 36 1.6 
472 7 2 61 65 60 155 77 8.7 117 38 1.5 
473 7 2 35 65 44 154 93 8.0 112 46 1.4 
474 7 2 82 65 74 156 66 9.5 122 33 1.8 
475 7 2 48 75 50 164 92 8.0 121 48 1.4 
476 7 2 55 75 55 164 88 8.2 123 45 1.5 
477 7 2 63 75 65 165 81 8.5 126 41 1.5 
478 7 2 61 75 60 164 84 8.3 124 43 1.5 
479 7 2 35 75 44 164 100 7.7 120 51 1.3 
480 7 2 ....... --~--- 75 74 165 74 9.0 129 37 1.7 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

481 7 4 48 45 50 136 71 9.8 103 36 1.9 
482 7 4 55 45 55 136 67 10.1 104 34 2.0 
483 7 4 63 45 65 137 59 10.7 108 29 2.2 
484 7 4 61 45 60 137 63 10.4 106 32 2.1 
485 7 4 35 45 44 136 75 9.3 100 38 1.8 
486 7 4 82 45 74 138 52 11.8 112 27 2.4 
487 7 4 48 55 50 145 78 9.2 110 41 1.8 
488 7 4 55 55 55 146 74 9.5 111 39 1.8 
489 7 4 63 55 65 146 67 10.0 114 34 2.0 
490 7 4 61 55 60 146 70 9.8 113 36 1.9 
491 7 4 35 55 44 145 83 8.9 107 43 1.7 
492 7 4 82 55 74 147 60 10.9 119 31 2.2 
493 7 4 48 65 50 155 86 8.8 117 46 1.6 
494 7 4 55 65 55 155 82 9.0 118 43 1.7 
495 7 4 63 65 65 156 74 9.5 121 38 1.8 
496 7 4 61 65 60 155 78 9.3 120 41 1.8 
497 7 4 35 65 44 155 90 8.5 115 48 1.5 
498 7 4 82 65 74 156 67 10.1 125 35 2.0 
499 7 4 48 75 50 164 93 8.5 124 51 1.5 
500 7 4 55 75 55 165 89 8.7 126 49 1.6 
501 7 4 63 75 65 165 82 9.0 128 43 1.7 
502 7 4 61 75 60 165 85 8.8 127 46 1.6 
503 7 4 35 75 44 164 98 8.2 122 53 1.5 
504 7 4 82 

--------------
75 74 166 75 

- ... 
9.6 132 40 1.8 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

505 8 0 48 45 50 116 66 9.2 87 34 1.8 
506 8 0 55 45 55 117 60 9.7 89 29 1.9 
507 8 0 63 45 65 117 53 10.5 93 26 2.2 
508 8 0 61 45 60 117 54 10.1 91 26 2.1 
509 8 0 35 45 44 115 78 8.7 85 43 1.7 
510 8 0 82 45 74 119 36 12.3 98 16 2.4 
511 8 0 48 55 50 125 75 8.6 94 39 1.7 
512 8 0 55 55 55 126 68 8.9 95 35 1.7 
513 8 0 63 55 65 126 61 9.6 99 31 1.9 
514 8 0 61 55 60 126 63 9.3 97 31 1.8 
515 8 0 35 55 44 125 87 8.1 92 49 1.6 
516 8 0 82 55 74 128 44 10.8 103 19 2.1 
517 8 0 48 65 50 135 84 8.1 100 45 1.5 
518 8 0 55 65 55 135 77 8.3 102 40 1.6 
519 8 0 63 65 65 136 70 8.8 105 36 1.7 
520 8 0 61 65 60 135 72 8.6 104 37 1.7 
521 8 0 35 65 44 134 96 7.7 99 55 1.5 
522 8 0 82 65 74 137 53 9.8 109 24 1.9 
523 8 0 48 75 50 144 93 7.6 107 51 1.4 
524 8 0 55 75 55 144 86 7.9 109 46 1.5 
525 8 0 63 75 65 145 79 8.3 112 42 1.6 
526 8 0 61 75 60 145 81 8.1 110 42 1.5 
527 8 0 35 75 44 144 105 7.4 106 61 1.3 
528__L_ 8 0 82 75 74 146 62 9.0 115 28 

~ 

1.7 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

529 8 2 48 45 50 117 55 10.6 87 25 1.8 I 

530 8 2 55 45 55 1·18 52 11.1 89 23 1.9 ! 

531 8 2 63 45 65 119 45 12.2 93 19 2.2 
532 8 2 61 45 60 118 48 11.7 91 21 2.1 
533 8 2 35 45 44 117 65 9.9 85 27 1.7 
534 8 2 82 45 74 120 38 14.3 99 17 2.6 
535 8 2 48 55 50 127 63 9.8 94 29 1.7 
536 8 2 55 55 55 127 59 10.2 95 27 1.7 
537 8 2 63 55 65 128 52 11.0 99 23 1.9 
538 8 2 61 55 60 127 55 10.6 97 25 1.8 
539 8 2 35 55 44 126 72 9.3 92 32 1.6 
540 8 2 82 55 74 129 45 12.5 104 20 2.3 
541 8 2 48 65 50 136 70 9.2 100 34 1.5 
542 8 2 55 65 55 136 66 9.5 102 31 1.6 
543 8 2 63 65 65 137 59 10.2 105 27' 1.7 
544 8 2 61 65 60 137 63 9.8 104 29 1.7 
545 8 2 35 65 44 135 79 8.8 99 37 1.5 
546 8 2 82 65 74 138 52 11.3 110 24 2.0 
547 8 2 48 75 50 145 78 8.7 107 39 1.4 
548 8 2 55 75 55 146 74 9.0 109 36 1.5 
549 8 2 63 75 65 146 66 9.5 112 31 1.6 
550 8 2 61 75 60 146 70 9.2 110 34 1.5 
551 8 2 35 75 44 145 86 8.3 106 42 1.3 
552 8 2 82 75 74 147 59 10.3 116 28 1.8 
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Table B2- Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 o-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

553 8 4 48 45 50 118 57 11.5 89 27 2.1 
554 8 4 55 45 55 118 53 12.1 91 25 2.2 
555 8 4 63 45 65 119 46 13.3 95 20 2.5 
556 8 4 61 45 60 119 49 12.8 93 23 2.3 
557 8 4 35 45 44 117 61 10.7 86 29 1.9 
558 8 4 82 45 74 121 39 15.9 100 18 2.9 
559 8 4 48 55 50 127 64 10.6 96 31 1.9 
560 8 4 55 55 55 128 60 11.0 97 29 2.0 
561 8 4 63 55 65 128 53 12.0 101 24 2.2 
562 8 4 61 55 60 128 56 11.6 99 27 2.1 
563 8 4 35 55 44 127 69 10.0 93 33 1.7 
564 8 4 82 55 74 130 46 13.8 106 22 2.5 
565 8 4 48 65 50 136 71 9.9 103 36 1.7 
566 8 4 55 65 55 137 68 10.3 104 34 1.8 
567 8 4 63 65 65 137 60 11.0 107 29 2.0 
568 8 4 61 65 60 137 64 10.7 106 32 1.9 
569 8 4 35 65 44 136 76 9.5 100 38 1.6 
570 8 4 82 65 74 139 53 12.3 112 26 2.2 
571 8 4 48 75 50 146 79 9.3 110 41 1.6 
572 8 4 55 75 55 146 75 9.7 111 39 1.6 
573 8 4 63 75 65 147 68 10.2 114 34 1.8 
574 8 4 61 75 60 147 71 10.0 113 36 1.8 
575 8 4 35 75 44 146 84 9.0 108 44 1.5 
576 8 4 82 .. 7§__ . 

-
74 148 61 11.3 ' ....... 118 31 2.0 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

577 9 0 48 45 50 144 93 8.1 107 50 1.7 
578 9 0 55 45 55 145 87 8.3 108 46 1.8 
579 9 0 63 45 65 145 79 8.7 112 42 1.9 
580 9 0 61 45 60 145 81 8.5 110 42 1.8 
581 9 0 35 45 44 144 105 7.8 105 60 1.6 
582 9 0 82 45 74 146 62 9.5 116 29 2.0 
583 9 0 48 55 50 154 102 7.8 113 56 1.5 
584 9 0 55 55 55 154 96 7.9 115 51 1.6 
585 9 0 63 55 65 155 88 8.3 118 47 1.8 
586 9 0 61 55 60 154 90 8.1 117 48 1.7 
587 9 0 35 55 44 153 114 7.5 111 65 1.5 
588 9 0 82 55 74 155 71 8.8 122 34 1.9 I 
589 9 0 48 65 50 163 111 7.4 120 62 1.5 ' 

590 9 0 55 65 55 164 105 7.6 122 57 1.5 
591 9 0 63 65 65 164 97 7.9 125 53 1.6 
592 9 0 61 65 60 164 99 7.8 123 53 1.5 
593 9 0 35 65 44 163 123 7.3 119 72 1.5 
594 9 0 82 65 74 165 80 8.4 128 39 1.7 
595 9 0 48 75 50 173 120 7.2 127 68 1.4 
596 9 0 55 75 55 173 114 7.3 129 63 1.5 
597 9 0 63 75 65 174 107 7.6 132 59 1.5 
598 9 0 61 75 60 173 108 7.4 130 59 1.5 
599 9 0 35 75 44 173 133 7.0 126 78 1.3 
600 9 0 82 75 74 174 89 8.0 135 45 1.6 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

601 9 2 48 45 50 146 78 9.1 107 38 1.7 
602 9 2 55 45 55 146 74 9.3 108 36 1.8 
603 9 2 63 45 65 147 67 9.8 112 32 1.9 
604 9 2 61 45 60 146 70 9.6 110 34 1.8 I 

605 9 2 35 45 44 145 87 8.7 105 41 1.6 
! 

606 9 2 82 45 74 147 60 10.7 116 29 2.1 
607 9 2 48 55 50 155 85 8.7 113 42 1.5 
608 9 2 55 55 55 155 81 8.9 115 40 1.6 
609 9 2 63 55 65 156 74 9.3 118 36 1.8 
610 9 2 61 55 60 156 78 9.1 117 38 1.7 
611 9 2 35 55 44 155 94 8.4 111 45 1.5 
612 9 2 82 55 74 157 67 10.0 122 33 1.9 
613 9 2 48 65 50 165 93 8.3 120 47 1.5 
614 9 2 55 65 55 165 89 8.5 122 45 1.5 
615 9 2 63 65 65 165 81 8.8 125 40 1.6 
616 9 2 61 65 60 165 85 8.7 123 42 1.5 
617 9 2 35 65 44 164 101 8.1 119 50 1.5 
618 9 2 82 65 74 166 74 9.4 128 37 1.8 
619 9 2 48 75 50 174 100 8.0 127 52 1.4 
620 9 2 55 75 55 174 96 8.2 129 50 1.5 
621 9 2 63 75 65 175 89 8.5 132 45 1.5 
622 9 2 61 75 60 175 93 8.3 130 47 1.5 
623 9 2 35 75 44 174 108 7.8 126 55 1.3 
624 9 2 82 75 74 175 82 9.0 135 41 

-~ 

1.7 

181005 May 14, 1999 Construction Technology Laboratories, Inc. 



Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 

days I 

625 9 4 48 45 50 146 79 9.7 109 40 1.9 
626 9 4 55 45 55 146 75 10.0 111 38 2.0 
627 9 4 63 45 65 147 68 10.6 114 34 2.1 
628 9 4 61 45 60 147 71 10.3 113 36 2.0 
629 9 4 35 45 44 146 84 9.3 106 43 1.8 
630 9 4 82 45 74 148 61 11.5 119 31 2.3 
631 9 4 48 55 50 156 86 9.3 116 45 1.8 
632 9 4 55 55 55 156 83 9.5 118 43 1.8 
633 9 4 63 55 65 156 75 9.9 121 38 2.0 
634 9 4 61 55 60 156 79 9.8 119 41 1.9 
635 9 4 35 55 44 155 91 9.0 114 47 1.7 
636 9 4 82 55 74 157 68 10.7 125 35 2.2 
637 9 4 48 65 50 165 94 8.9 123 50 1.7 
638 9 4 55 65 55 165 90 9.1 125 48 1.7 
639 9 4 63 65 65 166 83 9.5 127 43 1.8 
640 9 4 61 65 60 166 86 9.3 126 46 1.8 
641 9 4 35 65 44 165 99 8.6 121 53 1.6 
642 9 4 82 65 74 167 76 10.1 131 40 2.0 
643 9 4 48 75 50 175 101 8.5 130 55 1.5 
644 9 4 55 75 55 175 98 8.7 132 53 1.6 
645 9 4 63 75 65 175 90 9.0 134 48 1.7 
646 9 4 61 75 60 175 94 8.9 133 50 1.7 
647 9 4 35 75 44 174 106 8.3 128 58 1.5 
648 9 4 

·-
82 75 74 

-------- ---
176 

---------------
83 9.6 

-
138 

-------- '····· 
44 1.8 
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Table B2 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

649 10 0 48 45 50 124 73 9.2 92 38 1.8 
650 10 0 55 45 55 124 67 9.5 94 33 1.9 
651 10 0 63 45 65 125 60 10.3 98 30 2.1 
652 10 0 61 45 60 125 62 10.0 96 30 2.0 
653 10 0 35 45 44 123 85 8.7 90 47 1.7 
654 10 0 82 45 74 127 43 11.8 102 19 2.3 
655 10 0 48 55 50 133 82 8.6 98 43 1.7 
656 10 0 55 55 55 134 76 8.9 100 39 1.7 
657 10 0 63 55 65 134 69 9.5 104 35 1.9 
658 10 0 61 55 60 134 71 9.2 102 35 1.8 
659 10 0 35 55 44 133 94 8.2 96 53 1.6 
660 10 0 82 55 74 136 52 10.6 107 23 2.1 
661 10 0 48 65 50 143 91 8.1 105 49 1.5 
662 10 0 55 65 55 143 85 8.4 107 44 1.6 
663 10 0 63 65 65 144 78 8.9 110 40 1.7 
664 10 0 61 65 60 143 80 8.6 108 40 1.7 
665 10 0 35 65 44 142 103 7.8 103 59 1.5 
666 10 0 82 65 74 145 61 9.7 113 27 1.9 
667 10 0 48 75 50 152 100 7.8 112 55 1.5 
668 10 0 55 75 55 152 94 7.9 113 50 1.5 
669 10 0 63 75 65 153 87 8.3 117 46 1.6 
670 10 0 61 75 60 153 89 8.2 115 46 1.5 
671 10 0 35 75 44 152 113 7.5 110 65 1.4 
672 10 0 82 75 74 154 69 9.0 120 32 1.7 

-
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

793 12 0 48 45 113 61 3.0 
794 12 0 55 45 114 55 3.2 
795 12 0 63 45 116 50 3.4 
796 12 0 61 45 115 51 3.3 
797 12 0 35 45 111 71 2.8 
798 12 0 82 45 121 36 4.2 
799 12 0 48 55 121 69 2.8 
800 12 0 55 55 122 63 3.0 
801 12 0 63 55 124 57 3.2 
802 12 0 61 55 123 58 3.1 
803 12 0 35 55 120 79 2.6 
804 12 0 82 55 128 43 3.7 
805 12 0 48 65 130 77 2.7 
806 12 0 55 65 131 71 2.8 
807 12 0 63 65 132 65 2.9 
808 12 0 61 65 132 66 2.9 
809 12 0 35 65 128 87 2.5 
810 12 0 82 65 136 50 3.4 
811 12 0 48 75 139 85 2.5 
812 12 0 55 75 140 79 2.6 
813 12 0 63 75 141 73 2.8 
814 12 0 61 75 140 74 2.7 
815 12 0 35 75 137 96 2.4 
816 12 

----
___ _9___ ~--~2 ____ 75 

--~------ ----
144 58 

----
3.1 

-
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

697 10 4 48 45 50 126 63 11.4 94 30 2.1 
698 10 4 55 45 55 127 60 11.9 96 28 2.2 
699 10 4 63 45 65 127 53 13.1 99 23 2.4 
700 10 4 61 45 60 127 56 12.6 98 26 2.3 
701 10 4 35 45 44 125 68 10.8 91 32 1.9 
702 10 4 82 45 74 129 46 15.0 104 21 2.8 
703 10 4 48 55 50 135 71 10.7 100 35 1.9 
704 10 4 55 55 55 136 67 11.0 102 32 2.0 
705 10 4 63 55 65 136 60 11.9 105 28 2.2 
706 10 4 61 55 60 136 63 11.5 104 30 2.1 
707 10 4 35 55 44 135 75 10.1 98 37 1.7 
708 10 4 82 55 74 138 53 13.4 110 25 2.5 
709 10 4 48 65 50 145 78 10.0 107 39 1.8 
710 10 4 55 65 55 145 74 10.3 109 37 1.8 
711 10 4 63 65 65 146 67 11.0 112 32 2.0 
712 10 4 61 65 60 145 71 10.7 111 35 1.9 
713 10 4 35 65 44 144 83 9.6 105 42 1.6 
714 10 4 82 65 74 147 60 12.2 116 29 2.2 
715 10 4 48 75 50 154 85 9.5 115 44 1.6 
716 10 4 55 75 55 154 82 9.8 116 42 1.7 
717 10 4 63 75 65 155 74 10.3 119 37 1.8 
718 10 4 61 75 60 155 78 10.0 118 40 1.8 
719 10 4 35 75 44 154 90 9.1 112 47 1.5 
720 10 4 82 

~-~~ 
-~-75___ 74 156 67 11.3 123 34 2.0 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

721 11 0 48 45 50 154 102 8.0 113 55 1.7 
722 11 0 55 45 55 155 96 8.3 114 51 1.7 
723 11 0 63 45 65 155 89 8.7 118 47 1.8 
724 11 0 61 45 60 155 91 8.5 116 47 1.8 
725 11 0 35 45 44 154 115 7.8 111 65 1.6 
726 11 0 82 45 74 156 72 9.3 121 34 1.9 
727 11 0 48 55 50 164 112 7.8 119 61 1.5 
728 11 0 55 55 55 164 105 7.9 121 56 1.6 
729 11 0 63 55 65 165 98 8.2 124 52 1.7 
730 11 0 61 55 60 164 100 8.1 123 53 1.7 
731 11 0 35 55 44 163 124 7.5 117 71 1.5 
732 11 0 82 55 74 165 80 8.8 128 39 1.8 
733 11 0 48 65 50 173 121 7.5 126 67 1.5 
734 11 0 55 65 55 173 114 7.6 128 62 1.5 
735 11 0 63 65 65 174 107 7.9 131 58 1.6 
736 11 0 61 65 60 174 109 7.8 129 58 1.5 
737 11 0 35 65 44 173 133 7.3 124 77 1.5 
738 11 0 82 65 74 175 89 8.3 134 44 1.7 
739 11 0 48 75 50 183 130 7.3 133 73 1.4 
740 11 0 55 75 55 183 123 7.4 135 68 1.5 
741 11 0 63 75 65 183 116 7.6 138 64 1.5 
742 11 0 61 75 60 183 118 7.5 136 64 1.5 
743 11 0 35 75 44 182 142 7.1 132 83 1.4 
744 11 

... .. 
0 '----~--- 75 - ··---·-·-

74 
-- - -----------------

184 98 8.0 141 50 
--- -

1.6 
--~ ~ 
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Table B2- Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 O·mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp., 
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

745 11 2 48 45 50 156 86 9.1 113 42 1.7 
746 11 2 55 45 55 156 82 9.3 114 40 1.7 
747 11 2 63 45 65 156 75 9.8 118 36 1.8 
748 11 2 61 45 60 156 78 9.6 116 38 1.8 
749 11 2 35 45 44 155 94 8.8 111 45 1.6 
750 11 2 82 45 74 157 68 10.5 122 32 2.1 
751 11 2 48 55 50 165 93 8.7 119 46 1.5 
752 11 2 55 55 55 165 90 8.9 121 44 1.6 
753 11 2 63 55 65 166 82 9.3 124 40 1.7 
754 11 2 61 55 60 166 86 9.1 123 42 1.7 
755 11 2 35 55 44 165 101 8.4 117 49 1.5 
756 11 2 82 55 74 167 75 9.8 128 36 1.9 
757 11 2 48 65 50 175 101 8.3 126 51 1.5 
758 11 2 55 65 55 175 97 8.5 128 49 1.5 
759 11 2 63 65 65 175 90 8.8 131 44 1.6 
760 11 2 61 65 60 175 93 8.7 129 46 1.5 
761 11 2 35 65 44 174 109 8.2 124 54 1.5 
762 11 2 82 65 74 176 83 9.4 134 40 1.8 
763 11 2 48 75 50 184 108 8.1 133 56 1.4 
764 11 2 55 75 55 184 104 8.2 135 53 1.5 
765 11 2 63 75 65 185 97 8.5 138 49 1.5 
766 11 2 61 75 60 185 101 8.4 136 51 1.5 
767 11 2 35 75 44 184 116 7.9 132 59 1.4 
768 11 2 82 75 74 185 90 9.0 141 45 1.7 

-~ 
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Table 82- Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

769 11 4 48 45 50 156 87 9.7 115 45 1.9 
770 11 4 55 45 55 157 83 9.9 117 43 2.0 
771 11 4 63 45 65 157 76 10.4 120 38 2.1 
772 11 4 61 45 60 157 80 10.3 119 40 2.0 
773 11 4 35 45 44 156 92 9.3 113 47 1.8 
774 11 4 82 45 74 158 69 11.3 125 35 2.3 
775 11 4 48 55 50 166 95 9.3 122 49 1.8 
776 11 4 55 55 55 166 91 9.5 124 47 1.8 
777 11 4 63 55 65 167 83 9.9 127 42 2.0 
778 11 4 61 55 60 166 87 9.8 126 45 1.9 
779 11 4 35 55 44 165 99 9.0 120 52 1.7 
780 11 4 82 55 74 167 76 10.6 131 40 2.1 
781 11 4 48 65 50 175 102 8.9 129 54 1.7 
782 11 4 55 65 55 175 98 9.1 131 52 1.8 
783 11 4 63 65 65 176 91 9.5 134 47 1.8 
784 11 4 61 65 60 176 95 9.3 133 50 1.8 
785 11 4 35 65 44 175 107 8.7 127 57 1.6 
786 11 4 82 65 74 177 84 10.0 138 44 2.0 
787 11 4 48 75 50 185 110 8.6 137 59 1.5 
788 11 4 55 75 55 185 106 8.8 138 57 1.6 
789 11 4 63 75 65 185 98 9.1 141 52 1.8 
790 11 4 61 75 60 185 102 9.0 140 55 1.7 
791 11 4 35 75 44 184 115 8.4 135 62 1.5 
792 11 4 82 75 74 186 91 9.5 145 49 1.8 
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Table 82- Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

793 12 0 48 45 50 132 81 9.2 96 41 1.8 
794 12 0 55 45 55 132 75 9.5 98 37 1.9 
795 12 0 63 45 65 133 68 10.2 102 34 2.1 
796 12 0 61 45 60 133 69 9.8 100 34 2.0 
797 12 0 35 45 44 131 93 8.7 94 51 1.7 
798 12 0 82 45 74 135 51 11.4 106 22 2.3 
799 12 0 48 55 50 141 90 8.6 103 47 1.7 
800 12 0 55 55 55 142 84 8.9 104 42 1.7 
801 12 0 63 55 65 142 77 9.4 108 39 1.9 
802 12 0 61 55 60 142 78 9.2 106 39 1.8 
803 12 0 35 55 44 141 102 8.3 101 57 1.6 

I 

804 12 0 82 55 74 143 59 10.4 112 26 2.1 
805 12 0 48 65 50 150 99 8.2 109 53 1.5 
806 12 0 55 65 55 151 93 8.4 111 48 1.6 
807 12 0 63 65 65 151 86 8.9 114 44 1.7 
808 12 0 61 65 60 151 87 8.7 113 44 1.7 
809 12 0 35 65 44 150 111 7.9 108 62 1.5 
810 12 0 82 65 74 152 68 9.6 118 31 1.9 
811 12 0 48 75 50 160 108 7.8 116 59 1.5 
812 12 0 55 75 55 160 102 8.0 118 54 1.5 
813 12 0 63 75 65 161 94 8.4 121 50 1.6 
814 12 0 61 75 60 161 96 8.3 119 50 1.5 
815 12 0 35 75 44 159 120 7.6 115 68 1.4 
816 12 0 82 75 74 

- ' 
162 77 9.0 124 36 1.7 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

817 12 2 48 45 50 133 69 10.5 96 31 1.8 
818 12 2 55 45 55 134 65 10.9 98 29 1.9 
819 12 2 63 45 65 135 58 11.8 102 25 2.1 
820 12 2 61 45 60 134 61 11.4 100 27 2.0 
821 12 2 35 45 44 133 78 10.0 94 33 1.7 
822 12 2 82 45 74 136 51 13.2 107 23 2.4 
823 12 2 48 55 50 143 76 9.8 103 35 1.7 
824 12 2 55 55 55 143 72 10.2 104 33 1.7 
825 12 2 63 55 65 144 65 10.9 108 29 1.9 
826 12 2 61 55 60 143 69 10.6 106 31 1.8 
827 12 2 35 55 44 142 85 9.4 101 38 1.6 
828 12 2 82 55 74 145 58 12.0 113 26 2.2 
829 12 2 48 65 50 152 83 9.3 109 40 1.5 
830 12 2 55 65 55 152 79 9.6 111 37 1.6 
831 12 2 63 65 65 153 72 10.2 114 33 1.7 
832 12 2 61 65 60 153 76 9.9 113 35 1.7 
833 12 2 35 65 44 151 92 9.0 108 43 1.5 
834 12 2 82 65 74 154 65 11.0 118 30 1.9 
835 12 2 48 75 50 161 91 8.9 116 45 1.5 
836 12 2 55 75 55 162 87 9.2 118 42 1.5 
837 12 2 63 75 65 162 80 9.6 121 37 1.6 
838 12 2 61 75 60 162 83 9.4 119 40 1.5 
839 12 2 35 75 44 161 99 8.6 115 47 1.4 
840 12 2 82 75 74 163 

-~-------------
' - 73 10.L__ 125 34 1.8 
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Table 82 - Predicted Temperatures and Temperature Differences for Concrete Pile Caps Considering Concrete and Concrete with Internal Cooling 

Water Concrete Only Cooling Pipes at 61 0-mm On-Center 
and 

Precast 
Average Initial Concrete Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Shell Concrete Temperature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

841 12 4 48 45 50 134 70 11.4 98 33 2.0 
842 12 4 55 45 55 135 66 11.9 100 31 2.2 
843 12 4 63 45 65 136 59 12.8 104 27 2.3 
844 12 4 61 45 60 135 63 12.4 102 29 2.3 
845 12 4 35 45 44 133 75 10.8 96 35 1.9 
846 12 4 82 45 74 137 52 14.5 109 25 2.7 
847 12 4 48 55 50 143 77 10.7 105 38 1.9 
848 12 4 55 55 55 144 74 11.0 107 36 2.0 
849 12 4 63 55 65 145 66 11.8 110 31 2.2 
850 12 4 61 55 60 144 70 11.4 109 34 2.1 I 

851 12 4 35 55 44 143 82 10.2 103 40 1.8 
852 12 4 82 55 74 146 60 13.2 115 28 2.4 
853 12 4 48 65 50 153 85 10.1 112 43 1.8 
854 12 4 55 65 55 153 81 10.4 114 40 1.8 
855 12 4 63 65 65 154 74 11.0 117 35 2.0 
856 12 4 61 65 60 153 77 10.7 115 38 1.9 
857 12 4 35 65 44 152 89 9.7 110 45 1.7 
858 12 4 82 65 74 155 67 12.1 121 33 2.2 
859 12 4 48 75 50 162 92 9.6 119 47 1.6 
860 12 4 55 75 55 162 88 9.8 121 45 1.7 
861 12 4 63 75 65 163 81 10.3 124 40 1.8 
862 12 4 61 75 60 163 85 10.2 122 43 1.8 
863 12 4 35 75 44 162 97 9.2 117 50 1.5 
864 12 4 - 82 

-·--- .......... 75 - ... 74 164 74 11.2 128 37 
... 

2.0 
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Table 83 ·Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., 
Case No. R-Value OF OF OF OF days 

1 1 0 48 45 93 43 2.8 

2 1 0 55 45 95 37 3.0 

3 1 0 63 45 96 31 3.3 

4 1 0 61 45 96 33 3.3 

5 1 0 35 45 92 53 2.6 

6 1 0 82 45 101 18 4.6 

7 1 0 48 55 102 51 2.6 

8 1 0 55 55 103 45 2.8 

9 1 0 63 55 104 39 3.0 

10 1 0 61 55 104 40 2.9 

11 1 0 35 55 101 61 2.4 

12 1 0 82 55 108 25 3.8 

13 1 0 48 65 111 59 2.4 

14 1 0 55 65 112 53 2.6 

15 1 0 63 65 113 47 2.7 

16 1 0 61 65 113 48 2.7 

17 1 0 35 65 110 70 2.2 

18 1 0 82 65 116 32 3.3 

19 1 0 48 75 120 67 2.3 

20 1 0 55 75 121 61 2.4 

21 1 0 63 75 122 55 2.5 

22 1 0 61 75 121 56 2.4 

23 1 0 35 75 119 78 2.1 

24 1 0 82 75 124 39 3.0 


~ ~-------- - -- -------- ----------- - ------ ---- --------- --- --· 
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Table B3 • Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

25 1 2 48 45 98 24 4.5 • 

26 1 2 55 45 99 22 4.9 
27 1 2 63 45 100 18 5.4 
28 1 2 61 45 100 19 5.3 
29 1 2 35 45 97 30 4.0 
30 1 2 82 45 104 11 7.5 
31 1 2 48 55 107 28 4.1 
32 1 2 55 55 108 26 4.4 
33 1 2 63 55 109 22 4.8 
34 1 2 61 55 109 23 4.7 
35 1 2 35 55 106 34 3.8 
36 1 2 82 55 112 15 6.2 
37 1 2 48 65 117 32 3.8 
38 1 2 55 65 117 30 4.0 
39 1 2 63 65 118 26 4.3 
40 1 2 61 65 118 27 4.2 
41 1 2 35 65 116 38 3.5 
42 1 2 82 65 120 19 5.3 
43 1 2 48 75 126 36 3.6 
44 1 2 55 75 126 34 3.6 
45 1 2 63 75 127 30 4.0 
46 1 2 61 75 127 31 3.9 
47 1 2 35 75 125 42 3.3 
48 1 

------
2 

--'-
82 75 129 

----
23 4.7 
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Table 83- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

i 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

49 1 4 48 45 100 17 5.9 
50 1 4 55 45 101 15 6.3 
51 1 4 63 45 102 13 7.1 
52 1 4 61 45 102 14 6.9 
53 1 4 35 45 99 21 5.2 
54 1 4 82 45 105 8 10.2 
55 1 4 48 55 110 20 5.3 
56 1 4 55 55 110 18 5.7 
57 1 4 63 55 111 16 6.2 
58 1 4 61 55 111 17 6.1 
59 1 4 35 55 109 23 4.8 
60 1 4 82 55 113 11 8.2 
61 1 4 48 65 119 23 4.9 
62 1 4 55 65 119 21 5.2 
63 1 4 63 65 120 19 5.6 
64 1 4 61 65 120 19 5.5 
65 1 4 35 65 118 26 4.5 
66 1 4 82 65 122 14 7.0 
67 1 4 48 75 128 25 4.6 
68 1 4 55 75 129 23 4.8 
69 1 4 63 75 129 21 5.1 
70 1 4 61 75 129 22 5.0 
71 1 4 35 75 127 29 4.3 
72 1 

-----
4 

-----
82 75 131 16 6.1 
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Table 83- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F "F "F "F days 

73 2 0 48 45 82 32 3.1 
74 2 0 55 45 84 27 3.4 
75 2 0 63 45 86 21 4.0 
76 2 0 61 45 85 23 3.8 
77 2 0 35 45 80 42 2.6 
78 2 0 82 45 93 10 6.4 
79 2 0 48 55 91 40 2.8 
80 2 0 55 55 92 34 3.0 
81 2 0 63 55 93 28 3.3 
82 2 0 61 55 93 30 3.2 
83 2 0 35 55 89 51 2.4 
84 2 0 82 55 99 16 4.8 
85 2 0 48 65 99 48 2.4 
86 2 0 55 65 100 42 2.6 
87 2 0 63 65 101 36 2.9 
88 2 0 61 65 101 38 2.8 
89 2 0 35 65 98 59 2.3 
90 2 0 82 65 105 22 3.9 
91 2 0 48 75 108 56 2.3 
92 2 0 55 75 109 51 2.4 
93 2 0 63 75 110 44 2.6 
94 2 0 61 75 110 46 2.6 
95 2 0 35 75 107 68 2.1 
96 2 0 82 75 113 29 3.3 
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Table 83- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

97 2 2 48 45 87 19 5.1 
98 2 2 55 45 88 16 5.7 
99 2 2 63 45 89 13 6.6 
100 2 2 61 45 89 14 6.3 
101 2 2 35 45 85 24 4.3 
102 2 2 82 45 95 7 11.7 
103 2 2 48 55 95 23 4.5 
104 2 2 55 55 96 20 4.9 
105 2 2 63 55 97 17 5.5 
106 2 2 61 55 97 18 5.3 
107 2 2 35 55 94 28 3.9 
108 2 2 82 55 101 10 8.3 
109 2 2 48 65 105 27 4.0 
110 2 2 55 65 105 24 4.3 
111 2 2 63 65 106 21 4.8 
112 2 2 61 65 106 22 4.7 
113 2 2 35 65 103 32 3.6 
114 2 2 82 65 109 14 6.5 
115 2 2 48 75 114 31 3.7 
116 2 2 55 75 114 28 3.9 
117 2 2 63 75 115 25 4.3 
118 2 2 61 75 115 26 4.2 
119 2 2 35 75 113 36 3.4 
120 2 2 82 75 

~ 

- 117 
------

18 5.4 
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Table 83- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., 
Case No. A-Value OF OF OF OF days 

121 2 4 48 45 89 14 6.8 

122 2 4 55 45 90 12 7.8 

123 2 4 63 45 91 10 9.2 

124 2 4 61 45 91 11 8.8 

125 2 4 35 45 87 17 5.8 

126 2 4 82 45 96 6 17.4 

127 2 4 48 55 98 17 5.9 

128 2 4 55 55 98 15 6.6 

129 2 4 63 55 99 13 7.4 
 I 

130 2 4 61 55 99 13 7.2 

131 2 4 35 55 96 20 5.2 

132 2 4 82 55 103 8 11.9 

133 2 4 48 65 107 19 5.3 

134 2 4 55 65 107 17 5.8 

135 2 4 63 65 108 15 6.3 

136 2 4 61 65 108 16 6.2 

137 2 4 35 65 106 23 4.7 

138 2 4 82 65 111 10 9.0 

139 2 4 48 75 116 22 4.8 

140 2 4 55 75 116 20 5.2 

141 2 4 63 75 117 18 5.6 

142 2 4 61 75 117 18 5.5 

143 2 4 35 75 115 25 4.4 

144 2 4 82 75 119 

----· --- -
13 7.3 

--
!
I-- ~-~- -
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Table B3- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

145 3 0 48 45 101 50 2.8 
146 3 0 55 45 103 45 3.0 
147 3 0 63 45 104 38 3.3 
148 3 0 61 45 104 40 3.2 
149 3 0 35 45 100 60 2.6 
150 3 0 82 45 109 25 4.2 
151 3 0 48 55 110 58 2.6 
152 3 0 55 55 111 52 2.8 
153 3 0 63 55 112 46 3.0 
154 3 0 61 55 112 48 2.9 
155 3 0 35 55 109 69 2.4 
156 3 0 82 55 116 32 3.6 
157 3 0 48 65 119 66 2.4 
158 3 0 55 65 120 60 2.6 
159 3 0 63 65 121 54 2.7 
160 3 0 61 65 120 56 2.7 
161 3 0 35 65 118 77 2.3 
162 3 0 82 65 124 39 3.2 
163 3 0 48 75 128 75 2.3 
164 3 0 55 75 129 69 2.4 
165 3 0 63 75 129 62 2.5 
166 3 0 61 75 129 64 2.5 
167 3 0 35 75 127 86 2.2 
168 3 0 

-----------------
82 75 132 47 2.9 
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp.,
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

169 3 2 48 45 107 29 4.5 
170 3 2 55 45 108 26 4.8 
171 3 2 63 45 109 23 5.2 
172 3 2 61 45 109 23 5.1 
173 3 2 35 45 106 34 4.1 
174 3 2 82 45 112 15 6.7 
175 3 2 48 55 116 33 4.2 
176 3 2 55 55 117 30 4.4 
177 3 2 63 55 118 27 4.7 
178 3 2 61 55 118 27 4.6 
179 3 2 35 55 115 38 3.8 
180 3 2 82 55 120 19 5.8 
181 3 2 48 65 125 37 3.9 
182 3 2 55 65 126 34 4.1 
183 3 2 63 65 127 31 4.3 
184 3 2 61 65 126 31 4.3 
185 3 2 35 65 124 42 3.6 
186 3 2 82 65 129 23 5.2 
187 3 2 48 75 135 41 3.7 
188 3 2 55 75 135 38 3.8 
189 3 2 63 75 136 35 4.0 
190 3 2 61 75 136 35 4.0 
191 3 2 35 75 134 46 3.4 
192 3 2 82 75 138 27 .-_4_.Z____ -
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Table 83- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

I 

Average Initial Maximum Maximum Time of 
I 

Concrete Air Concrete Concrete Temeprature Maximum 
Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., 

Case No. R-Value OF OF OF OF days 

193 3 4 48 45 110 20 5.8 

194 3 4 55 45 110 19 6.3 

195 3 4 63 45 111 16 6.8 

196 3 4 61 45 111 17 6.6 

197 3 4 35 45 108 24 5.2 

198 3 4 82 45 114 11 9.0 
199 3 4 48 55 119 23 5.4 
200 3 4 55 55 119 21 5.7 
201 3 4 63 55 120 19 6.1 
202 3 4 61 55 120 20 6.0 
203 3 4 35 55 118 26 4.9 
204 3 4 82 55 123 14 7.7 
205 3 4 48 65 128 26 5.0 
206 3 4 55 65 128 24 5.2 
207 3 4 63 65 129 22 5.6 
208 3 4 61 65 129 22 5.5 
209 3 4 35 65 127 29 4.6 
210 3 4 82 65 131 17 6.7 
211 3 4 48 75 137 28 4.7 
212 3 4 55 75 138 26 4.9 
213 3 4 63 75 138 24 5.2 
214 3 4 61 75 138 25 5.1 
215 3 4 35 75 136 32 4.4 
216 3 4 82 75 140 19 .. -- 6.1I 

181005 May 14, 1999 Construction Technology Labomtories, Inc. 



Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Diff., 
days 

I 

217 4 0 48 45 88 38 3.1 
218 4 0 55 45 90 33 3.3 
219 4 0 63 45 92 27 3.8 
220 4 0 61 45 91 28 3.7 
221 4 0 35 45 86 48 2.7 
222 4 0 82 45 98 15 5.5 
223 4 0 48 55 97 46 2.8 
224 4 0 55 55 98 40 3.0 
225 4 0 63 55 99 34 3.3 
226 4 0 61 55 99 36 3.2 
227 4 0 35 55 95 56 2.4 
228 4 0 82 55 104 21 4.4 
229 4 0 48 65 106 54 2.5 
230 4 0 55 65 106 48 2.7 
231 4 0 63 65 108 42 2.9 
232 4 0 61 65 107 43 2.8 
233 4 0 35 65 104 65 2.3 
234 4 0 82 65 111 28 3.7 
235 4 0 48 75 114 62 2.3 
236 4 0 55 75 115 56 2.4 
237 4 0 63 75 116 50 2.6 
238 4 0 61 75 116 51 2.6 
239 4 0 35 75 113 73 2.2 
240 -~~4~-~ 0 

-~----------~---
..... - _?2___ 75 119 35 3.2 
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

241 4 2 48 45 94 23 5.1 
242 4 2 55 45 95 20 5.5 
243 4 2 63 45 96 17 6.3 
244 4 2 61 45 96 17 6.0 
245 4 2 35 45 92 28 4.4 
246 4 2 82 45 101 10 9.6 
247 4 2 48 55 102 26 4.5 
248 4 2 55 55 103 24 4.9 
249 4 2 63 55 104 21 5.4 
250 4 2 61 55 104 21 5.3 
251 4 2 35 55 101 32 4.0 
252 4 2 82 55 108 13 7.5 
253 4 2 48 65 111 30 4.1 
254 4 2 55 65 112 28 4.4 
255 4 2 63 65 113 24 4.8 
256 4 2 61 65 113 25 4.7 
257 4 2 35 65 110 36 3.7 
258 4 2 82 65 116 17 6.2 
259 4 2 48 75 120 34 3.8 
260 4 2 55 75 121 32 4.0 
261 4 2 63 75 122 28 4.3 
262 4 2 61 75 122 29 4.3 
263 4 2 35 75 120 40 3.5 
264 4 2 

- - _f32 75 124 21 5.3 
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

1 

265 4 4 48 45 96 16 6.8 
266 4 4 55 45 97 15 7.5 
267 4 4 63 45 98 13 8.6 
268 4 4 61 45 98 13 8.3 
269 4 4 35 45 94 20 5.8 
270 4 4 82 45 103 8 14.1 
271 4 4 48 55 105 19 6.0 
272 4 4 55 55 106 17 6.6 
273 4 4 63 55 107 15 7.3 
274 4 4 61 55 106 16 7.1 
275 4 4 35 55 104 22 5.3 
276 4 4 82 55 110 10 10.6 
277 4 4 48 65 114 22 5.5 
278 4 4 55 65 114 20 5.8 
279 4 4 63 65 115 18 6.3 
280 4 4 61 65 115 18 6.2 
281 4 4 35 65 113 25 4.9 
282 4 4 82 65 118 13 8.5 
283 4 4 48 75 123 24 5.0 
284 4 4 55 75 124 22 5.3 
285 4 4 63 75 124 20 5.7 
286 4 4 61 75 124 21 5.6 
287 4 4 35 75 122 28 4.6 
288 4 4 82 ·... 75 126 15 

·-· 
7.2 
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

289 5 0 48 45 109 57 2.8 
290 5 0 55 45 111 52 3.0 
291 5 0 63 45 112 46 3.2 
292 5 0 61 45 112 47 3.2 
293 5 0 35 45 108 68 2.6 
294 5 0 82 45 116 32 3.9 
295 5 0 48 55 118 65 2.6 
296 5 0 55 55 119 60 2.8 
297 5 0 63 55 120 54 2.9 
298 5 0 61 55 120 55 2.9 
299 5 0 35 55 117 76 2.4 
300 5 0 82 55 124 39 3.5 
301 5 0 48 65 127 74 2.5 
302 5 0 55 65 128 68 2.6 
303 5 0 63 65 129 61 2.7 
304 5 0 61 65 128 63 2.7 
305 5 0 35 65 126 85 2.3 
306 5 0 82 65 132 47 3.2 
307 5 0 48 75 136 82 2.4 
308 5 0 55 75 137 76 2.4 
309 5 0 63 75 137 70 2.6 
310 5 0 61 75 137 71 2.5 
311 5 0 35 75 135 93 2.2 
312 5 0 82 75 140 54 2.9 
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

i 

313 5 2 48 45 116 33 4.5 
314 5 2 55 45 117 30 4.8 
315 5 2 63 45 118 27 5.1 
316 5 2 61 45 118 28 5.0 
317 5 2 35 45 115 38 4.1 
318 5 2 82 45 121 19 6.3 ! 

319 5 2 48 55 125 37 4.2 
• 

320 5 2 55 55 126 34 4.4 
321 5 2 63 55 127 31 4.7 
322 5 2 61 55 126 32 4.6 
323 5 2 35 55 124 42 3.9 
324 5 2 82 55 129 23 5.6 
325 5 2 48 65 134 41 3.9 
326 5 2 55 65 135 38 4.1 
327 5 2 63 65 135 35 4.3 
328 5 2 61 65 135 36 4.3 
329 5 2 35 65 133 46 3.7 
330 5 2 82 65 138 27 5.0 
331 
332 

5 
5 

2 
2 

48 
55 

75 
75 

143 
144 

45 
42 

3.7 
3.9 I 

333 5 2 63 75 145 39 4.0 
334 5 2 61 75 144 40 4.0 
335 5 2 35 75 142 50 3.5 
336 5 2 82 75 146 31 4.6 
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., 
Case No. A-Value OF OF OF OF days 

337 5 4 48 45 119 23 5.8 

338 5 4 55 45 120 22 6.2 

339 5 4 63 45 120 19 6.6 

340 5 4 61 45 120 20 6.5 

341 5 4 35 45 118 27 5.3 

342 5 4 82 45 123 14 8.3 

343 5 4 48 55 128 26 5.4 

344 5 4 55 55 129 24 5.7 

345 5 4 63 55 129 22 6.1 

346 5 4 61 55 129 23 6.0 

347 5 4 35 55 127 29 5.0 

348 5 4 82 55 132 17 7.3 

349 5 4 48 65 137 29 5.1 

350 5 4 55 65 138 27 5.3 

351 5 4 63 65 138 25 5.6 

352 5 4 61 65 138 25 5.5 

353 5 4 35 65 136 32 4.7 

354 5 4 82 65 140 20 6.6 

355 5 4 48 75 146 31 4.8 

356 5 4 55 75 147 29 5.0 

357 5 4 63 75 147 27 5.2 

358 5 4 61 75 147 28 5.1 

359 5 4 35 75 146 35 4.5 

360 5 4 82 75 149 22 6.0 


-- -- ---- ......... - L..... 
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Table 83 • Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Case 

-~------

Concrete 
Mix 
No. 

Insulation 
R·Value 

Average 
Air 

Temp.,
OF 

Initial 
Concrete 
Temp.,

OF 

Maximum 
Concrete 
Temp., 

OF 

Maximum Time of 
Temeprature Maximum 
Difference, Temp. Dlff., 

OF days 

361 
362 
363 
364 
365 
366 
367 
368 
369 
370 
371 
372 
373 
374 
375 
376 
377 
378 
379 
380 
381 
382 
383 
384 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

48 
55 
63 
61 
35 
82 
48 
55 
63 
61 
35 
82 
48 
55 
63 
61 
35 
82 
48 
55 
63 
61 
35 
82 

45 
45 
45 
45 
45 
45 
55 
55 
55 
55 
55 
55 
65 
65 
65 
65 
65 
65 
75 
75 
75 
75 
75 
75 

95 
96 
98 
97 
92 
103 
103 
104 
105 
105 
101 
110 
112 
112 
114 
113 
110 
117 
120 
121 
122 
122 
119 
125 

44 3.0 
38 3.3 
32 3.7 
34 3.5 
54 2.7 
20 4.9 
51 2.8 
46 3.0 
40 3.2 
41 3.2 
62 2.5 
26 4.2 
59 2.6 
54 2.7 
47 2.9 
49 2.9 
70 2.4 
33 3.6 
68 2.4 
62 2.5 
55 2.7 
57 2.6 
79 2.3 
40 3.2 

---- ---- ------ ----
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

385 6 2 48 45 100 26 5.0 
386 6 2 55 45 101 23 5.4 
387 6 2 63 45 103 20 6.0 
388 6 2 61 45 102 21 5.8 
389 6 2 35 45 99 31 4.5 
390 6 2 82 45 107 13 8.5 
391 6 2 48 55 109 30 4.6 
392 6 2 55 55 110 27 4.9 
393 6 2 63 55 111 24 5.3 
394 6 2 61 55 111 25 5.2 
395 6 2 35 55 108 35 4.1 
396 6 2 82 55 114 17 7.0 
397 6 2 48 65 118 34 4.2 
398 6 2 55 65 119 31 4.5 
399 6 2 63 65 120 28 4.8 
400 6 2 61 . 65 120 29 4.7 
401 6 2 35 65 117 39 3.8 
402 6 2 82 65 123 20 5.9 
403 6 2 48 75 127 38 3.9 
404 6 2 55 75 128 35 4.1 
405 6 2 63 75 129 32 4.4 
406 6 2 61 75 128 33 4.3 
407 6 2 35 75 126 43 3.6 
408 6 2 82 75 131 24 5.3 
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Table 83 ·Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Case 

Concrete 
Mix 
No. 

Insulation 
A-Value 

Average 
Air 

Temp.,
OF 

Initial 
Concrete 
Temp.,

OF 

Maximum 
Concrete 
Temp.,

OF 

Maximum 
Temeprature 
Difference, 

OF 

' 

Time of 
Maximum 

Temp. Diff., 
days 

409 
410 
411 
412 
413 
414 
415 
416 
417 
418 
419 
420 
421 
422 
423 
424 
425 
426 
427 
428 
429 
430 
431 
432 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

48 
55 
63 
61 
35 
82 
48 
55 
63 
61 
35 
82 
48 
55 
63 
61 
35 
82 
48 
55 
63 
61 
35 
82 

45 
45 
45 
45 
45 
45 
55 
55 
55 
55 
55 
55 
65 
65 
65 
65 
65 
65 
75 
75 
75 
75 
75 
75 

103 
104 
105 
105 
102 
109 
112 
113 
114 
113 
111 
117 
121 
122 
123 
122 
120 
125 
130 
131 
131 
131 
129 
134 

19 
17 
15 
16 
22 
10 
21 
20 
18 
18 
25 
13 
24 
22 
20 
21 
27 
15 
27 
25 
23 
23 
30 
18 

6.8 
7.4 
8.3 
8.1 
5.9 
12.2 
6.1 
6.6 
7.2 
7.0 
5.4 
9.7 
5.6 
5.9 
6.4 
6.3 
5.0 
8.2 
5.2 
5.4 
5.8 
5.7 
4.7 
7.1 
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Table 83- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

433 7 0 48 45 117 65 2.8 
434 7 0 55 45 119 59 3.0 
435 7 0 63 45 120 53 3.2 
436 7 0 61 45 120 55 3.1 
437 7 0 35 45 116 75 2.6 
438 7 0 82 45 124 39 3.7 
439 7 0 48 55 126 73 2.6 
440 7 0 55 55 127 67 2.8 
441 7 0 63 55 128 61 2.9 
442 7 0 61 55 128 63 2.8 
443 7 0 35 55 125 84 2.4 I 

444 7 0 82 55 132 47 3.3 
445 7 0 48 65 135 81 2.5 
446 7 0 55 65 136 75 2.6 
447 7 0 63 65 137 69 2.7 
448 7 0 61 65 136 71 2.7 I 
449 7 0 35 65 133 92 2.4 
450 7 0 82 65 140 54 3.1 
451 7 0 48 75 144 89 2.4 
452 7 0 55 75 145 84 2.4 
453 7 0 63 75 145 77 2.6 
454 7 0 61 75 145 79 2.6 
455 7 0 35 75 143 100 2.3 
456 7 0 82 75 148 62 2.9 
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp., 
OF 

Temp., 
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

457 7 2 48 45 125 37 4.5 
458 7 2 55 45 126 34 4.7 
459 7 2 63 45 127 31 5.0 
460 7 2 61 45 126 32 4.9 
461 7 2 35 45 124 42 4.1 
462 7 2 82 45 129 24 6.0 
463 7 2 48 55 134 41 4.2 
464 7 2 55 55 134 38 4.4 
465 7 2 63 55 135 35 4.7 
466 7 2 61 55 135 36 4.6 
467 7 2 35 55 133 46 3.9 
468 7 2 82 55 138 28 5.4 
469 7 2 48 65 143 45 4.0 
470 7 2 55 65 144 42 4.1 
471 7 2 63 65 144 39 4.3 
472 7 2 61 65 144 40 4.3 
473 7 2 35 65 142 50 3.8 
474 7 2 82 65 146 32 5.0 
475 7 2 48 75 152 49 3.8 
476 7 2 55 75 153 46 3.9 
477 7 2 63 75 153 43 4.1 
478 7 2 61 75 153 44 4.0 
479 7 2 35 75 151 54 3.6 
480 7 2 82 75 155 36 4.6 

--------- -
' 

-- - --
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Table 83 • Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

481 7 4 48 45 128 26 5.8 
482 7 4 55 45 129 25 6.1 
483 7 4 63 45 130 22 6.5 
484 7 4 61 45 129 23 6.4 

I 

485 7 4 35 45 127 30 5.3 
486 7 4 82 45 132 17 7.8 
487 7 4 48 55 137 29 5.5 
488 7 4 55 55 138 27 5.7 
489 7 4 63 55 138 25 6.0 
490 7 4 61 55 138 26 5.9 
491 7 4 35 55 136 32 5.0 
492 7 4 82 55 141 20 7.1 
493 7 4 48 65 146 32 5.1 
494 7 4 55 65 147 30 5.3 
495 7 4 63 65 147 28 5.6 
496 7 4 61 65 147 28 5.6 
497 7 4 35 65 145 35 4.8 
498 7 4 82 65 149 23 6.4 
499 7 4 48 75 155 34 4.9 
500 7 4 55 75 156 32 5.0 
501 7 4 63 75 157 30 5.3 
502 7 4 61 75 156 31 5.2 
503 7 4 35 75 155 38 4.6 
504 7 4 82 75 158 25 6.0 
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., 
Case No. A-Value OF OF OF OF days 

505 8 0 48 45 101 49 3.0 
506 8 0 55 45 102 44 3.2 
507 8 0 63 45 104 38 3.5 
508 8 0 61 45 103 40 3.5 
509 8 0 35 45 99 59 2.8 
510 8 0 82 45 109 25 4.6 
511 8 0 48 55 109 57 2.8 
512 8 0 55 55 110 52 3.0 
513 8 0 63 55 112 45 3.2 
514 8 0 61 55 111 47 3.1 
515 8 0 35 55 107 68 2.6 
516 8 0 82 55 116 32 4.0 
517 8 0 48 65 118 65 2.6 
518 8 0 55 65 119 59 2.8 
519 8 0 63 65 120 53 2.9 
520 8 0 61 65 119 55 2.9 
521 8 0 35 65 116 76 2.4 
522 8 0 82 65 123 39 3.5 
523 8 0 48 75 127 73 2.4 
524 8 0 55 75 127 68 2.6 
525 8 0 63 75 128 61 2.7 
526 8 0 61 75 128 63 2.6 
527 8 0 35 75 125 84 2.3 
528 8 0 82 75 131 46 3.2 

-------~---

181005 May 14, 1999 Construction Teclmolo.r:y Labom-torie.r, Inc. 



Table B3 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

529 8 2 48 45 107 29 5.0 
530 8 2 55 45 108 27 5.4 
531 8 2 63 45 110 23 5.8 
532 8 2 61 45 109 24 5.7 
533 8 2 35 45 106 34 4.5 
534 8 2 82 45 113 16 7.8 
535 8 2 48 55 116 33 4.6 
536 8 2 55 55 117 30 4.9 
537 8 2 63 55 118 27 5.3 
538 8 2 61 55 118 28 5.2 
539 8 2 35 55 115 38 4.2 
540 8 2 82 55 121 20 6.6 
541 8 2 48 65 125 37 4.3 
542 8 2 55 65 126 34 4.5 
543 8 2 63 65 127 31 4.8 
544 8 2 61 65 126 32 4.7 I 

545 8 2 35 65 124 42 3.9 ' 

546 8 2 82 65 129 24 5.8 
547 8 2 48 75 134 41 4.0 
548 8 2 55 75 135 38 4.2 
549 8 2 63 75 136 35 4.4 
550 8 2 61 75 135 36 4.4 
551 8 2 35 75 133 46 3.7 
552 8 2 82 75 138 28 5.2 
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., 
Case No. R-Value OF OF OF OF days 

553 8 4 48 45 110 21 6.8 
554 8 4 55 45 111 20 7.3 
555 8 4 63 45 112 17 8.1 
556 8 4 61 45 112 18 7.9 
557 8 4 35 45 109 25 6.0 
558 8 4 82 45 116 13 11.1 
559 8 4 48 55 119 24 6.1 
560 8 4 55 55 120 22 6.6 
561 8 4 63 55 121 20 7.1 
562 8 4 61 55 121 21 7.0 
563 8 4 35 55 118 27 5.5 
564 8 4 82 55 124 15 9.2 
565 8 4 48 65 128 27 5.7 
566 8 4 55 65 129 25 6.0 
567 8 4 63 65 130 23 6.4 
568 8 4 61 65 130 23 6.3 
569 8 4 35 65 127 30 5.2 
570 8 4 82 65 132 18 8.0 
571 8 4 48 75 137 29 5.3 
572 8 4 55 75 138 27 5.5 
573 8 4 63 75 139 25 5.9 
574 8 4 61 75 138 26 5.8 
575 8 4 35 75 136 32 4.8 
576 4 82 141 20 7.0 

--
.. --- ------- ----- --- ...·-~£3- ... _7'5_ 
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Table 83- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

577 9 0 48 45 126 73 2.8 
578 9 0 55 45 127 67 2.9 
579 9 0 63 45 128 61 3.1 
580 9 0 61 45 128 62 3.0 
581 9 0 35 45 124 83 2.6 
582 9 0 82 45 132 47 3.6 
583 9 0 48 55 134 81 2.7 
584 9 0 55 55 135 75 2.8 
585 9 0 63 55 136 69 2.9 
586 9 0 61 55 136 70 2.8 
587 9 0 35 55 133 91 2.5 
588 9 0 82 55 140 54 3.3 
589 9 0 48 65 143 89 2.5 
590 9 0 55 65 144 83 2.6 
591 9 0 63 65 145 76 2.7 
592 9 0 61 65 145 78 2.7 
593 9 0 35 65 142 99 2.4 
594 9 0 82 65 148 62 3.1 
595 9 0 48 75 152 97 2.4 
596 9 0 55 75 153 91 2.5 
597 9 0 63 75 154 85 2.6 
598 9 0 61 75 153 86 2.6 
599 9 0 35 75 151 108 2.3 
600 9 0 82 75 156 69 2.9 
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Table B3- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

601 9 2 48 45 134 41 4.5 
602 9 2 55 45 135 39 4.7 
603 9 2 63 45 135 35 4.9 
604 9 2 61 45 135 36 4.8 
605 9 2 35 45 132 47 4.2 
606 9 2 82 45 138 28 5.7 I 

607 9 2 48 55 143 45 4.2 
608 9 2 55 55 143 43 4.4 
609 9 2 63 55 144 39 4.6 
610 9 2 61 55 144 40 4.6 
611 9 2 35 55 142 51 4.0 
612 9 2 82 55 147 32 5.3 I 

613 9 2 48 65 152 49 4.0 I 

614 9 2 55 65 152 47 4.2 
615 9 2 63 65 153 43 4.3 
616 9 2 61 65 153 44 4.3 
617 9 2 35 65 151 55 3.8 
618 9 2 82 65 155 36 4.9 i 

619 9 2 48 75 161 53 3.8 
620 9 2 55 75 162 51 4.0 I 

621 9 2 63 75 162 47 4.1 
622 9 2 61 75 162 48 4.1 
623 9 2 35 75 160 59 3.7 
624 9 2 82 75 164 40 4.6 
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Table B3 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

625 9 4 48 45 137 29 5.8 
626 9 4 55 45 138 28 6.1 
627 9 4 63 45 139 25 6.4 
628 9 4 61 45 139 26 6.3 I 

629 9 4 35 45 136 33 5.4 
630 9 4 82 45 141 20 7.5 
631 9 4 48 55 146 32 5.5 
632 9 4 55 55 147 30 5.7 
633 9 4 63 55 148 28 6.0 
634 9 4 61 55 148 29 5.9 
635 9 4 35 55 145 35 5.1 
636 9 4 82 55 150 23 6.9 . 

637 9 4 48 65 156 35 5.2 ' 

638 9 4 55 65 156 33 5.4 
639 9 4 63 65 157 31 5.6 
640 9 4 61 65 157 31 5.6 
641 9 4 35 65 155 38 4.9 
642 9 4 82 65 159 26 6.3 
643 9 4 48 75 165 37 4.9 
644 9 4 55 75 165 35 5.1 
645 9 4 63 75 166 33 5.3 
646 9 4 61 75 166 34 5.3 
647 9 4 35 75 164 41 4.7 
648 9 4 82 75 168 28 5.9 
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Table 83- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

649 10 0 48 45 107 55 3.0 
650 10 0 55 45 108 50 3.2 
651 10 0 63 45 110 44 3.5 
652 10 0 61 45 109 45 3.4 
653 10 0 35 45 105 65 2.8 
654 10 0 82 45 115 31 4.3 
655 10 0 48 55 115 63 2.8 
656 10 0 55 55 116 57 3.0 
657 10 0 63 55 118 51 3.2 
658 10 0 61 55 117 53 3.1 
659 10 0 35 55 113 73 2.6 
660 10 0 82 55 122 37 3.8 
661 10 0 48 65 124 71 2.6 
662 10 0 55 65 125 65 2.8 
663 10 0 63 65 126 59 2.9 
664 10 0 61 65 126 61 2.9 
665 10 0 35 65 122 82 2.4 
666 10 0 82 65 130 45 3.4 
667 10 0 48 75 133 79 2.5 
668 10 0 55 75 133 73 2.6 
669 10 0 63 75 135 67 2.7 
670 10 0 61 75 134 68 2.7 
671 10 0 35 75 131 90 2.3 
672 10 0 82 75 

--- ----·-
138 52 3.2 
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Table B3 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

673 10 2 48 45 114 33 5.0 
674 10 2 55 45 115 30 5.3 
675 10 2 63 45 116 27 5.7 
676 10 2 61 45 116 28 5.6 
677 10 2 35 45 113 38 4.5 
678 10 2 82 45 120 20 7.3 
679 10 2 48 55 123 37 4.6 
680 10 2 55 55 124 34 4.9 
681 10 2 63 55 125 31 5.2 
682 10 2 61 55 125 31 5.1 
683 10 2 35 55 122 42 4.3 
684 10 2 82 55 128 23 6.3 i 

685 10 2 48 65 132 41 4.3 i 

686 10 2 55 65 133 38 4.5 
687 10 2 63 65 134 35 4.8 
688 10 2 61 65 133 35 4.8 
689 10 2 35 65 131 46 4.0 
690 10 2 82 65 136 27 5.7 
691 10 2 48 75 141 44 4.0 
692 10 2 55 75 142 42 4.3 
693 10 2 63 75 142 39 4.5 
694 10 2 61 75 142 39 4.4 
695 10 2 35 75 140 50 3.8 
696 10 2 82 75 145 31 5.2 
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Table 83- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

697 10 4 48 45 118 24 6.8 
698 10 4 55 45 119 22 7.2 
699 10 4 63 45 120 20 7.9 
700 10 4 61 45 119 20 7.7 
701 10 4 35 45 116 27 6.0 
702 10 4 82 45 123 15 10.3 
703 10 4 48 55 126 26 6.2 
704 10 4 55 55 127 25 6.6 
705 10 4 63 55 128 23 7.1 
706 10 4 61 55 128 23 6.9 
707 10 4 35 55 125 30 5.6 
708 10 4 82 55 131 18 8.8 
709 10 4 48 65 135 29 5.7 
710 10 4 55 65 136 27 6.0 
711 10 4 63 65 137 25 6.5 
712 10 4 61 65 137 26 6.3 
713 10 4 35 65 134 32 5.3 
714 10 4 82 65 140 20 7.8 
715 10 4 48 75 145 32 5.4 
716 10 4 55 75 145 30 5.6 
717 10 4 63 75 146 28 5.9 
718 10 4 61 75 146 28 5.8 
719 10 4 35 75 144 35 4.9 
720 10 4 82 75 148 23 7.0 
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Table 83- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Case 

-----·~ 

Concrete 
Mix 
No. 

Insulation 
R-Value 

Average Initial Maximum Maximum 
Air Concrete Concrete Temeprature 

Temp., Temp., Temp., Difference, 
OF OF OF OF 

Time of 
Maximum 

Temp. Dlff., 
days 

721 
722 
723 
724 
725 
726 
727 
728 
729 
730 
731 
732 
733 
734 
735 
736 
737 
738 
739 
740 
741 
742 
743 
744 

11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

48 45 134 80 
55 45 135 74 
63 45 136 68 
61 45 136 70 
35 45 132 90 
82 45 140 54 
48 55 142 88 
55 55 143 82 
63 55 144 76 
61 55 144 78 
35 55 141 99 
82 55 148 61 
48 65 151 96 
55 65 152 90 
63 65 153 84 
61 65 153 86 
35 65 149 107 
82 65 156 69 
48 75 160 104 
55 75 161 99 
63 75 162 92 
61 75 161 94 
35 75 158 115 
82 75 164 77 

-- ----- .. 

2.8 
2.9 
3.0 
3.0 
2.6 
3.5 
2.7 ! 

2.8 
2.9 

I2.8 
2.5 I 

3.2 I 

2.6 I 

2.6 
2.8 
2.7 
2.4 
3.0 
2.4 
2.5 
2.6 
2.6 
2.3 
2.8 
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

745 11 2 48 45 143 46 4.5 
746 11 2 55 45 143 43 4.7 
747 11 2 63 45 144 40 4.9 
748 11 2 61 45 144 40 4.8 
749 11 2 35 45 141 51 4.2 
750 11 2 82 45 147 32 5.6 
751 11 2 48 55 152 50 4.2 
752 11 2 55 55 152 47 4.4 
753 11 2 63 55 153 44 4.6 
754 11 2 61 55 153 44 4.5 
755 11 2 35 55 150 55 4.0 
756 11 2 82 55 155 36 5.2 
757 11 2 48 65 161 54 4.0 
758 11 2 55 65 161 51 4.2 
759 11 2 63 65 162 48 4.3 
760 11 2 61 65 162 48 4.3 
761 11 2 35 65 160 59 3.8 
762 11 2 82 65 164 40 4.8 
763 11 2 48 75 170 58 3.9 
764 11 2 55 75 170 55 4.0 
765 11 2 63 75 171 52 4.1 
766 11 2 61 75 171 52 4.1 
767 11 2 35 75 169 63 3.7 
768 11 2 82 75 173 44 4.6 

I R I 005 May 14, I 999 Cnmtmction Tccltnology 1-trboratoric.l', Inc. 



Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of I 

Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
R-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

769 11 4 48 45 146 32 5.8 
770 11 4 55 45 147 31 6.0 
771 11 4 63 45 148 28 6.3 
772 11 4 61 45 148 29 6.3 
773 11 4 35 45 145 36 5.4 
774 11 4 82 45 150 23 7.3 
775 11 4 48 55 156 35 5.5 
776 11 4 55 55 156 33 5.7 
777 11 4 63 55 157 31 5.9 
778 11 4 61 55 157 32 5.9 
779 11 4 35 55 154 38 5.1 
780 11 4 82 55 159 26 6.7 
781 11 4 48 65 165 38 5.2 
782 11 4 55 65 165 36 5.4 
783 11 4 63 65 166 34 5.6 
784 11 4 61 65 166 34 5.6 
785 11 4 35 65 164 41 4.9 
786 11 4 82 65 168 29 6.3 
787 11 4 48 75 174 40 5.0 
788 11 4 55 75 174 38 5.1 
789 11 4 63 75 175 36 5.4 
790 11 4 61 75 175 37 5.3 
791 11 4 35 75 173 44 4.8 
792 11 4 62 75 177 31 5.9 

- ---·-

181005 May 14, 1999 Construction Technology Laboratories, Inc. 



Table B3 • Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Dlff., 
days 

793 12 0 48 45 113 61 3.0 
794 12 0 55 45 114 55 3.2 
795 12 0 63 45 116 50 3.4 
796 12 0 61 45 115 51 3.3 
797 12 0 35 45 111 71 2.8 
798 12 0 82 45 121 36 4.2 
799 12 0 48 55 121 69 2.8 
800 12 0 55 55 122 63 3.0 
801 12 0 63 55 124 57 3.2 
802 12 0 61 55 123 58 3.1 
803 12 0 35 55 120 79 2.6 
804 12 0 82 55 128 43 3.7 j 

805 12 0 48 65 130 77 2.7 I 

806 12 0 55 65 131 71 2.8 
807 12 0 63 65 132 65 2.9 
808 12 0 61 65 132 66 2.9 
809 12 0 35 65 128 87 2.5 
810 12 0 82 65 136 50 3.4 
811 12 0 48 75 139 85 2.5 
812 12 0 55 75 140 79 2.6 
813 12 0 63 75 141 73 2.8 
814 12 0 61 75 140 74 2.7 
815 12 0 35 75 137 96 2.4 
816 12 0 

···
82 ----- 75 

--~--------------------

144 58 3.1 
- ----------------.---------- ---------
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Table 83 - Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., 
Case No. A-Value OF OF OF OF days 

817 12 2 48 45 121 36 5.0 
818 12 2 55 45 122 33 5.3 
819 12 2 63 45 123 30 5.7 
820 12 2 61 45 123 31 5.5 
821 12 2 35 45 120 41 4.6 
822 12 2 82 45 127 23 7.0 
823 12 2 48 55 130 40 4.7 
824 12 2 55 55 131 37 4.9 
825 12 2 63 55 132 34 5.2 
826 12 2 61 55 131 35 5.1 
827 12 2 35 55 128 45 4.3 
828 12 2 82 55 135 27 6.2 
829 12 2 48 65 139 44 4.4 
830 12 2 55 65 140 41 4.6 
831 12 2 63 65 140 38 4.8 
832 12 2 61 65 140 39 4.8 
833 12 2 35 65 138 49 4.0 
834 12 2 82 65 143 31 5.6 
835 12 2 48 75 148 48 4.1 
836 12 2 55 75 148 45 4.3 
837 12 2 63 75 149 42 4.5 
838 12 2 61 75 149 43 4.4 
839 12 2 35 75 147 53 3.8 
840 12 2 82 75 152 34 5.2 

-~-----

181005 May 14, 1999 Comtruction Teclmolot.:y Laboratories, Inc. 



Table 83- Predicted Temperatures and Temperature Differences for Concrete Pier Shafts 

Average Initial Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp.,
OF 

Temp.,
OF 

Temp.,
OF 

Difference, 
OF 

Temp. Diff., 
days 

I 

841 12 4 48 45 125 26 6.7 
842 12 4 55 45 126 24 7.1 
843 12 4 63 45 127 22 7.8 
844 12 4 61 45 127 23 7.5 
845 12 4 35 45 123 30 6.1 
846 12 4 82 45 130 18 9.7 
847 12 4 48 55 134 29 6.2 
848 12 4 55 55 134 27 6.6 
849 12 4 63 55 135 25 7.0 
850 12 4 61 55 135 25 6.9 
851 12 4 35 55 132 32 5.7 
852 12 4 82 55 138 20 8.5 
853 12 4 48 65 143 31 5.8 
854 12 4 55 65 143 30 6.1 
855 12 4 63 65 144 28 6.5 
856 12 4 61 65 144 28 6.3 
857 12 4 35 65 141 35 5.4 
858 12 4 82 65 147 23 7.6 
859 12 4 48 75 152 34 5.5 
860 12 4 55 ' 75 152 32 5.7 I 

861 12 4 63 75 153 30 6.0 
862 12 4 61 75 153 31 5.9 
863 12 4 35 75 151 37 5.1 
864 12 4 82 75 155 25 6.9 

-----·
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Table B4 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
"F 

Temp., 
OF 

Temp., 
OF 

Difference, 
"F 

Temp. Diff., 
days 

Temp., 
OF 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
•F 

Difference, 
"F 

Temp. Dlff., 
days 

1 1 0 48 45 95 46 3.0 97 48 3.7 89 40 2.2 I 

2 1 0 55 45 96 40 3.3 98 42 3.9 92 35 2.3 
I 

3 1 0 63 45 98 34 3.6 100 36 4.3 95 31 2.7 
4 1 0 61 45 97 35 3.5 99 38 4.3 94 32 2.5 
5 1 0 35 45 93 56 2.7 95 59 3.3 86 48 1.9 
6 1 0 82 45 103 21 4.7 105 22 5.8 103 21 3.6 
7 1 0 48 55 103 54 2.8 106 57 3.3 96 46 1.9 
8 1 0 55 55 104 48 2.9 107 51 3.6 98 42 2.1 
9 1 0 63 55 105 42 3.2 108 44 3.9 101 37 2.3 
10 1 0 61 55 105 43 3.1 107 46 3.8 100 38 2.3 
11 1 0 35 55 101 65 2.5 104 68 3.0 93 55 1.7 
12 1 0 82 55 110 27 4.0 112 29 4.9 109 26 3.0 
13 1 0 48 65 112 62 2.5 114 65 3.1 104 53 1.8 
14 1 0 55 65 113 56 2.7 115 59 3.3 106 48 1.9 
15 1 0 63 65 114 50 2.9 116 52 3.5 108 43 2.0 
16 1 0 61 65 113 51 2.8 116 54 3.4 107 44 2.0 
17 1 0 35 65 110 73 2.3 113 77 2.8 101 63 1.5 
18 1 0 82 65 117 35 3.5 119 37 4.3 114 31 2.6 
19 1 0 48 75 120 71 2.3 123 74 2.9 111 61 1.6 
20 1 0 55 75 121 65 2.5 124 68 3.0 113 55 1.7 
21 1 0 63 75 122 58 2.6 125 61 3.2 115 50 1.8 
22 1 0 61 75 122 60 2.6 125 63 3.2 114 51 1.8 
23 1 0 35 75 119 82 2.2 122 86 2.7 109 70 1.4 
24 1 0 82 75 125 42 

- ~ 

3.1 128 45 3.8 
---~------ ------------

121 37 2.3 
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Table B4 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
•F 

Temp., 
•F 

Temp., 
"F 

Difference, 
"F 

Temp. Dlff., 
days 

Temp., 
"F 

Difference, 
"F 

Temp. Dlff., 
days 

Temp., 
•F 

Difference, 
•F 

Temp. Dlff., 
days 

25 1 2 48 45 98 30 4.5 100 33 5.3 94 22 3.2 
26 1 2 55 45 99 27 4.9 101 29 5.8 96 20 3.5 
27 1 2 63 45 101 24 5.5 102 26 6.4 98 18 3.9 
28 1 2 61 45 101 24 5.3 102 27 6.2 97 18 3.8 
29 1 2 35 45 97 36 4.1 98 39 4.7 91 25 2.7 
30 1 2 82 45 106 16 7.4 107 17 8.8 105 14 5.8 
31 1 2 48 55 107 34 4.2 109 37 4.8 102 25 2.8 
32 1 2 55 55 108 31 4.4 110 34 5.1 103 22 3.0 
33 1 2 63 55 109 28 4.8 111 30 5.6 105 20 3.4 
34 1 2 61 55 109 29 4.7 110 31 5.4 105 21 3.3 
35 1 2 35 55 106 41 3.8 108 44 4.3 99 29 2.5 
36 1 2 82 55 113 20 6.2 114 22 7.3 111 16 4.7 
37 1 2 48 65 116 39 3.8 118 42 4.4 110 27 2.5 
38 1 2 55 65 117 36 4.1 118 39 4.7 111 25 2.7 
39 1 2 63 65 118 32 4.3 119 35 5.0 113 23 3.0 
40 1 2 61 65 117 33 4.2 119 36 4.9 112 24 2.9 
41 1 2 35 65 115 45 3.5 117 49 4.1 108 33 2.3 
42 1 2 82 65 121 24 5.4 122 26 6.3 118 18 3.9 
43 1 2 48 75 125 44 3.6 127 47 4.1 118 32 2.3 
44 1 2 55 75 126 41 3.8 128 44 4.3 119 29 2.5 
45 1 2 63 75 127 37 4.0 128 40 4.6 121 26 2.7 
46 1 2 61 75 126 38 3.9 128 41 4.5 120 26 2.6 
47 1 2 35 75 124 50 3.3 127 54 3.8 117 38 2.1 
48 1 2 82 75 . _ _j?9_ 28 4.7 131 31 5.5 125 21 3.3 
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Table 84 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., Temp., Difference, Temp. Diff., Temp., Difference, Temp. Dirt., 
Case No. A-Value "F "F "F "F days "F "F days "F •F days 

49 1 4 48 45 100 23 6.2 102 25 6.9 96 16 3.8 
50 1 4 55 45 101 21 6.7 102 22 7.5 97 13 4.3 
51 1 4 63 45 102 18 7.1 104 19 8.0 99 12 4.9 
52 1 4 61 45 102 19 7.0 103 20 7.8 99 12 4.7 
53 1 4 35 45 99 28 5.4 101 29 6.1 93 21 3.3 
54 1 4 82 45 107 13 9.7 108 14 11.2 106 10 7.4 
55 1 4 48 55 109 26 5.5 111 28 6.3 104 20 3.4 
56 1 4 55 55 110 24 5.9 111 26 6.7 105 17 3.7 
57 1 4 63 55 111 21 6.5 112 23 7.3 107 14 4.1 
58 1 4 61 55 111 22 6.4 112 24 7.2 106 15 4.0 
59 1 4 35 55 108 33 5.0 110 34 5.6 102 25 3.3 
60 1 4 82 55 114 15 8.1 115 17 9.2 112 11 5.8 
61 1 4 48 65 119 31 5.1 120 33 5.8 113 24 3.3 
62 1 4 55 65 119 28 5.4 121 29 6.1 113 21 3.3 
63 1 4 63 65 120 25 5.8 121 27 6.6 115 18 3.6 
64 1 4 61 65 120 25 5.7 121 27 6.4 114 19 3.5 
65 1 4 35 65 118 38 4.6 119 40 5.3 111 30 3.0 
66 1 4 82 65 122 18 7.0 123 20 7.9 119 12 4.8 
67 1 4 48 75 128 36 4.7 130 38 5.3 121 29 3.1 
68 1 4 55 75 128 33 5.0 130 34 5.6 122 25 3.3 
69 1 4 63 75 129 29 5.3 131 30 6.0 123 22 3.3 
70 1 4 61 75 129 30 5.2 130 31 5.9 123 23 3.4 
71 1 4 35 75 127 43 4.3 129 45 4.9 120 35 2.8 
72 1 4 82 75 

-----·
131 

-- -·------· -- ,, 22 6.4 L__132 
---------

23 7.2 127 
- -

14 4.1 
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Table 84 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F "F "F "F days "F "F days "F "F days 

73 2 0 48 45 84 35 3.3 86 37 4.1 80 31 2.4 
74 2 0 55 45 85 30 3.7 87 32 4.5 83 27 2.7 
75 2 0 63 45 87 24 4.1 89 26 5.1 87 23 3.1 
76 2 0 61 45 87 25 4.0 89 27 4.9 86 24 3.0 
77 2 0 35 45 81 45 2.8 84 48 3.5 76 39 2.0 
78 2 0 82 45 95 13 5.8 96 14 6.6 97 15 4.3 
79 2 0 48 55 92 43 2.9 94 45 3.6 87 37 2.1 
80 2 0 55 55 93 37 3.2 95 40 3.9 89 33 2.3 
81 2 0 63 55 95 31 3.6 97 33 4.4 92 28 2.7 
82 2 0 61 55 94 33 3.4 96 35 4.2 92 29 2.6 
83 2 0 35 55 90 54 2.6 92 56 3.2 83 46 1.8 
84 2 0 82 55 100 18 4.8 102 20 5.9 101 19 3.7 
85 2 0 48 65 100 51 2.6 103 54 3.3 94 44 1.8 
86 2 0 55 65 101 45 2.8 104 48 3.5 96 39 2.0 
87 2 0 63 65 103 39 3.1 105 41 3.8 99 34 2.3 
88 2 0 61 65 102 40 3.0 105 43 3.8 98 36 2.2 
89 2 0 35 65 99 62 2.3 101 65 2.9 91 53 1.6 
90 2 0 82 65 107 25 4.1 109 27 5.0 106 23 3.1 
91 2 0 48 75 109 60 2.4 112 63 3.0 102 51 1.6 
92 2 0 55 75 110 54 2.6 112 56 3.2 103 46 1.8 
93 2 0 63 75 111 47 2.8 113 50 3.4 105 41 

' 
2.0 

94 2 0 61 75 111 49 2.7 113 51 3.3 105 42 1.9 
95 2 0 35 75 108 71 2.2 111 74 2.7 99 61 1.4 
96 2 0 82 75 114 32 

- ---
3.5 

-~~~--·-

117 34 4.3 112 29 2.6 
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Table B4 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

I 

Normal Weight Concrete 
at Pier Shaft 

Lightweight Concrete 
at Location 1 N 

Lightweight Concrete 
at Location 7N 

I 

I 

I 

Average InlilaI Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
i 

Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 
Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 

Case No. A-Value •f •f •f •f days •f "F days •f •f days 
I 

97 2 2 48 45 87 24 5.2 89 27 6.2 84 18 3.7 
98 2 2 55 45 89 22 5.9 90 24 6.9 86 17 4.3 
99 2 2 63 45 91 18 6.8 92 20 8.1 89 15 5.1 
100 2 2 61 45 90 19 6.5 91 21 7.7 88 15 4.9 
101 2 2 35 45 85 30 4.4 87 33 5.1 80 22 3.0 
102 2 2 82 45 97 10 9.5 99 12 11.3 99 11 7.3 
103 2 2 48 55 96 29 4.6 97 31 5.3 91 21 3.1 
104 2 2 55 55 97 26 5.0 98 28 5.9 93 19 3.5 
105 2 2 63 55 98 22 5.7 100 25 6.7 95 17 4.1 

'I 

106 2 2 61 55 98 23 5.5 99 25 6.4 95 17 3.9 
107 2 2 35 55 94 34 4.0 96 37 4.6 88 24 2.6 
108 2 2 82 55 103 15 8.2 105 16 9.5 103 13 6.2 
109 2 2 48 65 104 33 4.1 106 36 4.7 99 23 2.7 
110 2 2 55 65 105 30 4.4 107 33 5.1 100 22 3.0 
111 2 2 63 65 106 26 4.8 108 29 5.7 102 19 3.4 
112 2 2 61 65 106 27 4.8 108 30 5.6 102 20 3.3 
113 2 2 35 65 103 39 3.7 105 42 4.2 97 27 2.3 
114 2 2 82 65 110 19 6.7 112 21 7.9 109 15 4.9 
115 2 2 48 75 113 38 3.8 115 41 4.3 107 26 2.4 
116 2 2 55 75 114 34 4.0 116 37 4.6 108 24 2.6 
117 2 2 63 75 115 31 4.3 117 33 5.0 110 22 2.9 
118 2 2 61 75 115 32 4.2 116 34 4.9 110 23 2.8 
119 2 2 35 75 112 44 3.4 114 47 3.9 106 32 2.1 
120 2 2 

-· - 8? · - __ 75 . - -· 
118 23 5.6 119 25 6.6 115 17 4.0 

-
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Table 84 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F "F "F "F days "F "F days "F "F days 

121 2 4 48 45 89 19 7.2 90 20 7.9 85 12 4.6 
122 2 4 55 45 90 17 7.8 91 18 9.0 87 12 5.4 

i 

123 2 4 63 45 92 15 9.1 93 16 10.5 90 11 6.6 
124 2 4 61 45 92 15 8.8 93 17 10.0 90 11 6.2 
125 2 4 35 45 87 23 6.1 89 25 6.9 82 16 3.7 
126 2 4 82 45 99 9 13.5 100 11 15.4 99 10 10.1 I 

127 2 4 48 55 98 22 6.3 99 24 7.2 93 14 3.8 
128 2 4 55 55 98 20 7.0 100 22 7.9 95 13 4.3 
129 2 4 63 55 100 17 7.5 101 19 8.6 97 12 5.2 
130 2 4 61 55 99 18 7.3 101 19 8.3 96 12 5.0 
131 2 4 35 55 96 26 5.4 98 28 6.2 91 20 3.3 
132 2 4 82 55 105 12 11.1 106 14 12.7 104 10 8.3 
133 2 4 48 65 107 25 5.6 108 27 6.3 101 18 3.3 
134 2 4 55 65 107 23 6.1 109 25 6.9 102 16 3.7 
135 2 4 63 65 108 21 6.8 109 22 7.7 104 13 4.2 
136 2 4 61 65 108 21 6.6 109 23 7.4 104 13 4.1 
137 2 4 35 65 106 31 4.9 107 33 5.6 100 24 3.1 
138 2 4 82 65 112 15 8.9 113 16 10.3 110 11 6.4 
139 2 4 48 75 116 29 5.1 117 31 5.8 110 23 3.2 
140 2 4 55 75 116 26 5.4 118 28 6.2 111 20 3.3 
141 2 4 63 75 117 24 5.9 118 26 6.7 112 16 3.6 
142 2 4 61 75 117 24 5.8 118 26 6.6 112 17 3.5 
143 2 4 35 75 115 36 4.5 116 38 5.2 108 29 2.9 
144 2 

~-

4 82 75 120 18 7.4 121 19 8.5 117 12 5.0 
-
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Table 84 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
"F 

Temp., 
"F 

Temp., 
"F 

Difference, 
"F 

Temp. Dlff., 
days 

Temp., 
OF 

Difference, 
"F 

Temp. Dlff., 
days 

Temp., 
OF 

Difference, 
"F 

Temp. Dlff., 
days 

145 3 0 48 45 102 53 2.9 105 56 3.6 96 46 2.1 
146 3 0 55 45 104 48 3.2 106 51 3.9 98 41 2.3 
147 3 0 63 45 105 41 3.4 108 44 4.2 101 36 2.5 
148 3 0 61 45 105 43 3.4 107 46 4.1 100 38 2.5 
149 3 0 35 45 100 64 2.7 104 67 3.3 92 55 1.9 
150 3 0 82 45 110 28 4.4 112 30 5.3 109 26 3.3 
151 3 0 48 55 111 61 2.8 114 65 3.3 103 53 1.9 
152 3 0 55 55 112 56 2.9 115 59 3.5 105 48 2.0 
153 3 0 63 55 113 49 3.1 116 52 3.8 107 43 2.2 
154 3 0 61 55 113 51 3.1 116 54 3.7 107 44 2.2 
155 3 0 35 55 109 72 2.5 112 76 3.0 100 62 1.7 
156 3 0 82 55 118 35 3.8 120 37 4.6 114 31 2.8 
157 3 0 48 65 120 70 2.6 123 73 3.1 110 60 1.8 
158 3 0 55 65 120 64 2.7 124 67 3.3 112 55 1.9 
159 3 0 63 65 122 57 2.9 125 61 3.5 114 49 2.0 
160 3 0 61 65 121 59 2.8 124 62 3.4 114 50 2.0 
161 3 0 35 65 118 81 2.4 122 85 2.9 107 69 1.5 
162 3 0 82 65 125 42 3.4 128 45 4.1 121 37 2.5 
163 3 0 48 75 128 78 2.4 132 82 2.9 118 67 1.6 
164 3 0 55 75 129 72 2.5 132 76 3.0 120 62 1.7 
165 3 0 63 75 130 66 2.6 133 69 3.2 122 56 1.8 
166 3 0 61 75 130 67 2.6 133 71 3.2 121 57 1.8 
167 3 0 35 75 127 90 2.3 131 94 2.7 116 77 1.5 
168 3 0 82 75 133 50 3.1 136 53 3.8 127 

- ------
43 2.2 
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Table B4 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature M11xlmum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp., 
OF 

Difference, 
•F 

Temp. Dlff., 
days 

169 3 2 48 45 107 35 4.5 109 38 5.2 101 25 3.1 
170 3 2 55 45 108 32 4.8 110 35 5.6 103 23 3.3 
171 3 2 63 45 109 28 5.3 111 31 6.1 105 21 3.7 
172 3 2 61 45 109 29 5.1 111 32 5.9 105 21 3.6 
173 3 2 35 45 106 41 4.1 108 44 4.7 99 29 2.7 
174 3 2 82 45 113 20 6.8 115 22 7.9 111 16 5.1 
175 3 2 48 55 116 40 4.2 118 43 4.8 109 28 2.8 
176 3 2 55 55 117 36 4.4 118 39 5.0 111 26 3.0 
177 3 2 63 55 118 33 4.7 119 36 5.4 112 23 3.3 
178 3 2 61 55 117 33 4.6 119 37 5.3 112 24 3.2 
179 3 2 35 55 115 46 3.8 117 49 4.4 107 33 2.5 
180 3 2 82 55 121 24 5.9 123 27 6.8 118 18 4.3 
181 3 2 48 65 125 44 3.9 127 48 4.5 117 32 2.5 
182 3 2 55 65 126 41 4.1 128 44 4.7 119 29 2.7 
183 3 2 63 65 126 37 4.4 128 40 5.0 120 26 2.9 
184 3 2 61 65 126 38 4.3 128 41 4.9 120 27 2.9 
185 3 2 35 65 124 51 3.6 126 54 4.2 116 38 2.3 
186 3 2 82 65 129 29 5.2 131 31 6.0 125 21 3.6 
187 3 2 48 75 134 49 3.7 136 53 4.2 126 36 2.3 
188 3 2 55 75 135 46 3.8 137 49 4.4 127 33 2.5 
189 3 2 63 75 135 42 4.1 137 45 4.6 128 29 2.7 
190 3 2 61 75 135 43 4.0 137 46 4.6 128 30 2.6 
191 3 2 35 75 133 55 3.4 135 59 3.9 124 42 2.2 
192 3 2 82 75 138 33 4.7 139 36 5.4 132 24 3.2 
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Table B4 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
•f 

Temp., 
•F 

Temp., 
•F 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
OF 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
Of 

Difference, 
Of 

Temp. Dlff., 
days 

193 3 4 48 45 110 27 6.1 111 29 6.9 104 20 3.8 
194 3 4 55 45 110 25 6.6 112 27 7.4 105 17 4.1 
195 3 4 63 45 111 22 7.2 113 24 8.1 107 14 4.6 
196 3 4 61 45 111 23 7.0 112 25 7.9 106 15 4.4 
197 3 4 35 45 108 33 5.5 110 35 6.2 102 25 3.6 
198 3 4 82 45 115 16 8.8 116 17 10.1 113 11 6.3 
199 3 4 48 55 119 31 5.6 120 33 6.3 112 24 3.7 
200 3 4 55 55 119 28 5.9 121 30 6.7 113 21 3.7 
201 3 4 63 55 120 25 6.4 122 27 7.2 115 18 4.0 
202 3 4 61 55 120 26 6.3 121 28 7.1 114 19 3.9 
203 3 4 35 55 118 38 5.1 119 40 5.8 110 30 3.3 
204 3 4 82 55 123 19 7.8 124 20 8.6 119 13 5.2 
205 3 4 48 65 128 36 5.2 130 38 5.9 121 28 3.4 
206 3 4 55 65 128 33 5.5 130 35 6.2 122 25 3.6 
207 3 4 63 65 129 29 5.8 131 31 6.6 123 22 3.6 
208 3 4 61 65 129 30 5.8 131 32 6.5 123 23 3.6 
209 3 4 35 65 127 43 4.8 129 45 5.4 119 34 3.1 
210 3 4 82 65 131 23 7.1 133 24 8.0 127 14 4.5 
211 3 4 48 75 137 41 4.8 139 44 5.5 130 33 3.2 
212 3 4 55 75 138 38 5.1 139 40 5.8 130 30 3.3 
213 3 4 63 75 138 34 5.4 140 36 6.1 131 26 3.6 
214 3 4 61 75 138 35 5.3 140 37 6.0 131 27 3.5 
215 3 4 35 75 136 48 4.5 138 50 5.1 128 39 2.9 
216 3 4 82 75 140 

-
26 6.4 142 

-
28 

---- -~~--

7.2 135 18 4.0 
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Table B4 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete 
at Pier Shaft 

Lightweight Concrete 
at Location 1 N 

Lightweight Concrete 
at Location 7N I 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum I 

I 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., Temp., Difference, Temp. Diff., Temp., Difference, Temp. Dlff., , 
Case No. A-Value •F •F •F •F days •F •F days •F "F days j 

I 

217 
218 

4 
4 

0 
0 

48 
55 

45 
45 

90 
91 

41 
35 

3.3 
3.6 

92 
94 

43 
38 

4.0 
4.4 

85 
88 

36 
32 

2.4 
2.6 

I 

219 4 0 63 45 93 30 4.0 95 32 4.9 91 27 3.0 
220 4 0 61 45 93 31 3.9 95 33 4.8 90 28 2.9 
221 4 0 35 45 87 51 2.8 90 54 3.5 81 44 2.0 
222 4 0 82 45 100 18 5.6 102 19 6.8 101 18 4.1 I 

223 4 0 48 55 98 49 2.9 101 52 3.6 92 42 2.1 I 

224 4 0 55 55 99 43 3.1 102 46 3.9 94 38 2.3 
225 4 0 63 55 101 37 3.4 103 40 4.3 97 33 2.5 
226 4 0 61 55 100 38 3.4 103 41 4.2 96 34 2.5 
227 4 0 35 55 96 59 2.6 99 63 3.2 88 51 1.8 
228 4 0 82 55 106 24 4.6 108 26 5.6 105 23 3.5 
229 4 0 48 65 106 57 2.7 109 60 3.3 99 49 1.9 
230 4 0 55 65 107 51 2.8 110 54 3.5 101 44 2.0 
231 4 0 63 65 109 45 3.1 111 48 3.8 103 39 2.2 
232 4 0 61 65 108 46 3.0 111 49 3.7 103 40 2.2 
233 4 0 35 65 105 68 2.4 108 71 3.0 96 58 1.6 
234 4 0 82 65 113 30 3.9 115 33 4.8 111 28 3.0 
235 4 0 48 75 115 65 2.5 118 69 3.0 106 56 1.7 
236 4 0 55 75 116 59 2.6 119 63 3.2 108 51 1.8 
237 4 0 63 75 117 53 2.8 120 56 3.4 110 45 1.9 
238 4 0 61 75 117 54 2.8 120 58 3.4 110 47 1.9 
239 4 0 35 75 114 77 2.3 117 80 2.8 104 65 1.5 
240 

-
4 0 82 75 120 38 3.4 123 40 4.2 117 33 2.5 

IRI005 May 14. 1999 Cmutrtwtion Tn·lmology 1-tlborntorit•.f, bw. 



Table 84 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
! 

at Pier Shaft at Location 1N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
•F 

Temp., 
•F 

Temp., 
•F 

Difference, 
"F 

Temp. Dlff., 
days 

Temp., 
•F 

Difference, 
"F 

Temp. Dlff., 
days 

Temp., 
"F 

Difference, 
•F 

Temp. Dlff., 
days 

241 4 2 48 45 94 28 5.1 96 31 6.0 89 20 3.8 
242 4 2 55 45 95 25 5.7 97 28 6.7 91 19 4.0 
243 4 2 63 45 97 22 6.5 98 24 7.6 94 17 4.7 
244 4 2 61 45 96 23 6.2 98 25 7.3 93 17 4.5 
245 4 2 35 45 92 34 4.4 94 37 5.2 66 24 3.0 
246 4 2 82 45 103 14 9.3 104 16 11.1 103 13 7.0 
247 4 2 48 55 102 32 4.5 104 35 5.3 97 23 3.1 
248 4 2 55 55 103 29 4.9 105 32 5.8 99 21 3.4 
249 4 2 63 55 105 26 5.5 106 29 6.5 101 19 3.9 
250 4 2 61 55 104 27 5.4 106 30 6.3 100 20 3.8 
251 4 2 35 55 101 39 4.1 103 42 4.7 94 27 2.7 
252 4 2 82 55 109 18 7.5 111 20 9.0 108 15 5.8 
253 4 2 48 65 111 37 4.2 113 40 4.8 105 26 2.8 
254 4 2 55 65 112 34 4.4 114 37 5.2 106 24 3.0 
255 4 2 63 65 113 30 4.8 115 33 5.6 108 22 3.3 i 

256 
257 
258 

4 
4 
4 

2 
2 
2 

61 
35 
82 

65 
65 
65 

113 
110 
117 

31 
43 
22 

4.7 
3.8 
6.3 

114 
112 
118 

34 
47 
25 

5.5 
4.4 
7.4 

108 
103 
114 

22 
30 
17 

3.2 
2.4 
4.8 I 

259 
260 
261 

4 
4 
4 

2 
2 
2 

48 
55 
63 

75 
75 
75 

120 
121 
122 

42 
39 
35 

3.9 
4.1 
4.4 

122 
123 
123 

45 
42 
38 

4.5 
4.7 
5.0 

113 
114 
116 

29 
27 
24 

2.5 
2.7 
2.9 I 

262 4 2 61 75 121 36 4.3 123 39 4.9 115 25 ' 2.8 
263 4 2 35 75 119 48 3.5 121 52 4.1 111 35 2.2 
264 4 2 82 75 125 26 5.4 126 29 6.4 121 19 3.8 
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Table B4 -Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
•F 

Temp., 
•F 

Temp., 
•F 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
•F 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
•f 

Difference, 
•f 

Temp. Dlff., 
days 

265 4 4 48 45 96 22 7.3 97 24 8.2 91 14 4.4 
266 4 4 55 45 97 20 8.0 98 22 9.0 93 13 5.0 
267 4 4 63 45 99 17 8.7 100 19 9.9 96 12 6.0 
268 4 4 61 45 98 18 8.4 100 20 9.6 95 12 5.7 
269 4 4 35 45 95 27 6.2 96 29 7.0 89 19 3.7 
270 4 4 82 45 104 12 12.7 106 14 14.8 104 10 9.4 
271 4 4 48 55 105 26 6.4 106 28 7.3 99 17 3.9 
272 4 4 55 55 106 23 7.0 107 25 7.9 101 15 4.3 
273 4 4 63 55 107 21 7.8 108 23 8.8 103 13 4.8 
274 4 4 61 55 106 21 7.6 108 23 8.6 102 13 4.7 
275 4 4 35 55 104 30 5.6 105 32 6.3 97 23 3.6 
276 4 4 82 55 111 15 10.3 112 17 11.8 109 11 7.4 
277 4 4 48 65 114 29 5.7 115 31 6.5 107 22 3.7 
278 4 4 55 65 115 27 6.2 116 29 7.0 109 19 3.7 
279 4 4 63 65 115 24 6.8 117 26 7.7 110 16 4.1 
280 4 4 61 65 115 25 6.6 117 27 7.5 110 16 4.0 
281 4 4 35 65 113 35 5.1 114 37 5.8 106 27 3.3 
282 4 4 82 65 118 18 8.6 120 19 9.8 115 12 5.8 
283 4 4 48 75 123 34 5.3 125 36 6.0 116 26 3.3 
284 
285 

4 
4 

4 
4 

55 
63 

75 
75 

124 
124 

30 
27 

5.6 
6.0 

125 
126 

32 
29 

6.3 
6.8 

117 
118 

23 
19 

3.6 
3.6 

I 

286 4 4 61 75 124 28 5.9 126 30 6.7 118 20 3.6 ' 

287 
288 

4 
4 

4 
4 

35 
82 

75 
75 

122 
127 

40 
21 

4.8 
7.7 

124 
128 

42 
23 

5.4 
8.7 

115 
122 

32 
13 

3.0 
4.8 j 
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Table 84 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlft., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F "F "F "F days •F •F days •F "F days 

289 5 0 48 45 110 61 2.9 114 64 3.6 102 52 2.1 
290 5 0 55 45 112 55 3.1 115 59 3.8 104 47 2.2 
291 5 0 63 45 113 49 3.3 116 52 4.1 107 42 2.4 
292 5 0 61 45 113 51 3.3 116 54 4.0 106 44 2.3 
293 5 0 35 45 108 72 2.7 112 76 3.3 99 61 1.9 
294 5 0 82 45 118 35 4.1 120 38 4.9 115 31 3.0 
295 5 0 48 55 119 69 2.8 122 73 3.3 109 59 1.9 
296 5 0 55 55 120 63 2.9 123 67 3.5 111 54 2.0 
297 5 0 63 55 121 57 3.1 124 60 3.8 114 49 2.2 
298 5 0 61 55 121 59 3.0 124 62 3.7 113 50 2.2 
299 5 0 35 55 117 80 2.5 121 84 3.1 106 68 1.7 
300 5 0 82 55 125 42 3.6 128 45 4.4 121 37 2.7 
301 5 0 48 65 127 78 2.6 131 82 3.1 117 66 1.8 
302 5 0 55 65 128 72 2.7 132 76 3.3 119 61 1.9 

303 5 0 63 65 130 65 2.8 133 69 3.5 121 55 2.0 
304 5 0 61 65 129 67 2.8 133 70 3.4 120 57 2.0 

305 5 0 35 65 126 89 2.4 130 93 2.9 114 75 1.5 
306 5 0 82 65 133 50 3.3 136 53 4.0 127 43 2.3 

307 5 0 48 75 136 86 2.4 140 90 3.0 125 73 1.6 

308 5 0 55 75 137 80 2.5 141 84 3.1 126 68 1.7 

309 5 0 63 75 138 73 2.7 142 77 3.3 128 62 1.8 

310 5 0 61 75 138 75 2.6 141 79 3.2 128 64 1.8 

311 5 0 35 75 135 97 2.3 139 102 2.8 122 83 1.5 

312 5 0 82 75 141 58 3.1 144 61 3.7 134 49 2.2 
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Table B4 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value •F •F •F •F days •F "F days •F "F days 

313 5 2 48 45 116 40 4.6 118 43 5.2 109 28 3.0 
314 5 2 55 45 117 37 4.8 119 40 5.5 110 26 3.3 
315 5 2 63 45 118 33 5.1 120 36 5.9 112 24 3.6 
316 5 2 61 45 117 34 5.0 119 37 5.8 112 24 3.4 
317 5 2 35 45 114 46 4.2 117 50 4.8 106 33 2.7 
318 5 2 82 45 122 25 6.3 123 27 7.3 118 19 4.6 
319 5 2 48 55 125 45 4.3 127 49 4.8 117 31 2.8 
320 5 2 55 55 125 42 4.4 127 45 5.1 118 29 2.9 
321 5 2 63 55 126 38 4.8 128 41 5.3 120 26 3.2 
322 5 2 61 55 126 39 4.7 128 42 5.3 120 27 3.1 
323 5 2 35 55 123 51 3.9 126 55 4.5 115 37 2.5 
324 5 2 82 55 129 29 5.6 131 32 6.5 125 21 3.9 
325 5 2 48 65 134 50 4.0 136 53 4.5 125 36 2.6 
326 5 2 55 65 134 46 4.2 137 50 4.8 126 33 2.7 
327 5 2 63 65 135 43 4.4 137 46 5.0 128 29 2.9 
328 5 2 61 65 135 43 4.3 137 47 4.9 127 30 2.8 
329 5 2 35 65 133 56 3.7 135 60 4.3 123 42 2.3 
330 5 2 82 65 138 34 5.0 140 37 5.8 132 24 3.5 
331 5 2 48 75 143 54 3.8 145 59 4.3 134 40 2.4 
332 5 2 55 75 143 51 3.9 146 55 4.5 135 37 2.5 
333 5 2 63 75 144 47 4.1 146 51 4.7 136 34 2.7 
334 5 2 61 75 144 48 4.1 146 52 4.6 136 35 2.6 
335 5 2 35 75 142 60 3.5 144 65 4.1 132 47 2.2 
336 5 2 82 75 146 38 4.7 148 41 -- 5.3 140 

---- -· - - -
27 3.1 
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Table B4 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 

Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 

Case No. A-Value •F "F "F "F days "F "F days "F "F days 

337 5 4 48 45 119 31 6.1 121 33 6.8 112 24 4.1 

338 5 4 55 45 120 29 6.5 121 31 7.3 113 21 4.0 

339 5 4 63 45 120 26 7.0 122 28 7.8 115 18 4.4 

340 5 4 61 45 120 27 6.9 122 29 7.7 114 19 4.3 

341 5 4 35 45 118 38 5.5 119 40 6.2 110 30 3.7 

342 5 4 82 45 123 20 8.5 125 21 9.3 120 13 5.7 

343 5 4 48 55 128 36 5.6 130 39 6.3 120 28 3.8 

344 5 4 55 55 128 33 5.9 130 35 6.7 121 25 4.0 

345 5 4 63 55 129 29 6.4 131 32 7.2 123 22 3.9 

346 5 4 61 55 129 30 6.3 131 32 7.0 122 23 3.9 

347 5 4 35 55 127 43 5.2 129 45 5.8 119 34 3.4 

348 5 4 82 55 132 23 7.8 133 25 8.6 127 15 4.9 

349 5 4 48 65 137 41 5.3 139 44 5.9 129 33 3.5 

350 5 4 55 65 138 38 5.5 139 40 6.2 130 30 3.7 

351 5 4 63 65 138 34 5.8 140 36 6.6 131 26 3.9 

352 5 4 61 65 138 35 5.8 140 37 6.5 131 27 3.8 

353 5 4 35 65 136 48 4.9 138 51 5.5 127 39 3.2 

354 5 4 82 65 140 27 6.9 142 29 7.8 135 18 4.3 

355 5 4 48 75 146 47 5.0 148 49 5.6 138 37 3.3 

356 5 4 55 75 147 43 5.2 149 45 5.8 139 34 3.4 

357 5 4 63 75 147 39 5.4 149 41 6.2 140 31 3.6 

358 5 4 61 75 147 40 5.4 149 42 6.1 139 31 3.6 

359 5 4 35 75 145 53 4.6 147 56 5.3 136 43 3.0 

360 5 4 82 75 149 30 6.3 151 
------

32 7.1 143 22 3.9 

181005 May 14. 1999 Crm.1·tructimr Teclmolo.~y IAiboratorit'.l', hrc. 



Table 84 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
"F 

Temp., 
"F 

Temp., 
•F 

Difference, 
OF 

Temp. Dlff., 
days 

Temp., 
•F 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
"F 

Difference, 
"F 

Temp. Dlff., 
days 

361 6 0 48 45 96 47 3.3 99 50 3.9 90 40 2.3 
362 6 0 55 45 97 41 3.5 100 44 4.3 92 36 2.5 
363 6 0 63 45 99 35 3.9 102 38 4.8 96 31 2.8 
364 6 0 61 45 99 37 3.8 101 40 4.6 95 33 2.7 
365 6 0 35 45 93 57 2.9 97 60 3.5 86 49 2.0 
366 6 0 82 45 105 23 5.1 107 25 6.3 105 22 3.8 
367 6 0 48 55 104 55 2.9 107 58 3.6 97 47 2.1 
368 6 0 55 55 105 49 3.1 108 52 3.9 99 42 2.3 
369 6 0 63 55 107 43 3.4 110 46 4.2 102 37 2.5 
370 6 0 61 55 106 44 3.3 109 47 4.1 101 38 2.4 
371 6 0 35 55 102 65 2.6 105 69 3.3 93 56 1.8 
372 6 0 82 55 112 29 4.4 114 31 5.3 110 27 3.3 
373 6 0 48 65 112 63 2.7 116 66 3.3 104 53 1.9 
374 6 0 55 65 113 57 2.9 117 60 3.5 106 49 2.0 
375 6 0 63 65 115 51 3.1 118 54 3.8 108 43 2.2 
376 6 0 61 65 114 52 3.0 117 55 3.7 108 45 2.1 
377 6 0 35 65 111 74 2.5 114 78 3.0 101 63 1.7 
378 6 0 82 65 119 36 3.8 121 39 4.7 115 32 2.8 
379 6 0 48 75 121 71 2.5 124 75 3.1 111 61 1.7 
380 6 0 55 75 122 65 2.6 125 69 3.3 113 56 1.8 
381 6 0 63 75 123 59 2.8 126 62 3.4 115 50 2.0 
382 6 0 61 75 123 60 2.8 126 64 3.4 115 51 1.9 
383 6 0 35 75 120 83 2.3 123 87 2.8 108 70 1.5 
384 6 0 82 75 127 44 

-
3.4 

---
129 47 

--···· ------
4.1 121 

... 
38 2.5 
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Table B4 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
•F 

Temp., 
•F 

Temp., 
•F 

Difference, 
OF 

Temp. Dlff., 
days 

Temp., 
•F 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
•F 

Difference, 
•F 

Temp. Dlff., 
days 

385 6 2 48 45 100 32 5.1 102 35 6.0 95 23 3.5 
386 6 2 55 45 102 29 5.6 104 32 6.4 97 21 3.8 
387 6 2 63 45 103 26 6.2 105 28 7.2 100 19 4.4 
388 6 2 61 45 103 27 6.0 105 29 7.0 99 19 4.3 
389 6 2 35 45 99 38 4.5 101 41 5.2 92 26 3.0 
390 6 2 82 45 109 18 8.5 110 20 10.0 107 15 6.3 
391 6 2 48 55 109 37 4.7 111 40 5.3 103 25 3.1 
392 6 2 55 55 110 33 4.9 112 36 5.7 104 23 3.3 
393 6 2 63 55 111 30 5.4 113 33 6.3 106 21 3.8 
394 6 2 61 55 111 31 5.3 113 34 6.2 106 22 3.6 
395 6 2 35 55 108 43 4.2 110 46 4.8 100 29 2.7 
396 6 2 82 55 116 22 7.2 117 24 8.4 113 17 5.2 
397 6 2 48 65 118 41 4.3 120 45 4.9 111 28 2.8 
398 6 2 55 65 119 38 4.5 121 41 5.2 112 26 3.0 
399 6 2 63 65 120 34 4.8 122 37 5.6 114 24 3.3 
400 6 2 61 65 119 35 4.8 121 38 5.5 113 25 3.2 
401 6 2 35 65 117 47 3.9 119 51 4.5 108 34 2.5 
402 6 2 82 65 123 26 6.0 125 29 7.2 119 19 4.3 
403 6 2 48 75 127 46 4.0 129 50 4.6 119 32 2.5 
404 6 2 55 75 128 43 4.2 130 46 4.8 120 29 2.7 
405 6 2 63 75 128 39 4.5 130 42 5.1 122 27 2.9 
406 6 2 61 75 128 40 4.4 130 43 5.0 121 28 2.8 
407 6 2 35 75 126 52 3.7 128 56 4.2 117 38 2.3 
408 6 2 82 75 131 

~-~ 

30 5.3 133 --- 33 6.2 126 22 3.7 I 
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Table B4 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Diff., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F "F "F "F days "F "F days •F •F days 

409 6 4 48 45 103 26 7.2 105 28 8.2 97 17 4.4 
410 6 4 55 45 104 24 7.9 106 25 8.9 99 14 4.8 
411 6 4 63 45 106 21 8.8 107 23 10.0 101 13 5.5 
412 6 4 61 45 105 22 8.6 107 23 9.7 101 13 5.3 
413 6 4 35 45 102 30 6.3 103 32 7.1 95 22 4.1 
414 6 4 82 45 110 15 11.6 112 17 13.4 109 11 8.3 
415 6 4 48 55 112 29 6.4 114 31 7.3 105 21 3.9 
416 6 4 55 55 113 27 7.0 114 29 7.9 107 18 4.2 
417 6 4 63 55 114 24 7.7 115 26 8.7 109 15 4.6 
418 6 4 61 55 114 25 7.5 115 27 8.5 108 16 4.5 
419 6 4 35 55 111 34 5.7 113 36 6.5 103 26 3.7 
420 6 4 82 55 118 18 9.8 119 20 11.1 115 12 6.6 
421 6 4 48 65 121 33 5.8 123 35 6.7 114 25 3.8 
422 6 4 55 65 122 30 6.3 123 32 7.1 115 22 4.1 
423 6 4 63 65 123 27 6.8 124 30 7.7 116 19 4.1 
424 6 4 61 65 122 28 6.7 124 30 7.5 116 19 4.0 
425 
426 

6 
6 

4 
4 

35 
82 

65 
65 

120 
125 

39 
21 

5.3 
8.7 

122 
127 

41 
23 

6.0 
9.8 

112 
121 

31 
13 

3.4 
5.4 

I 

427 6 4 48 75 130 38 5.4 132 40 6.2 123 29 3.5 
428 6 4 55 75 131 34 5.7 133 36 6.5 123 26 3.7 
429 6 4 63 75 132 30 6.1 133 33 7.0 125 23 4.0 
430 6 4 61 75 131 31 6.0 133 34 6.8 124 24 3.9 
431 6 4 35 75 129 44 4.9 131 47 5.6 121 35 3.1 
432 6 4._ 82 

·~ 

75 134 25 7.6 135 27 8.6 128 15 4.6 
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Table B4 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value •F •F •F "F days "F "F days "F •f days 

433 7 0 48 45 118 69 2.9 122 73 3.6 109 58 2.1 
434 7 0 55 45 119 63 3.1 123 67 3.8 111 54 2.2 
435 7 0 63 45 121 57 3.3 124 60 3.9 114 49 2.3 
436 7 0 61 45 121 58 3.2 124 62 3.9 113 50 2.3 
437 7 0 35 45 116 79 2.7 120 84 3.3 105 67 1.9 
438 7 0 82 45 125 42 3.9 128 45 4.7 121 37 2.8 
439 7 0 48 55 127 77 2.8 131 81 3.3 116 65 1.9 
440 7 0 55 55 128 71 2.9 132 75 3.5 118 60 2.0 
441 7 0 63 55 129 65 3.0 133 68 3.7 120 55 2.2 
442 7 0 61 55 129 66 3.0 132 70 3.6 120 56 2.1 
443 7 0 35 55 125 88 2.6 129 92 3.1 113 74 1.7 
444 7 0 82 55 133 50 3.5 136 53 4.3 127 43 2.5 
445 7 0 48 65 135 85 2.6 139 90 3.2 123 72 1.8 

446 7 0 55 65 136 79 2.7 140 84 3.3 125 67 1.9 
447 7 0 63 65 138 73 2.9 141 77 3.4 127 62 2.0 
448 7 0 61 65 137 74 2.8 141 79 3.4 127 63 2.0 
449 7 0 35 65 134 96 2.4 138 101 3.0 121 81 1.6 
450 7 0 82 65 141 58 3.3 144 61 3.9 133 49 2.3 
451 7 0 48 75 144 94 2.5 148 99 3.0 131 79 1.7 
452 7 0 55 75 145 88 2.6 149 92 3.1 133 74 1.7 
453 7 0 63 75 146 81 2.7 150 85 3.3 135 68 

' 
1.8 

454 7 0 61 75 146 83 2.6 150 87 3.2 134 70 1.8 

455 7 0 35 75 143 105 2.3 147 110 2.8 129 89 1.5 
456 7 0 82-- 75 149 65 3.0 152 69 3.7 140 56 2.1 
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Table B4 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time or 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temepralure Maximum Concrete Temepralure Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. DIU., 
Case No. R-Value "F "F "F "F days "F "F days "F "F days 

457 7 2 48 45 124 45 4.5 127 49 5.2 116 31 3.0 
458 7 2 55 45 125 42 4.8 127 46 5.4 118 29 3.2 
459 7 2 63 45 126 38 5.1 128 41 5.7 120 27 3.4 
460 7 2 61 45 126 39 5.0 128 42 5.6 119 27 3.3 
461 7 2 35 45 123 52 4.2 126 56 4.8 114 37 2.7 
462 7 2 82 45 130 30 6.0 132 33 6.9 125 21 4.2 I 

463 7 2 48 55 133 50 4.3 136 54 4.8 125 36 2.8 ' 

464 7 2 55 55 134 47 4.4 136 51 5.1 126 33 2.9 
465 7 2 63 55 135 43 4.7 137 46 5.3 127 30 3.1 
466 7 2 61 55 135 44 4.7 137 48 5.3 127 30 3.1 
467 7 2 35 55 132 56 4.0 135 61 4.5 122 42 2.5 
468 7 2 82 55 138 34 5.4 140 37 6.2 132 24 3.8 
469 7 2 48 65 142 55 4.0 145 59 4.6 133 40 2.6 
470 7 2 55 65 143 52 4.2 146 56 4.8 134 37 2.7 
471 7 2 63 65 144 48 4.4 146 52 5.0 135 33 2.9 
472 7 2 61 65 144 49 4.3 146 53 4.9 135 34 2.8 
473 7 2 35 65 141 61 3.8 144 66 4.3 131 46 2.4 
474 7 2 82 65 146 39 5.1 148 42 5.7 140 27 3.4 
475 7 2 48 75 152 59 3.8 154 64 4.4 141 45 2.4 
476 7 2 55 75 152 56 4.0 155 61 4.5 142 42 2.5 
477 7 2 63 75 153 52 4.1 155 57 4.7 144 38 2.7 
478 7 2 61 75 153 53 4.1 155 58 4.7 143 39 2.6 
479 7 2 35 75 151 66 3.6 153 71 4.1 139 51 2.3 i 

480 7 2 82 75 ........ 155 
--------

44 
---------

4.7 
-----------~- -

157 
-----

47 5.3 147 30 '-····-·· 3.1 I 
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Table 84 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp., 
•F 

Temp., 
•F 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
•F 

Difference, 
"F 

Temp. Dlff., 
days 

Temp., 
•F 

Difference, 
•F 

Temp. Dlff., 
days 

481 7 4 48 45 128 37 6.1 130 39 6.8 120 28 4.1 
482 7 4 55 45 129 33 6.4 131 35 7.2 121 25 4.3 
483 7 4 63 45 130 30 6.9 131 33 7.7 123 22 4.3 
484 7 4 61 45 129 31 6.8 131 33 7.6 122 23 4.2 
485 7 4 35 45 127 43 5.6 129 46 6.3 118 34 3.7 
486 7 4 82 45 132 24 8.3 134 26 9.3 127 15 5.2 
487 7 4 48 55 137 42 5.7 139 44 6.4 129 33 3.8 
488 7 4 55 55 138 38 5.9 140 40 6.7 130 30 4.0 
489 7 4 63 55 138 34 6.3 140 36 7.1 131 26 4.3 
490 7 4 61 55 138 35 6.2 140 37 7.0 131 27 4.2 
491 7 4 35 55 136 48 5.3 138 51 5.9 127 38 3.5 
492 7 4 82 55 141 27 7.5 142 29 8.4 135 18 4.7 
493 7 4 48 65 146 47 5.3 148 49 6.0 137 37 3.5 
494 7 4 55 65 147 43 5.6 149 46 6.3 138 34 3.7 
495 7 4 63 65 147 39 5.9 149 41 6.6 139 30 3.9 
496 7 4 61 65 144 36 3.2 149 43 6.5 139 31 3.8 
497 7 4 35 65 145 53 5.0 147 56 5.6 136 43 3.3 
498 7 4 82 65 150 31 6.8 151 33 7.6 142 22 4.2 
499 7 4 48 75 155 52 5.0 158 54 5.7 146 42 3.3 
500 7 4 55 75 156 48 5.3 158 51 5.9 147 38 3.5 
501 7 4 63 75. 157 44 5.5 159 47 6.2 148 35 3.7 
502 7 4 61 75 156 45 5.4 159 48 6.1 148 36 3.6 
503 7 4 35 75 154 58 4.7 157 61 5.4 145 47 3.1 I 

504 7 4_ ... 82 75 158 35 6.3 160 37 7.0 151 26 4.2 I 
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Table B4 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F "F •F "F days "F "F days "F "F days 

505 8 0 48 45 102 53 3.2 105 56 3.9 95 45 2.3 
506 8 0 55 45 103 47 3.4 106 50 4.2 97 41 2.5 
507 8 0 63 45 105 41 3.6 106 44 4.6 100 36 2.7 
508 6 0 61 45 105 43 3.6 107 46 4.5 99 37 2.7 
509 8 0 35 45 99 63 2.9 103 67 3.5 91 53 2.0 
510 8 0 82 45 111 26 4.8 113 31 5.9 109 26 3.6 
511 8 0 46 55 110 61 3.0 113 64 3.6 102 51 2.1 
512 8 0 55 55 111 55 3.1 114 56 3.6 104 47 2.2 
513 8 0 63 55 113 49 3.4 116 52 4.1 106 42 2.5 
514 8 0 61 55 112 50 3.3 116 54 4.1 106 43 2.4 
515 8 0 35 55 108 71 2.7 112 75 3.3 98 60 1.9 
516 8 0 82 55 118 35 4.2 120 38 5.1 114 31 3.0 
517 8 0 48 65 118 69 2.8 122 73 3.3 109 58 1.9 
518 8 0 55 65 119 63 2.9 123 67 3.5 111 53 2.0 
519 8 0 63 65 121 57 3.1 124 60 3.8 113 48 2.2 
520 8 0 61 65 120 58 3.0 124 62 3.7 112 49 2.1 
521 6 0 35 65 117 80 2.5 121 84 3.1 105 67 1.7 
522 8 0 82 65 125 42 3.7 128 45 4.5 120 36 2.7 
523 8 0 48 75 127 77 2.6 131 81 3.1 116 65 1.8 
524 8 0 55 75 128 71 2.7 132 75 3.3 118 60 1.9 
525 8 0 63 75 129 65 2.8 133 68 3.5 120 55 2.0 
526 8 0 61 75 129 66 2.8 132 70 3.4 120 56 1.9 
527 8 0 35 75 126 88 2.4 130 93 2.9 113 75 1.5 
528 8 

---
0 

-
82 75 133 49 3.3 136 53 4.1 126 42 2.4 
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Table B4 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
•F 

Temp., 
•F 

Temp., 
•F 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
"F 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
"F 

Difference, 
"F 

Temp. Dlff., 
days 

529 8 2 48 45 107 36 5.1 109 39 5.8 101 25 3.4 
530 8 2 55 45 108 33 5.4 110 36 6.3 103 23 3.8 
531 8 2 63 45 110 30 6.0 112 33 7.0 105 21 4.1 
532 8 2 61 45 109 30 5.8 111 33 6.8 104 22 4.1 
533 8 2 35 45 105 42 4.6 108 46 5.3 98 29 3.0 
534 8 2 82 45 115 22 7.9 116 24 9.3 112 17 5.8 
535 8 2 48 55 116 41 4.7 118 44 5.4 108 28 3.1 
536 8 2 55 55 117 38 5.0 119 41 5.7 110 26 3.3 
537 8 2 63 55 118 34 5.3 120 37 6.2 112 24 3.6 
538 8 2 61 55 118 35 5.3 120 38 6.0 112 24 3.5 
539 8 2 35 55 114 47 4.3 117 51 4.9 106 33 2.7 
540 8 2 82 55 122 26 6.8 124 28 7.9 118 19 4.8 
541 8 2 48 65 125 46 4.3 127 49 5.0 116 31 2.8 
542 8 2 55 65 125 42 4.6 128 46 5.3 118 29 3.0 
543 8 2 63 65 126 39 4.9 129 42 5.6 120 26 3.2 
544 8 2 61 65 126 39 4.8 128 43 5.5 119 27 3.2 
545 8 2 35 65 123 52 4.0 126 56 4.6 114 37 2.5 
546 8 2 82 65 130 30 5.9 132 33 6.9 125 21 4.1 
547 8 2 48 75 134 50 4.1 136 54 4.7 125 36 2.6 
548 8 2 55 75 134 47 4.3 137 51 4.9 126 33 2.7 
549 8 2 63 75 135 43 4.5 137 47 5.2 127 29 2.9 
550 8 2 61 75 135 44 4.4 137 48 5.1 127 30 2.8 
551 8 2 35 75 133 56 3.8 135 61 4.3 123 42 2.3 
552 8 2 82 

----------
75 

-------------- __1:3jl __L__ 
34 5.3 140 38 6.2 132 24 3.6 
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Table 84 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum. I 

I 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F "F "F "F days "F "F days "F "F days 

553 8 4 48 45 110 29 7.2 112 31 8.1 104 20 4.3 
554 8 4 55 45 111 27 7.8 113 29 8.8 105 17 4.7 
555 8 4 63 45 113 24 8.6 114 26 9.8 107 14 5.2 
556 8 4 61 45 112 25 8.4 114 27 9.5 107 15 5.1 
557 8 4 35 45 109 33 6.3 111 36 7.2 101 25 4.1 
558 8 4 82 45 117 18 11.0 118 20 12.5 114 12 7.4 
559 8 4 48 55 119 32 6.5 121 35 7.4 112 24 4.2 
560 8 4 55 55 120 30 7.0 122 32 7.9 113 21 4.5 
561 8 4 63 55 121 28 7.6 123 30 8.6 115 18 4.6 
562 8 4 61 55 121 28 7.4 123 30 8.4 114 19 4.4 
563 8 4 35 55 118 38 5.8 120 41 6.6 110 30 3.8 
564 8 4 82 55 124 21 9.8 126 23 11.0 120 13 6.1 
565 8 4 48 65 128 37 6.0 130 39 6.8 120 28 3.8 
566 8 4 55 65 129 33 6.3 131 36 7.2 121 25 4.1 
567 8 4 63 65 130 31 6.8 132 33 7.7 123 22 4.4 
568 8 4 61 65 130 31 6.7 131 34 7.6 122 23 4.3 
569 8 4 35 65 127 43 5.4 129 46 6.2 119 34 3.5 
570 8 4 82 65 132 25 8.5 134 27 9.6 127 15 5.1 
571 8 4 48 75 137 42 5.5 139 44 6.3 129 33 3.6 

I 

572 8 4 55 75 138 38 5.8 140 41 6.6 130 30 3.8 I 

573 8 4 63 75 139 34 6.2 141 37 7.1 131 26 4.0 
574 8 4 61 75 139 35 6.1 140 38 6.9 131 27 3.9 
575 8 4 35 75 136 48 5.1 138 51 5.8 127 39 3.3 
576 8 4 82 75 

L.. 
141 

-
28 ... - 7.~ 143 30 8.5 134 18 4.5 
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Table B4 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
•F 

Temp., 
•F 

Temp., 
"F 

Difference, 
•F 

Temp. Diff., 
days 

Temp., 
•F 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
•F 

Difference, 
"F 

Temp. Dlff;, 
days 

577 9 0 48 45 126 77 2.9 130 81 3.6 115 65 2.0 
578 9 0 55 45 128 71 3.1 131 75 3.7 118 60 2.2 
579 9 0 63 45 129 64 3.2 133 68 3.9 120 55 2.3 
580 9 0 61 45 129 66 3.2 132 70 3.8 119 56 2.2 
581 9 0 35 45 124 87 2.7 129 92 3.3 112 73 1.8 
582 9 0 82 45 133 50 3.8 136 53 4.5 127 43 2.7 
583 9 0 48 55 135 85 2.8 139 89 3.3 123 71 1.9 
584 9 0 55 55 136 79 2.9 140 83 3.5 125 67 2.0 
585 9 0 63 55 137 72 3.0 141 77 3.6 127 61 2.1 
586 9 0 61 55 137 74 3.0 141 78 3.6 126 63 2.1 
587 9 0 35 55 133 96 2.6 138 101 3.1 119 81 1.8 
588 9 0 82 55 141 58 3.4 144 61 4.2 133 49 2.5 
589 9 0 48 65 144 93 2.6 148 98 3.2 130 78 1.8 
590 9 0 55 65 144 87 2.7 149 92 3.3 132 73 1.8 
591 9 0 63 65 146 81 2.8 150 85 3.4 134 68 2.0 
592 9 0 61 65 145 82 2.8 149 87 3.4 133 69 1.9 
593 9 0 35 65 142 104 2.5 147 109 3.0 127 88 1.6 
594 9 0 82 65 149 65 3.2 152 69 3.9 140 55 2.3 
595 9 0 48 75 152 102 2.5 157 107 3.0 138 86 1.7 
596 9 0 55 75 153 96 2.6 158 101 3.1 139 81 1.8 
597 9 0 63 75 154 89 2.7 159 94 3.3 141 75 1.8 
598 9 0 61 75 154 91 2.7 158 95 3.2 141 76 1.8" 
599 9 0 35 75 151 113 2.4 156 118 2.9 135 95 1.5 
600 9 0 82 75 157 73 3.0 161 78 

------------
3.6 

- -------- --- --
147 - ... 62 2.1 
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Table B4 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
•F 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Diff., 
days 

Temp., 
•F 

Difference, 
oF 

Temp. Dlff., 
days 

Temp., 
OF 

Difference, 
"F 

Temp. Dlff., 
days 

601 9 2 48 45 133 51 4.5 136 55 5.2 124 36 2.9 
602 9 2 55 45 134 47 4.8 137 51 5.4 126 33 3.1 
603 9 2 63 45 135 44 5.0 138 47 5.7 127 30 3.3 
604 9 2 61 45 135 45 4.9 137 48 5.6 127 30 3.3 
605 9 2 35 45 132 57 4.2 135 61 4.8 122 41 2.7 
606 9 2 82 45 138 35 5.8 140 38 6.6 132 24 4.0 
607 9 2 48 55 142 55 4.3 145 60 4.9 132 40 2.8 
608 9 2 55 55 143 52 4.4 146 56 5.1 134 37 2.9 
609 9 2 63 55 144 48 4.7 146 52 5.3 135 33 3.1 
610 9 2 61 55 144 49 4.6 146 53 5.3 135 34 3.0 
611 9 2 35 55 141 61 4.0 144 66 4.6 130 46 2.6 
612 9 2 82 55 146 39 5.4 149 43 6.0 140 27 3.6 
613 9 2 48 65 151 60 4.1 154 65 4.6 141 45 2.6 
614 9 2 55 65 152 57 4.2 155 61 4.8 142 41 2.7 
615 9 2 63 65 153 53 4.4 155 57 5.0 143 38 2.8 
616 9 2 61 65 153 54 4.3 155 58 5.0 143 39 2.8 
617 9 2 35 65 150 66 3.8 153 71 4.4 138 50 2.4 
618 9 2 82 65 155 44 5.0 157 48 5.7 147 30 3.3 
619 9 2 48 75 160 65 3.9 163 70 4.4 149 49 2.5 
620 9 2 55 75 161 61 4.0 164 66 4.6 150 46 2.6 
621 9 2 63 75 162 58 4.2 165 62 4.8 151 42 2.7 
622 9 2 61 75 162 59 4.1 164 63 4.7 151 43 2.7 
623 9 2 35 75 159 71 3.7 162 76 4.2 147 55 2.3 
624 9 2 •.... 8? __ 75 L__!Ei~-·---- -- ----

49 4.7 166 53 5.3 155 34 3.0 
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Table B4 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete 
at Pier Shaft 

Lightweight Concrete 
at Location 1 N 

Lightweight Concrete 
at Location 7N 

I 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp., 
oF 

Temp., 
OF 

Difference, 
oF 

Temp. Dlff., 
days 

Temp., 
OF 

Difference, 
oF 

Temp. Diff., 
days 

Temp., 
•F 

Difference, 
•F 

Temp. Dlff., 
days 

625 9 4 48 45 137 42 6.1 139 44 6.8 129 33 4.1 
626 9 4 55 45 138 39 6.4 140 41 7.2 130 30 4.3 
627 9 4 63 45 139 35 6.8 141 37 7.6 131 26 4.6 
628 9 4 61 45 139 36 6.7 141 38 7.5 131 27 4.5 
629 9 4 35 45 136 48 5.6 138 51 6.3 127 38 3.7 
630 9 4 82 45 141 28 8.0 143 30 8.9 135 19 5.0 
631 9 4 48 55 146 47 5.7 149 50 6.4 137 37 3.8 
632 9 4 55 55 147 43 5.9 149 46 6.7 138 34 4.0 
633 9 4 63 55 148 39 6.3 150 42 7.1 139 30 4.2 
634 9 4 61 55 148 40 6.2 150 43 7.0 139 31 4.2 
635 9 4 35 55 145 54 5.3 148 56 6.0 135 43 3.5 
636 9 4 82 55 150 31 7.3 152 34 8.2 143 22 4.5 
637 9 4 48 65 155 52 5.4 158 55 6.1 146 41 3.6 
638 9 4 55 65 156 48 5.6 158 51 6.3 147 38 3.7 
639 9 4 63 65 157 44 5.9 159 47 6.6 148 35 3.9 
640 9 4 61 65 157 45 5.8 159 48 6.5 147 36 3.9 
641 9 4 35 65 154 59 5.0 157 62 5.7 144 47 3.3 
642 9 4 82 65 159 35 6.7 161 37 7.5 151 27 4.5 
643 9 4 48 75 165 57 5.1 167 60 5.8 154 46 3.4 
644 9 4 55 75 165 54 5.3 168 56 6.0 155 43 3.5 
645 9 4 63 75 166 49 5.5 168 52 6.3 156 39 3.7 
646 9 4 61 75 166 50 5.5 168 53 6.2 156 40 3.6 
647 9 4 35 75 164 64 4.8 166 67 5.5 153 52 3.2 
648 9 4 82 75 168 40 6.2 

~ ~ . 
170 42 7.0 159 31 

~--

4.2 
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Table B4 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F "F •F "F days "F "F days "F •F days 

649 10 0 48 45 108 59 3.2 111 62 3.9 100 50 2.3 
650 10 0 55 45 109 53 3.4 113 57 4.1 102 45 2.4 
651 10 0 63 45 111 47 3.6 114 50 4.4 105 40 2.7 
652 10 0 61 45 111 49 3.6 114 52 4.4 104 42 2.6 
653 10 0 35 45 106 69 2.9 109 73 3.6 96 58 2.0 
654 10 0 82 45 116 34 4.5 119 37 5.6 113 30 3.3 
655 10 0 48 55 116 67 3.0 120 71 3.6 107 56 2.1 
656 10 0 55. 55 117 61 3.2 121 65 3.8 109 52 2.2 
657 10 0 63 55 119 55 3.3 122 58 4.1 111 46 2.3 
658 10 0 61 55 118 56 3.3 122 60 4.0 111 48 2.3 
659 10 0 35 55 114 77 2.7 118 82 3.3 103 65 1.9 
660 10 0 82 55 123 41 4.0 126 44 4.9 119 35 3.0 
661 10 0 48 65 125 75 2.8 129 79 3.4 114 63 1.9 
662 10 0 55 65 126 69 2.9 129 73 3.6 116 58 2.0 
663 10 0 63 65 127 63 3.1 131 66 3.8 118 53 2.2 
664 10 0 61 65 127 64 3.0 130 68 3.7 117 54 2.1 
665 10 0 35 65 123 86 2.6 127 90 3.1 110 72 1.7 
666 10 0 82 65 131 48 3.6 134 51 4.4 125 41 2.7 
667 10 0 48 75 133 83 2.6 137 88 3.2 121 70 1.8 
668 10 0 55 75 134 77 2.7 138 82 3.3 123 65 1.9 
669 10 0 63 75 135 71 2.9 139 75 3.5 125 60 2.0 
670 10 0 61 75 135 72 2.8 139 77 3.4 125 61 1.9 
671 10 0 35 75 132 94 2.4 136 99 3.0 118 79 1.6 
672 10 0 82 75 139 55 3.3 142 59 

---- ·-·-- ----
4.1 131 47 

- 2.3 
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Table B4 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F "F "F "F days "F "F days· "F •F daya 

673 10 2 48 45 114 40 5.1 116 44 5.9 107 28 3.4 
674 10 2 55 45 115 37 5.4 117 40 6.3 108 26 3.6 
675 10 2 63 45 117 34 5.9 119 37 6.8 111 23 4.0 
676 10 2 61 45 116 34 5.8 118 38 6.7 110 24 3.9 
677 10 2 35 45 112 47 4.6 115 50 5.3 104 31 3.0 
678 10 2 82 45 121 26 7.4 123 28 8.7 117 19 5.3 
679 10 2 48 55 123 45 4.7 125 49 5.4 114 30 3.0 
680 10 2 55 55 124 42 5.0 126 45 5.7 116 28 3.3 
681 10 2 63 55 125 38 5.3 127 41 6.1 118 26 3.5 
682 10 2 61 55 124 39 5.3 127 42 6.0 117 27 3.5 
683 10 2 35 55 121 51 4.3 124 55 4.9 112 36 2.7 
684 10 2 82 55 128 30 6.5 131 33 7.6 124 21 4.5 
685 10 2 48 65 132 50 4.4 134 54 5.1 122 35 2.8 
686 10 2 55 65 132 47 4.6 135 50 5.3 124 31 3.0 
687 10 2 63 65 133 43 4.9 136 46 5.6 125 29 3.2 
688 10 2 61 65 133 44 4.8 135 47 5.5 125 30 3.1 
689 10 2 35 65 130 56 4.1 133 60 4.7 120 40 2.5 
690 10 2 82 65 136 34 5.8 139 37 6.7 130 24 3.9 
691 10 2 48 75 141 54 4.1 143 59 4.8 131 39 2.6 
692 10 2 55 75 141 51 4.3 144 55 4.9 132 36 2.7 
693 10 2 63 75 142 47 4.6 145 51 5.2 133 32 2.9 
694 10 2 61 75 142 48 4.5 144 52 5.2 133 33 ' 2.9 
695 10 2 35 75 139 60 3.8 142 65 4.4 129 45 2.4 
696 10 2 82 75 145 39 5.3 147 42 6.1 138 26 3.5 
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Table 84 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete 
at Pier Shaft 

Lightweight Concrete 
at Location 1 N 

Lightweight Concrete 
at Location 7N I 

I 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F "F •f "F days "F "F days "F "F days 

697 10 4 48 45 118 33 7.2 120 35 8.1 110 23 4.7 
698 10 4 55 45 119 30 7.7 121 33 8.7 111 20 4.6 
699 10 4 63 45 120 28 8.4 122 30 9.5 113 17 5.0 
700 10 4 61 45 120 28 8.3 121 31 9.3 113 18 4.9 
701 10 4 35 45 116 38 6.4 118 40 7.3 108 29 4.1 
702 10 4 82 45 124 22 10.8 125 23 11.9 119 13 6.7 
703 10 4 48 55 127 36 6.5 129 38 7.4 118 27 4.3 
704 10 4 55 55 127 33 7.0 129 36 7.9 120 24 4.5 
705 10 4 63 55 128 31 . 7.5 130 33 8.5 121 21 4.9 
706 10 4 61 55 128 32 7.4 130 34 8.3 121 22 4.8 
707 10 4 35 55 125 42 5.9 127 45 6.7 116 33 3.8 
708 10 4 82 55 132 25 9.4 133 27 10.7 126 15 5.7 
709 10 4 48 65 135 41 6.0 138 43 6.9 127 32 3.9 
710 10 4 55 65 136 38 6.4 138 40 7.3 128 29 4.1 
711 10 4 63 65 137 34 6.8 139 37 7.8 129 25 4.4 
712 10 4 61 65 137 35 6.7 139 38 7.6 129 26 4.4 
713 10 4 35 65 134 47 5.5 137 50 6.3 125 37 3.8 
714 10 4 82 65 140 28 8.3 142 30 9.4 133 18 5.0 
715 10 4 48 75 145 46 5.6 147 49 6.4 135 36 3.6 
716 10 4 55 75 145 42 5.9 147 45 6.7 136 33 3.8 
717 10 4 63 75 146 39 6.3 148 41 7.1 136 29 4.1 
718 10 4 61 75 146 39 6.2 148 42 7.0 137 30 4.0 
719 10 4 35 75 143 53 5.2 146 55 5.9 134 42 3.3 
720 10 4 82 

--- -
75 

-------
148 31 

----- ---- - - -- -------
7.5 150 34 8.4 141 

---- --- -
21 4.9 
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Table B4 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
"F 

Temp. Dlff., 
days 

Temp., 
"F 

Difference, 
"F 

Temp. Dlff., 
days 

Temp., 
"F 

Difference, 
"F 

Temp. Dlff., 
days 

721 11 0 48 45 134 84 2.9 139 89 3.5 122 71 2.0 
722 11 0 55 45 135 79 3.1 140 83 3.7 124 66 2.1 
723 11 0 63 45 137 72 3.2 141 77 3.8 127 61 2.2 
724 11 0 61 45 137 74 3.1 141 78 3.8 126 62 2.2 
725 11 0 35 45 132 95 2.8 137 100 3.3 119 80 1.8 
726 11 0 82 45 141 58 3.6 144 61 4.4 133 49 2.6 I 
727 11 0 48 55 143 93 2.8 147 98 3.3 129 78 1.9 I 
728 11 0 55 55 144 87 2.9 148 92 3.4 131 73 1.9 
729 11 0 63 55 145 80 3.0 149 85 3.6 133 67 2.1 
730 11 0 61 55 145 82 2.9 149 87 3.6 133 69 2.1 
731 11 0 35 55 141 104 2.6 146 109 3.2 126 87 1.8 
732 11 0 82 55 149 65 3.4 152 69 4.1 140 55 2.4 
733 11 0 48 65 151 101 2.6 156 106 3.2 137 85 1.8 
734 11 0 55 65 152 95 2.8 157 100 3.3 139 80 1.8 
735 11 0 63 65 154 88 2.8 158 93 3.4 141 74 1.9 
736 11 0 61 65 153 90 2.8 158 95 3.4 140 75 1.9 
737 11 0 35 65 150 112 2.5 155 118 3.0 134 94 1.7 
738 11 0 82 65 157 73 3.2 161 77 3.8 146 62 2.2 
739 11 0 48 75 160 110 2.5 165 115 3.1 144 92 1.7 
740 11 0 55 75 161 104 2.6 166 109 3.2 146 87 1.8 I 

741 11 0 63 75 162 97 2.7 167 102 3.3 148 81 1.8 
742 11 0 61 75 162 98 2.7 167 104 3.3 148 83 1.8 
743 11 0 35 75 159 121 2.4 164 127 2.9 142 101 1.5 
744 11 0 

-----
82 75 165 81 3.0 169 86 3.6 153 68 2.1 
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Table B4 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F •F "F "F days "F "F days "F "F days 

745 11 2 48 45 142 56 4.5 145 60 5.2 132 40 2.9 
746 11 2 55 45 143 53 4.7 146 57 5.4 133 37 3.1 
747 11 2 63 45 144 49 5.0 147 53 5.6 135 33 3.3 
748 11 2 61 45 144 50 4.9 146 54 5.6 135 34 3.2 
749 11 2 35 45 141 62 4.2 144 67 4.8 129 46 2.7 
750 11 2 82 45 147 40 5.6 149 43 6.4 140 27 3.8 
751 11 2 48 55 151 60 4.3 154 65 4.9 140 44 2.8 
752 11 2 55 55 152 57 4.5 155 62 5.1 141 41 2.9 
753 11 2 63 55 153 53 4.7 155 58 5.3 143 38 3.0 
754 11 2 61 55 152 54 4.6 155 59 5.3 142 39 3.0 
755 11 2 35 55 150 67 4.0 153 72 4.6 138 50 2.6 
756 11 2 82 55 155 45 5.3 158 48 6.0 147 30 3.5 
757 11 2 48 65 160 65 4.1 163 71 4.7 148 49 2.6 
758 11 2 55 65 161 62 4.2 164 67 4.8 149 46 2.7 I 

759 11 2 63 65 162 58 4.4 164 63 5.0 151 42 2.8 
760 11 2 61 65 161 59 4.3 164 64 5.0 150 43 2.8 
761 11 2 35 65 159 71 3.9 162 77 4.4 146 55 2.4 
762 11 2 82 65 164 49 4.9 166 53 5.6 155 34 3.2 
763 11 2 48 75 169 70 3.9 172 75 4.5 157 53 2.5 
764 11 2 55 75 170 67 4.0 173 72 4.6 158 50 2.6 
765 11 2 63 75 171 63 4.2 174 68 4.8 159 47 2.7 
766 11 2 61 75 170 64 4.2 173 69 4.8 159 47 2.7 
767 11 2 35 75 168 76 3.7 171 82 4.3 155 60 2.3 
768 11 2 82 75 173 54 4.6 _ ____!75_ 58 5.3 163 

-
38 3.0 
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Table B4 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
OF 

Temp., 
OF 

Temp., 
OF 

Difference, 
OF 

Temp. Dlff., 
days 

Temp., 
OF 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
•F 

Difference, 
"F 

Temp. Dlff., 
days 

769 11 4 48 45 146 47 6.1 149 50 6.8 137 37 4.1 
770 11 4 55 45 147 44 6.3 149 46 7.1 138 34 4.3 
771 11 4 63 45 148 40 6.7 150 42 7.5 139 30 4.5 
772 11 4 61 45 148 41 6.6 150 43 7.4 139 31 4.4 
773 11 4 35 45 145 54 5.6 148 57 6.3 135 43 3.8 
774 11 4 82 45 151 32 7.8 153 35 8.7 143 23 4.8 
775 11 4 48 55 155 52 5.7 158 55 6.4 145 41 3.8 

! 

776 11 4 55 55 156 49 5.9 159 51 6.7 146 38 4.0 
777 11 4 63 55 157 45 6.3 159 47 7.0 148 35 4.2 
778 11 4 61 55 157 46 6.2 159 48 6.9 147 36 4.1 
779 11 4 35 55 154 59 5.3 157 62 6.0 144 47 3.5 
780 11 4 82 55 159 35 7.1 161 38 8.0 151 27 4.8 
781 11 4 48 65 165 57 5.4 167 60 6.1 154 46 3.6 
782 11 4 55 65 165 54 5.6 168 57 6.3 155 43 3.8 
783 11 4 63 65 166 50 5.9 168 52 6.6 156 39 3.9 
784 11 4 61 65 166 51 5.8 168 53 6.6 156 40 3.9 
785 11 4 35 65 164 64 5.1 166 67 5.8 152 52 3.4 
786 11 4 82 65 168 40 6.6 170 43 7.4 159 31 4.5 
787 11 4 48 75 174 62 5.2 176 65 5.8 163 50 3.4 
788 11 4 55 75 174 59 5.3 177 62 6.0 164 47 3.5 
789 11 4 63 75 175 55 5.6 178 58 6.3 165 43 3.7 
790 11 4 61 75 175 56 5.5 177 59 6.2 164 44 3.7 
791 11 4 35 75 173 69 4.9 176 72 5.6 161 56 3.2 
792 11 4 __82~

'--
75 177 45 6.2 179 48 7.0 167 35 4.2 
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Table 84 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at location 1 N at location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Diff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F "F "F "F days "F "F days "F •F days 

793 12 0 48 45 114 65 3.2 118 69 3.9 105 54 2.2 
794 12 0 55 45 115 59 3.3 119 63 4.1 107 50 2.3 
795 12 0 63 45 117 53 3.6 121 57 4.4 110 45 2.5 
796 12 0 61 45 117 54 3.5 120 58 4.3 109 46 2.5 
797 12 0 35 45 112 75 2.9 116 80 3.6 101 63 2.0 
798 12 0 82 45 122 39 4.3 125 43 5.3 118 34 3.2 
799 12 0 48 55 122 73 2.9 126 77 3.6 112 61 2.1 
800 12 0 55 55 123 67 3.1 127 71 3.8 114 56 2.2 
801 12 0 63 55 125 61 3.3 129 65 4.0 116 51 2.3 
802 12 0 61 55 125 62 3.3 128 66 3.9 116 52 2.3 
803 12 0 35 55 120 83 2.8 125 88 3.3 108 70 1.9 
804 12 0 82 55 129 46 3.9 133 50 4.8 123 40 2.8 
805 12 0 48 65 131 81 2.8 135 85 3.4 119 68 1.9 
806 12 0 55 65 132 75 2.9 136 80 3.6 121 63 2.0 
807 12 0 63 65 133 68 3.1 137 73 3.8 123 58 2.2 
808 12 0 61 65 133 70 3.0 137 74 3.7 122 59 2.1 
809 12 0 35 65 129 92 2.6 133 97 3.2 115 77 1.7 
810 12 0 82 65 137 54 3.6 140 57 4.3 129 46 2.5 
811 12 0 48 75 139 89 2.6 144 94 3.2 126 75 1.8 
812 12 0 55 75 140 83 2.8 145 88 3.3 128 70 1.9 
813 12 0 63 75 141 77 2.9 146 81 3.5 130 64 2.0 
814 12 0 61 75 141 78 2.8 145 83 3.4 129 66 1.9 
815 12 0 35 75 138 100 2.5 142 105 3.0 123 84 1.6 

816 12 0 82 75 145 61 3.3 149 65 4.0 136 52 
-

2.3 
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Table B4 - Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Case 
Mix 
No. 

Insulation 
A-Value 

Temp., 
"F 

Temp., 
"F 

Temp., 
"F 

Difference, 
"F 

Temp. Diff., 
days 

Temp., 
"F 

Difference, 
•F 

Temp. Dlff., 
days 

Temp., 
"F 

Difference, 
•F 

Temp. Dirt., 
days 

817 12 2 48 45 121 45 5.1 123 48 5.8 112 30 3.3 
818 12 2 55 45 122 41 5.4 124 45 6.2 114 28 3.6 
819 12 2 63 45 123 37 5.7 126 41 6.6 116 26 3.9 
820 12 2 61 45 123 38 5.7 125 42 6.5 116 26 3.8 
821 12 2 35 45 119 51 4.7 122 55 5.3 110 35 3.0 
822 12 2 82 45 127 29 7.1 130 32 8.3 122 21 4.9 
823 12 2 48 55 130 49 4.8 132 53 5.4 120 33 3.0 
824 12 2 55 55 130 46 5.0 133 50 5.7 122 31 3.2 
825 12 2 63 55 132 42 5.3 134 46 6.1 124 29 3.5 
826 12 2 61 55 131 43 5.3 134 47 6.0 123 29 3.4 
827 12 2 35 55 128 55 4.3 131 60 5.0 118 39 2.8 
828 12 2 82 55 135 34 6.3 137 37 7.3 129 23 4.3 
829 12 2 48 65 138 54 4.4 141 58 5.1 128 38 2.8 
830 12 2 55 65 139 51 4.7 142 55 5.3 130 35 3.0 
831 12 2 63 65 140 47 4.9 143 51 5.7 131 31 3.2 
832 12 2 61 65 140 48 4.8 143 52 5.6 131 32 3.1 
833 12 2 35 65 137 60 4.1 140 65 4.8 126 44 2.6 
834 12 2 82 65 143 38 5.7 145 41 6.6 136 26 3.8 
835 12 2 48 75 147 59 4.2 150 63 4.8 136 42 2.6 
836 12 2 55 75 148 55 4.3 151 60 5.0 138 39 2.8 
837 12 2 63 75 149 52 4.6 152 56 5.3 139 36 2.9 
838 12 2 61 75 149 53 4.5 151 57 5.2 139 36 2.9 
839 12 2 35 75 146 65 3.9 149 70 4.5 134 48 2.4 
840 12 2 82 75 151 43 5.3 

-------··
154 46 6.1 ....... 143 29 3.4 

181005 May 14. 1999 Cmrxtrlll'limr Tel'lrno/ogy l11boratorie.\·, lnr. 



Table B4 • Predicted Temperatures and Temperature Differences for the Pier Table and Box Girder Bottom Slabs 

Normal Weight Concrete Lightweight Concrete Lightweight Concrete 
at Pier Shaft at Location 1 N at Location 7N 

Average Initial Maximum Maximum Time of Maximum Maximum Time of Maximum Maximum Time of 
Concrete Air Concrete Concrete Temeprature Maximum Concrete Temeprature Maximum Concrete Temeprature Maximum 

Mix Insulation Temp., Temp., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., Temp., Difference, Temp. Dlff., 
Case No. A-Value "F "F "F "F days "F "F days "F "F days 

841 12 4 48 45 125 36 7.2 127 39 8.1 116 26 4.7 
842 12 4 55 45 126 34 7.6 128 36 8.6 118 23 5.0 
843 12 4 63 45 127 31 8.3 129 34 9.3 119 20 4.9 
844 12 4 61 45 127 32 8.1 129 34 9.2 119 21 4.8 
845 12 4 35 45 123 42 6.4 126 44 7.3 114 32 4.2 
846 12 4 82 45 131 25 10.4 132 27 11.8 125 15 6.3 
847 12 4 48 55 134 40 6.6 136 43 7.5 125 31 4.3 
848 12 4 55 55 135 37 7.0 137 40 7.9 126 28 4.5 
849 12 4 63 55 136 34 7.5 138 37 8.5 127 24 4.9 
850 12 4 61 55 135 35 7.3 138 38 8.3 127 25 4.8 
851 12 4 35 55 132 47 6.0 135 49 6.8 123 36 3.9 
852 12 4 82 55 139 28 9.2 141 31 10.3 132 17 5.5 
853 12 4 48 65 143 45 6.1 145 48 6.9 133 35 4.0 
854 12 4 55 65 143 42 6.4 146 44 7.3 134 32 4.2 
855 12 4 63 65 144 38 6.8 147 40 7.8 136 28 4.5 
856 12 4 61 65 144 39 6.8 146 41 7.6 135 29 4.4 
857 12 4 35 65 141 52 5.6 144 54 6.4 131 41 3.6 
858 12 4 82 65 147 31 8.2 149 34 9.3 139 21 4.8 
859 12 4 48 75 152 50 5.7 154 53 6.5 142 39 3.7 
860 12 4 55 75 152 47 6.0 155 49 6.8 143 38 3.9 
861 12 4 63 75 153 43 6.3 156 45 7.2 144 33 

' 
4.1 

862 12 4 61 75 153 44 6.3 155 46 7.1 144 34 4.0 
863 12 4 35 75 151 57 5.3 153 60 6.1 140 45 3.4 
864 12 4 82 75 156 35 7.4 158 .. 37 8.4 

.. - ---
147 

... 
25 4.8 

181005 May 14, 1999 Construr·timl Tulmology l.nlmrntorie.f, lm·. 





I 

,. ... , 

\ 


FHWA Guidelines for Instrumentation 



FHWA-SA-96-075 


U.S. Department 
of Transportation 

Federal Highway 
Administration 

Implementation Program 
on High Performance 

Concrete 

Guidelines for Instrumentation 
of Bridges 

August 1996 



Technical Report Documentation Page 
2. aovernment Accession No.1. Report No. 

FHWA-SA-96-075 

4. Title and Subtitle 

Implementation Program on High Performance Concrete 

Guidelines for Instrumentation of Bridges 

7. Author(s) 

Henry Russell 

9. Performing Organization Name and Address 

Henry G. Russell, Inc. 

Engineering Consultant 


720 Coronet Road 


Glenview, IL 60025-4457 

12. Sponsoring Agency Name and Address 

Office of Engineering 

Office of Technology Applications 

Federal Highway Administration 

400 Seventh Street, NW 


Washington, DC 20590 


15. Supplementary Notes 
Technical Contact: Terry Halkyard, HTA-20 

16. Abstract 

3. Recipient's Catalog No. 

5. Report Date 

August 1996 

6. Performing Organization Code 

8. Performing Organization Report No. 

10. Work Unit No. (TRAIS) 

11. Contract or Grant No. 

DTFH6l-94-P-O 1730 

13. Type of Report and Period Covered 
Final Report 


1994 to February 1996 


14. Sponsoring Agency Code 

This report provides an outline for the instrumentation of bridges being constructed under the Federal 

Highway Administration's (FHWA's) Strategic Highway Research Program (SHRP) implementation 

effort in High Performance Concrete (HPC). The report describes the various types of measurements 

that can be made and the appropriate types of instrumentation that should be used. A basic 

instrumentation program is described that should be implemented on all demonstration bridges. 

Optional items that may be included at the discretion of each State are also suggested. 

17. Key Words 

bridge, instrumentation, high performance concrete, 
strains, thermocouples, end slip, deflectons 

18. Distribution Statement 

No restriction. This document is available to the 
public through the National Technical Information 
Services, Springfield, VA 22161 

19. Security Classification (of this report) 20. Security Classification (of this page) 21. No. of Pages 22. Price 

unclassified unclassified 21 

Form DOT F 1700.7 {12-92) Reproduction of completed page authorized 



Guidelines for Instrumentation of Bridges 

CONTENTS 


SECTION PAGE 

BACKGROUND .•........•...••.•............•.....••..•.....••.•••......••••••........••...•••••..••.........• 


OBJECTIVE .••.•...••••••.••...••••.•••••.•..•.•..••.•...•..•••••••••..•••••••••••••••••••••.••••.•••••••••••...•.• I 


TYPES OF MEASUREMENTS .....•..............•••.••••.••••..•..•.••••.•.•...••.•••.••.•••••••...... I 


Temperatures ............................................................................................... I 

Strains .........................................................................•....•............................ 2 

Length Changes ............................................................................................... 4 

Deflections ...................................................................................................... 4 

.!;I()J)E!S •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• !) 


Prestressing Forces .......................................•.............................................. 5 

Strand End Slip ............................................................................................. 5 


DATA ACQUISITION .....•......•.......•.•...•.......••..•.••....••••.•.•.•••••••••••••..•••••.••••.•.•..• 5 


DATA INTERPRETATION .••••.•....•...•..•.........••..•.•.•••.•••.•••••••.••.••••••..••••••.•••.•.•.•. 6 


SAMPLE INSTRUMENTATION PROGRAM ................................................... 6 


Basic Instrumentation Program ..................................•...•........................... 6 

Optional Additional Instrumentation Program ..•.•.•................................. 8 


APPENDIX A-PHOTOGRAPHS OF ACTUAL INSTALLATIONS •••.•...•..•• II 


APPENDIX B-TYPES OF INSTRUMENTATION ....................................... 17 


Thermocouples .......................................................................................... 17 

Electrical Resistance Strain Gages ............................................................ 17 

Vibrating Wire Gages ................................................................................ 17 

Carlson Strain Meters ............................................................................... 18 


Mechanical Strain Gages ·········································································~· 18 

Ti ltmeters ................................................................................................... 18 

Caliper, for Strand Slip ............................................................................... 18 

Data Acquisition Systems .......................................................................... 19 


APPENDIX C-INFORMATION SOURCES ................................................. 21 


iii 



Guidelines for Instrumentation of Bridges 

BACKGROUND 

High performance concrete has been used in the building industry for many ye~. Although its 
application in highway structures has been limited, it is now receiving increased attention. As part of 
a program to further the implementation of high performance concrete, the Federal Highway Admin
istration (FHW A) is developing a showcase package. The package will include demonstrations, 
workshops, and field assistance. Several demonstration high performance concrete bridges will be 
built and the results described at the workshops. The bridges will have different types of superstruc
tures, will be built in different climatic regions, and will be examples of the practical application of 
high performance concretes. Construction of these bridges will provide opportunities to learn more 
about the placement of high performance concrete as well as the actual behavior of high performance 
concrete bridges. It is anticipated that each bridge v.i.ll be instrumented to monitor its performance 
over a period of several years. Similar instrumen-tation will be used on each structure so that perfor
mance comparisons can be made among these demonstration bridges. 

OBJECTIVE 

The objective of this report is to provide an outline for the instrumentation program of the demonstra
tion bridges. The report describes various types of measurements that can be made and the appropri
ate types of instrumentation that should be used. A basic instrumentation program is described that 
should be implemented on all demonstration bridges. Optional items that may be included at the 
discretion of each State are also suggested. The optional items are not intended to restrict the use of 
innovative ideas and States may want to try other types of instrumentation not described in this report. 

J TYPES OF MEASUREMENTS 

This section of the report describes several types of measurements for which the technology is well 
established. However, successful instrumentation depends on the abilities and skills of the individu
als doing the work. In-plant or on-site installation should not be considered a training ground for 
students or technicians. Training should be completed prior to any installation and collection ofdata. 

Temperatures 

Temperatures are measured to determine: 

• Heat ofhydration. 

• Temperature for match-cured cylinders. 

• Temperature ofquality control cylinders. 

• Temperature gradients. 

• Temperature corrections for other measurements. 

Temperatures are measured using thermocouples that can be purchased assembled or can be made 
from thermocouple wire. They are best positioned prior to concrete placement by attachment to 
either the reinforcement or a special fixture that is then tied to the reinforcement. The latter method 
is preferred when temperature gradients over a short distance such as a slab thickness are required. 



Implementation Program on High Performance Concrete 

Thermocouple wires must be carefully positioned to avoid damage during concrete placement and 
vibration. The lead wires from a group of thermocouples should be bundled together and tied to the 
reinforcement so that they exit the concrete at a single and convenient location. Whenever possible, 
the wires should be tied to the underside of reinforcement to protect the wires from falling concrete. 
Wires may also be protected by using plastic sheathing. 

When strains are measured with electrical resistance strain gages or mechanical strain gages, tem
peratures should be measured at the gage locations. When strains are measured with Carlson strain 
meters or vibrating wire gages, the gages include a built-in system for determining temperatures at 
the gage. 

Strains 

For purposes ofinstrumentation, strains can be divided into 1:\vo types-short-term and long-term. 
Short-term strains are those changes that occur over a period ofhours whereas long-term strains are 
those occurring over months or years. Short-term strains are generally caused by changes in dead 
and live loads, daily temperature cycles, or wind loading. Long-term strains are caused by seasonal 
temperature changes and creep and shrinkage in concrete structures. 

Short-Term Strains 

Short-term strains should be measured using electrical resistance strain gages. Although these gages 
can be attached directly to reinforcing steel in the field, this method requires attachment under field 
conditions and is very difficult. Consequently, the gages should be attached to separate lengths of 
reinforcement such as a 10- or 15-mrn-diameter bar about 600 mrn long. This allows the gages to be 
attached to the bars under laboratory conditions and permits proper attachment of leads and water
proofing. Waterproofmg should be done according to the manufacturer's recommendations and 
should be verified before gages are cast in concrete. The gaged bars can be tied directly to the 
reinforcement cage in the plant or at the site with minimum interruption to construction. Lead wires 
from groups of strain gages should be bundled together and tied to the reinforcement so that they exit 
the concrete at a single and convenient location. Whenever possible, the wires should be protected 
from damage from falling concrete by tieing to the underside of the reinforcement and, if necessary, 
protecting them in plastic sheathing. Electrical resistance strain gages should not be attached to 
prestressing strands, as this requires a special technique of attaching the gages along the spiral of 
individual wires and is difficult to accomplish. It is also likely thatthe gages will be damaged during 
stressing. 

Electrical resistance strain gages can be applied to hardened concrete surfac.;:s. For surfaces cast 
against steel forms, this is relatively easy provided access to the surface is possible and the weather is 
suitable. For troweled or grooved surfaces, special techniques are needed to prepare the surface 
prior to application of the gages. 

Weldable electrical resistance strain gages are available for use on steel structures and large size 
reinforcing bars. These gages are produced with leads and waterproofing attached and only require 
spot welding to the steel. With practice, they can be installed under adverse site conditions. 

Electrical resistance strain gages are available as temperature-compensated gages. These gages are 
designed so that when attached to a material with the specified coefficient of thermal expansion, the 

• 
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measured strain will not change as a result of temperature changes when length changes of the 
material are unrestrained. However, it must be remembered that the temperature compensation is 
not perfect because of the following: 

• 	 The coefficient of expansion ofthe material will not exactly match the specified coefficient of 
expansion of the gage. 

• 	 Any restraint to the free expansion or contraction ofthe material will result in an apparent strain. 

Interpretation ofmeasured strains under varying temperature conditions should consider the above 
factors. 

Long-Term Strains 

Long-term strains should be measured with gag~s d~signed specifically for this purpose. Two types 
are available for measurements inside concrete. 

• 	 Carlson strain meters. 

• 	 Vibrating wire gages. 

These two types operate on different principles. However, they are both designed to have long-term 
stability, are robust for installation on site, and are provided with leads already attached. The lead 
wires are durable and may be tied directly to the underside of reinforcement for protection. Addi
tional protection is not generally needed. The gages can be attached directly to the reinforcement 
although the vibrating wire gage may require a special mounting fixture. It is also possible to cast 
these gages in concrete blocks and then cast the blocks in the concretestructure. Use of this method 
is discouraged because of doubts about the effect of qifferential creep and shrinkage between the 
block and the concrete. 

Output from these gages is affected by temperature changes, and the output data need to be cor
rected for both temperature changes of the gage and temperature changes of the structure. In most 
cases, the temperature of the gage and structure will be the same though the coefficients of thermal 
expansion will be different. 

Long-term strain measurements are generally used to determine prestress losses. For this purpose, 
the gages are best positioned at the centroid of the prestressing force. Since strands are often draped 
or debonded in prestressed girders, the measurements are best made near midspan of the girders. If 
measurements near the ends of girders are required, the gages should be placed to avoid any effect 
on the strand transfer length. 

Long-term strains have been measured using electrical resistance strain gages. However, attachment 
of the gages requires special care and this technique is not recommended. 

Mechanical Strain Gage Measurements 

Both short-term and long-term surface strains can be measured using mechanical strain gages. In this 
method, the distance between two points on the concrete surface is compared with the length ofa 
standard invar reference bar. This approach requires the installation ofspecial points on the concrete 0 
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surface, is labor intensive;and cannot be used easily with an automated data acquisition system. It is 
particularly suitable for measurements ofstrand transfer length and as back-up for long-term strain 
measurements by other means. In some applications, the sensitivity ofthe mechanical strain gage 
measurements will not be sufficient to provide reliable data. Measurements of concrete surface 
temperatures and standard reference bar temperatures are also needed when using a mechanical 
strain gage. To maintain the accuracy of this method, frequent comparisons with the reference bar 
are needed. 

Length Changes 

Measurements of overall length changes of a bridge or portions of a bridge can be comparedwith 
calculated length changes from creep and shrinkage or seasonal temperature changes. Length 
change measurements require a reference rod with a very low coefficient of thermal expansion. The 
rod must be fixed to the bridge at one end and relative movement between the rod and the bridge 
measured at the other end with a dial gage, linear potentiometer, or linear variable differential trans
former. Care must be taken to ensure that the rod is protected from damage or changes in alignment. 
When electrical transducers are used to measure length changes, they must be electrically stable over 
the duration and temperature range of the observation period. 

Deflections 

No simple automated method exists for measuring vertical deflections oflong-span girders. How
ever, two simple manual methods are available. The first method involves the use of precise survey
ing equipment to measure the deflection at various points along the span relative to the ends of the 
girder. Reference pins can be located in the tops of girders for this purpose. The reference pins 
need to be relocated to the top of the slab when the deck is placed. 

In the second method, a taut wire is stretched between two reference locations at the ends of a girder 
and the relative movement measured at locations along the span. The reference locations may be 
two bolts fixed rigidly to the sides of the girder, and the taut wire may be removed when not in use. 
However, it is important that the same tension be applied to the wire each time by using a pulley and 
weights at one end. A fixed reference, such as a scale on the side of the girder, is needed at each 
measurement location. Parallax errors can be eliminated by mounting a mirror adjacent to the scale. 
On box girders with easy access to the inside, deflections relative to the wire can be measured on the 
underside of the top slab inside the box. Non-corroding steel-plates can be attached to the slab and 
measurements made with a digital sliding ruler on a magnetic base. 

In some situations, a combination of the taut wire and surveying methods may be needed, depending 
on plant and site conditions and the construction timing. 

Vertical deflections can be measured with electrical transducers such as potentiometers and linear 
variable differential transformers. This method requires a stable accessible reference location for 
each measurement and, for most bridges, is not practical. 

When monitoring deflections, it is important to remember that temperature gradients can have a large 
effect on camber changes. Ideally, all deflection measurements should be taken just before sunrise 
when the temperature gradient is a minimum. 

•. 
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Slopes 

Changes in slope can be measured with tiltmeters. Both uniaxial and biaxial tiltmeters are available. 
· Biaxial tiltmeters measure rotations in two orthogonal directions. Tiltmeters can be mounted on 
either vertical or horizontal surfaces and can be read manually or with an automated data acquisition 
system. They may be used for both short-term and long-term measurements. 

Prestressing Forces 

The most accurate method to determine prestressing forces prior to transfer is with load cells. Load 
cells can be positioned on strand at either the dead end or jacking end in the prestressing bed. Al
though calibrated hydraulic jacks are used to stress strands, they only provide the force before their 
release. For pretensioned members, load cells provide the force after release of the jack, during 
curing, and immediately prior to detensioning of the strand. 

Load cells may also be used on the ends ofunbonded post-tensioning tendons and stay cables to 

measure the changes of force with time. In this application, a means to verify the "zero" reading of 

the load cell is needed. This is generally done using a lift-off procedure where the force in the load 

cell is removed by pulling on the end of the tendons and reacting directly against the concrete mem

ber. The load cell "zero" reading is verified when all the load is carried by the jack. Load cells are 

available as stock items from several manufacturers or can be custom built. 


Strand End Slip 

Slip of strand at the ends of girders can be measured using a technique developed by FHWA 
andillustrated in appendix A. A small channel-shaped fixture is attached to a strand at the end of the 
member. Holes in the legs of the fixture accept a digital depth gage or caliper which measures the 
distance from the outer leg of the fixture to the concrete surface. An initial measurement must be 
made prior to detensioning. Subsequent changes in the distance correspond to strand slip. Strand slip 
can be measured at detensioning, during the subsequent life of the girder, and during load tests. If it 
is necessary to cut the strand flush with the end of the girder, subsequent slip can be determined by 
measuring the relative movement between the end of strand and the end of the girder using a depth 
gage. 

DATA ACQUISITION 

Output from the sensing elements described in the previous sections can generally be measured 
using manual-read-out boxes or automated data-acquisition systems (ADAS). The two exceptions are 
deflections and mechanical strain gages, which can only be measured manually. 

For instrumentation ofprecast girders, it is recommended that measurements prior to erection of the 
girders be measured manually. An ADAS may be necessary to facilitate frequent temperature 
measurements during the curing process. After erection, measurements may be taken manually or 
with an ADAS depending on the frequency of measurements. An ADAS requires an investment in 
equipment and installation time but greatly facilitates data acquisition particularly where a lot of 
readings are required in a short time. Data reduction is also a lot easier and more timely. Manual 
readings are labor intensive to obtain and still require input into a computer for data reduction and 
analysis. 
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For instrumentation ofcast-in-place construction, the measurements may be taken manually or with 
an ADAS. For cast-in-place·consi:ruction, installation ofan ADAS is much easier and the sensing 
elements can be connected to the ADAS prior to concrete placement. Manual readout boxes will 1". 
still be necessary in case the ADAS cannot be connected in time or in the event of failure of the 
ADAS. It should be noted that, with instrumentation during construction, there is no opportunity to 
put the experiment "on-hold" while the instrumentation is fixed. It is, therefore, essential to have a 
back-up plan particularly as it relates to obtaining "initialreadings." 

DATA INTERPRETATION "' 

Installation ofsensing elements and data acquisition is only the start ofmonitoring field performance. 
Interpretation of data is equally important. Measurements of strains must be corrected for the coeffi
cient of thermal expansion of the gages and the concrete if measurement of long-term strains is the 
objective. This requires a determination of the coefficient of thermal expansion of the concrete and, 
in some cases, the coefficient of thermal expansion of the gage. Determination of stresses from 
short-term strains requires a determination of the modulus of elasticity of the concrete or steel. De
termination ofstresses from long-term strains is considerably more complex and requires information 
about creep and shrinkage of the concrete. The determination of creep properties requires special 
loading equipment. 

Consequently, accurate interpretation of the measured data requires information about the coeffi
cients of thermal expansion of the gages and concrete, moduli of elasticity of concrete and steel, and 
creep and shrinkage of concrete. These data can be calculated or may be available from previous 
projects. However, it is recommended that the properties be determined from measurements on the 
actual concretes used in the instrumented portions of the structure. This requires the manufacturing • 
of separate test specimens-usually 150- by 300-mm cylinders. These specimens should be cured and · 
stored as long as practical with the actual structure prior to test. 

SAMPLE INSTRUMENTATION PROGRAM 

Many variations of instrumentation programs are possible depending on the specific interest of 
individual States. However, it is recommended that all States implement the basic program described 
in the next section. This will provide a basis for comparison between bridges in the different States. 
An optional program is also provided for States that wish to obtain additional information. It should 
be noted that the incremental costs for some parts of the optional program will be small compared to 
the extra information obtained. 

Basic Instrumentation Program 

The basic program consists of measurements of temperatures, long-term strains, and long-term deflec
tions. 

Temperatures 

Temperature measurements are required to determine: 

• Effects of heat of hydration on the properties of high performance concretes. • 
6 
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• Temperature gradients for supetstructures at different locations in the United States. 

• Number of freeze-thaw cycles experienced by the bridges at each location. 

• Temperature correction for other measurements. 

Measurements of temperature to determine the effects of the heat of hydration, must be made during 
the concrete curing period. Measurements of temperature gradients are only needed for the com
pleted bridge. However, one set of thermocouples can be used for both measurements. 

For measurements of thermal gradients, thermocouples should be placed along the vertical center 
line of the girder at the following depths: 

Top surface of the deck . • 

1 00 mm below top surface of the deck . • 

• 200 mm below top surface of the deck if deck is greater than 200 mm thick. 

Bottom surface ofthe deck.• 

• Approximate location ofcenter of gravity o!the top flange of the girder. 

• Mid-depth of the girder . 

• Approximate location ofcenter ofgravity of the bottom flange of the girder. 

• Bottom surface ofgirder. 

• Outside girder for measurement of air shade temperature. 

At least three girders of each structure should be instrumented. The instrumentation should be placed 
near midspan in each girder. For measurements of heat ofhydration, additionalthermocouples at the 
same depths but near the concrete surface may be included to determine transverse thermal gradi
ents. Thermocouples should be placed near each end of the girders to measure the variation of 
temperature along the girders. Temperatures of match-cured cylinders and quality control cylinders 
cured in the prestressing bed should also be measured. 

Data acquisition for heat ofhydration requires that measurements must begin as soon as the concrete 
is placed and continue until the concrete temperatures fall to near ambient. Temperatures should be 
recorded at 30-minute intervals during the first 24 hours to ensure measurement of the maximum 
temperature. Data acquisition for temperature gradients need not begin until the bridge is complete 
and need only be made in summer and winter. Temperature readings at hourly intervals will provide 
sufficient information. Data acquisition for freeze-thaw cycles need only be made from late fall to 
early spring depending on geographic location. Temperature readings at 30-minute intervals should 
provide sufficient information. 
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Long-Term Strains 

Long-term strains are required to determine prestress losses from elastic shortening, creep and 
shrinkage. Gages should be placed at the center ofgravity of the prestressing force close to midspan 
and parallel to the strand. At least three gages should be provided in at least three girders. llte three 
gages in each girder may be spaced longitudinally along the center line or transversely at one longitu
dinal section. The use of three gages provides some redundancy in case a gage is damaged and 
provides an indication ofscatter in the data. 

Measurements of long-term strains should begin as soon as the concrete is placed, although readings 
in fresh concrete may not be appropriate for the "initial readings" for data reduction. Initial readings 
should be taken before and after every significant event that affects the stress in the girder (such as 
before and after detensioning). After completion of the structure, it may only be necessary to obtain 
data every few months. Sufficient readings should be obtained so that trends in the data are clearly 
discernable. Readings should continue for the duration of the project. 

Deflections 

Measurements of deflection are necessary to determine changes of camber with time. Since high 
performance concrete is likely to be used in longer span bridges, absolute camber will be greater 
than in shorter span structures. However, changes in camber may not be as significant due to the 
higher modulus of elasticity and lower creep properties of the high performance concrete. At least 
three girders in every structure should be monitored although measurements on more girders are 
desirable. Mid-span deflection relative to the ends of the girder is the minimum amount ofinforma
tion needed. Measurements of deflection must begin prior to detensioning and be obtained before 
and after every significant event that affects the girder. Frequency ofreadings after completion of 
the structure should be selected so that trends in the data are clearly discemable. Readings should 
continue for the duration of the project. 

Since changes in temperature gradients and live loads influence measured deflections, it is important 
to eliminate or minimize their effects. The effect of temperature gradients can be minimized by 
taking readings early in the morning just before sunrise. Temperature gradients should be measured 
at the same time, and, if necessary, a correction can be made for the temperature induced deflections. 
Live load effects can be eliminated or minimized by closing the bridge to traffic, ifpractical, or taking 
readings when the traffic volume is light. Failure to minimize the~e extraneous effects will increase 
scatter in the data. 

Optional Additional Instrumentation Program 

The basic program described above included the instrumentation of three girders to measure tem
peratures, long-term strains, and deflections. This program can be extended as described in Option 
No 1. Option No 2 describes additional types of measurements that can be made to supplement the 
basic program. Option No 3 discusses instrumentation for use with live load tests. 

Option No I - Extension of Basic Instrumentation Program 

Additional girders and additional cross sections of the same girder can be instrumented to measure 
temperatures, long-term strains, and deflections. Additional thermocouples can beplaced to measure 

• 


• 


• 
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the variations of concrete temperatures along individual girders and along the prestressing bed during 
curing. Since previous research has shown that temperature gradients in completed bridges do not 
vary much along the length of a bridge, a smaller array of thermocouples can be located at the ends 
and quarter points of the girders at the follm.ving depths: 

• Approximate location ofcenter ofgravity of the top flange of the girder. 

• Mid-depth of the girder. 

• Approximate location of center ofgravity of the bottom flange of the girder. 

Temperature gradients in the deck can be measured at locations midway between girders. Due to 
the exposed underside of the deck, gradients at these locations will be different from those at loca
tions directly above girders. 

Strains can be measured at the quarter or third points of girder. The vertical distribution oflongitudi
nal strain can also be measured to verify a linear strain gradient. 

Deflection profiles along individual girders can be determined from measurements at 8 to 10 loca
tions. 

Option No 2 - Additional Types of Measurements 

End slip of prestressing strands can be measured using the technique described previously. If fea
sible, the slip of all strands at both ends of three girders should be measured. For girders with a large 
number of strands, at least 20 strands should be instrumented. Access to the ends of girders will be 
needed prior to detensioning. 

Strand transfer lengths at the ends of girders can be determined from the variation of strains along the 
length of girders. These strains are generally measured with a mechanical strain gage. Access to the 
outside faces of the girders is needed prior to detensioning for installation of strain gage points and 
initial readings. The alignment of strain gage points must be parallel to the prestressing strand. 
Special techniques are needed to ensure rapid installation of strain gage points. 

Longitudinal slopes at the ends of simply supported girders can be measured for comparison with 
calculated values. Longitudinal slopes of continuous girders can be measured at the section of 
maximum rotation. It is recommended that not more than three girders be instrumented in this man
ner. The instrumentation may be installed prior to detensioning or after the girders are erected. 

For precise measurement of prestressing force prior to release, several prestressing strands at the end 
of the prestressing bed can be instrumented with load cells. It is recommended that at least three 
strands be instrumented at one end of the bed. As a minimum, readings should be taken before and 
after stressing every strand and before and after detensioning every strand. Readings at other times 
will indicate how the forces vary during concrete placement and curing. 

Measurements oflength changes are appropriate for long bridges 'Without joints. However, little 
benefit will be obtained by measuring length changes of individual girders because of the complica
tions of installing the reference rod. 
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In addition to the well established and proven types of instrumentation, States should consider includ

ing instrumentation that might be considered "experimental" in nature. For example, the use of fiber 

optic sensors has been identified as a new technique for instrumentation ofcivil engineering struc- ,,. 

tures. The technique may offer several advantages over conventional type sensors and has the 

potential for establishment of"smart" structures. Lasers might also be used for measurement of 

deflections. · 


Option No 3 - Instrumentation for Live Load Tests 

Many of the design provisions in the AASHTO Standard Specifications for Highway Bridges are 
based on knowledge and experience with normal concretes. With the introduction ofhigh perfor
mance concrete, the applicability of these provisions needs to be reassessed. Items that can be 
investigated with live load tests include impact factors, lateral load distribution, shear lag, and vertical 
deflections. 

Since a live load test is essentially designed to investigate a bridge response under short.termloading, 
instrumentation should be selected that will respond accordingly. In addition, strains from live loads 
are likely to be relatively small (less than 100 microstrain) and the instrumentation must have the 
required sensitivity. 

For static load tests, manual reading ofdata is possible provided all instrumentation can be read in a 
time that is short enough to eliminate strain changes caused by temperature changes and creep. For 
dynamic load tests, a data acquisition system with a very short scanning time is required. 

Depending on the objectives of the live load test, some of the instrumentation described under the ···,··· 
Basic Instrumentation Program will be appropriate. However, it is likely that additional instrumenta
tion in the form of strain gages will be needed. As discussed previously, it is recommended that the 
majority of short-term strains be measured with electrical resistance gages attached to reinforcing bars 
cast in the concrete. Surface mounted strain gages can also be used to measure live load response 
and may be necessary to achieve certain objectives. The number and layout of gages will be depen
dent on the objectives of the load test. SpeCific types of gages for these measurements are given in 
Appendix B. 

• 
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- APPENDIXA 
PHOTOGRAPHS OF ACTUAL INSTALLATIONS 

Figure 1. Vibrating wire strain gages prior to installation. 

Figure 2. Carlson Strain l'.1eter. 

The gage is located in the bottom flange of a prestressed concrete girder. 
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Figure 3. Electrical resistance strain gage on reinforcement. 
The gage is attached to a short length of steel reinforcement 

and located in the web of a prestressed concrete girder. 

• 

Figure 4. Electrical resistance strain gage and Carlson Strain Meter. 
Both gages are located in the deck slab abo~·e a prt!stressed concrete girder. 

• 
12 



Figure 5. Weldable electrical resistance gages on a steel girder. 

The gages are located on the top flange between the studs. 


Figure 6. Electrical resistance strain gage on concrete surface. 

Special preparation on the surface was needed prior to application of tlze gage. 
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Figure 7. Surface strains. 

A Whittemore mechanical strain gage is being used to measure 


transfer length in a prestressed concrete girder. 


• 

Figure 8. Deflection measurement relative to a taut wire. 

• 
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GIRDER i
\ 

Figure 9. End slip instrumentation. 

Figure 10. Measurement of strand end slip using a caliper. 

·.~ 
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Figure 11. Tiltmeters. 
The meters are arranged to measure changes in slope in two orthogonal directions. 

• 

• 
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APPENDIX 8- TYPES OF INSTRUMENTATION 

This appendix identifies specific sensors that can be used for bridge instrumentation. Although 
alternatives are available from different suppliers, the listed sensors have been used in the past and 
have worked successfully. The use of these sensors should be verified with the manufacturer to 
ensure that they are appropriate for the specific applications. 

Thermocouples 

• 	 Copper-Constantan Type T (Minimum temperature range ( -50° F to +250° F) 

Electrical Resistance Strain Gages 

For reinforcing bars: 

• 	 Designation CEA- 06 - 250UW- 350 

• 	 Designation CEA- 06- 250UW- 120 

• 	 Designation EA- 06- 250AE- 350 

The CEA series features large, rugged copper-coated tabs for ease in soldering leadwires 
directly to the gage. The above three designations indicate a gage length of 0.25 in. (6.4 mm), 
self temperature compensation of 6.0 ppm /°F and a resistance of either 350 or 120 ohms. The 

(("" gages are available from Measurements Group, Inc. 

For concrete surfaces: 

• 	 Designation EA- 05- 20CBW- 120 

• 	 Designation EA- 06- 20CBW- 120 

• 	 Designation EA- 05- 40CBY- 120 

• 	 Designation EA- 06- 40CBY- 120 

The above gages are self temperature compensated for either 5.0 or 6.0 ppm 1°F and have a gage 
length of either 2 or 4 in. (51 or 102 mm). The gages are available from Measurements Group, 
Inc. 

For structural steel: 

• 	 TMLAWC-8B 


This weldable gage is available from Texas Measurements, Inc. 


Vibrating Wire Gages 

• 	 Model VCE- 4200 with a 6-in (152-mm) gage length. c 
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• Model VCE - 4210 with a 1 0-in (254-mm) gage length. 

The Model VCE - 4210 is more rugged to resist bending. Both gages are available from 

Geokon, Incorporated. 
 •• 	 Model EM-5 with a 168 mm gage length. 

The gage is available from Roctest, Inc. 

Carlson Strain Meters 

• 	 Model No. A8 with a gage length of 8 in. (203 mm). 

• 	 Model No. AIO with a gage length of 10 in. (254 mm). 

The A8 and A10 models have resolutions of3.6 and 2.9 x 10 6 respectively. Both meters are 

available from Carlson/R. S. T. Instruments, Inc. 


Mechanical Strain Gages 

• 	 Demec mechanical strain gage with a gage length of 8 in. (203 mm). 

The gage is available from Mayes Instruments Limited. 

• 	 Model No. C 6981 (English) or C 6991 (Metric) plus accessories and spare parts. 

The gage is available from Hogentogler & Co., Inc. •
• 	 Model No. H-3230 (English) or H-3231 (Metric) plus replacement parts. 

The gage is available from Humboldt Mfg. Co. 

• 	 Model No. CT-171 (English) or CT-171M (Metric) plus accessories and replacement parts. 

The gage is available from ELE International, Soiltest Products Division. 

• 	 Whittemore mechanical strain gage with a gage length of 10 in. (254 mm). 

Although this gage is no longer produced, it is available at several testing facilities. 

Tiltmeters 

Model 800 • 

This uniaxial tiltmeter has a resolution of 0.0001 degrees and an angular range of± 0.5 degrees. 

The model is available from Applied Geomechanics, Incorporated. 


Caliper for Strand Slip 

• 	 Digit-Cal plus Model No. 599-571-3 
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The caliper is manufactured by Brown & Sharpe and is available from McMaster-Carr Supply 
Company . 

.~ Data Acquisition Systems 

Data acquisition systems need to be selected based on the types and quantity of sensors. Manual 
readout boxes are generally available from the sensor suppliers. Automated data acquisition systems 
are available from a variety ofsuppliers including Geokon, Incorporated; Campbell Scientific; Mea
surements Group; Roctest, Inc; and Texas Measurements, Inc. 

~( .· .J 
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APPENDIX C -INFORMATION SOURCES 
.,
' ' Applied Geomechanics, Incorporated Humboldt Mfg. Co. 
~-- 1336 Brommer Street 7300 W. Agatite Ave. 

Santa Cruz, CA 95062 }Jorridge,IL 60656 
Tel: (408)462-2801 Tel: (800) 544-7220 
Fax:(408)462-4418 Fax: (708) 456-0137 

Mayes Instruments Limited Brown & Sharpe 
V ansittart Estate 1701 Howard Street, Suite F 

Arthur Road 
Elk Grove Village, IL 60007-2447 
\Vindsor, Berkshire SL4 1 SD Tel: (847) 593-5950 

UK
Fax:(847)593-6619 
Tel: 011-44-1753-620237 
Fax: 011-44-1753-832430 Campbell Scientific, Inc. 

815 W 1800 N. 
McMaster-Carr Supply Company Logan, UT 84321-1784 
P. 0. Box 4355 Tel: (801) 753-2342 
Chicago, IL 60680-4355 Fax: (801) 752-3268 
Tel: (708) 833-0300 
Fax: (708) 834-9427 Carlton!R. S. T. Instruments, Inc. 

241 Lynch Road 
Measurements Group, Inc. Yakima, W A 98908 


. P. 0. Box 27777 
.., Tel: (509) 966-1254 
Raleigh, NC 27611 Fax: (509) 965-0857 
Tel: (919) 365-3800 
Fax: (919) 365-3945 ELE International, Inc. 

Soiltest Products Division 
Roctest, Inc. P. 0. Box 8004 
94 Industrial Blvd., Lake Bluff, IL 60044-8004 
Plattsburgh, NY 12901-2016 Tel: (800) 323-1242 
Tel: (518) 561-3300 Fax: (847) 295-9414 
Fax: (518) 561-1192 

Geokon, Incorporated 
Texas Measurements, Inc. 48 Spencer Street 
P. 0. Box 2618 Lebanon, NH 03766 
College Station, TX 77841 Tel: (603)448-1562 
Tel: (409) 764-0442 Fax: (603)448-3216 
Fax: (409) 696-2390 

Hogentogler & Co., Inc. 
P. 0. Box 2219 

Columbia, MD 21045 

Tel: (800) 638-8582 
, Fax: (410) 381-2398 
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T-V-LIN INTERNATIONAL I ClOdHILL 
A JOINT VENTURE 

To: Steve Thoman/CH2M HILUSac 

From: Scott Hunter 

Date: December 14, 1999 

Subject: Instrumentation of the new Benicia Martinez Bridge, Bridge No. 28-0153R EA 04-6031 

Cc: Mirek OlmerffYLIISF, Sajid AbbasffYLIISF 

TECHNICAL MEMORANDUM 

The State has requested that the joint venture develop plans, specifications and a cost estimate to 
instrument the new Benicia-Martinez Bridge for health monitoring. This memo outlines the tasks 
including defining goals; types of information sought and the instrumentation required; locations of 
instruments; supplementary data collection; data collection, and evaluation of the instrumentation; and a 
program schedule and team. It is to be used with the memo on the cost estimate dated Dec.14, 1999, the 
Instrumentation Specifications dated Dec.l4,1999 and the 100% plans sheet "Health Monitoring System, 
Shipping Channel Spans" 

GOALS 

Ongoing monitoring and instrumentation of the new Benicia-Martinez Bridge is useful both in 
understanding and assessing the condition of the bridge throughout its life and in evaluating the unique 
features of this bridge for future bridge designs in California and elsewhere. 

While the safety of the bridge under quasi-static loading is well established by the design methods, the 
service performance over time and the details of the response of the structure to seismic forces are less 
precisely known. It is the joint venture's understanding that CAL TRANS is designing a seismic 
monitoring system for the bridge. Therefore seismic monitoring is not included in this technical 
memorandum. This program concentrates on the service performance over time. Unusual features of the 
bridge include: Main spans of 200 meters, superstructure of lightweight concrete, near midspan hinges 
between frames that carry moment and shear, large single cell box design for concrete box girder, and 
ribs supporting wide deck overhangs. 

Accordingly the goals of the health monitoring instrumentation study are: 

1. 	 Monitor and assess bridge deflections and rotations and concrete strains of the main span 
superstructure over time. Assessment is made by calibrating and modifying the design computer 
model for the bridge for the actual material properties. temperature distribution. tendon forces. 
deflections, strains and environmental conditions. This "best fit model" is then studied to understand 
how creep, shrinkage and consequent moment redistribution have affected the bridge response. This 

1 of 8 



T¥LININTERNATIONAL I ClfMHILL 
A JOINT VENTURE 

understanding is used to make the best possible rational assessment of the present condition and to 
forecast the future condition of the bridge. 

2. 	 Monitor and assess condition of the post-tensioning in the bridge over its service life. This is 
accomplished by monitoring the relaxation of representative tendons and possibly by the installation 
of sensors to "listen" for wire breaks in the post-tensioning. 

3. 	 Monitor and assess temperature distribution and history of different bridge elements both during 
construction and during service. For bridges of this type, temperature gradient loading is a 
significant and often a governing load. Because the dimensions of the subject box girder are outside 
the range of most of the bridges where data has been collected it is advisable to collect temperature 
data for this bridge. 

4. 	 Collect supplementary information as necessary for the above assessments i.e. concrete material 
data, ambient temperature and relative humidity in and around the box girder. 

INSTRUMENTATION AND DATA COLLECTION 

Deflections and Rotations 

While optical survey can be used to record deflection history, we would recommend the use of a base
line system consisting of a piano wire strung at constant tension from pier to pier for recording 
deflections. This system, which has been used successfully on several projects, offers the following 
benefits: 

It is simple to set up and read and can be used by personnel untrained in surveying such as 
university students. 

Since it is setup inside the bridge, the personnel are safe from traffic. 

It can be read at any time e.g. before dawn when traffic vibration is minimal. Using optical 
survey equipment on the bridge deck would be difficult and hazardous at this time. It is 
important to obtain the deflections simultaneously with other data for correlation. 

It is possible to read the piano wire electronically by installing displacement transducers at 
intervals along the span. This greatly simplifies and reduces costs for data collection. 

We would also recommend installing tiltmeters and extensometers at pier tables. Tiltmeters are reliable 
and highly accurate spirit levels that are monitored electrically to determine rotations at a point. The 
tiltrneter results give the rotations at the top of pier due to both girder moments and bending and 
deflection in the column. Our experience in a study of the Parrotts Ferry Bridge was that tiltmeters offer 
accurate reliable information quickly and can be read electronically. The tiltrneters, the piano wire 
deflection measurements and any survey results are used to compare with the analytic model results in 
the effort to assess the long term deflections. 
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Extensometers are displacement transducers that record the change in length of the span relative to an 
unstressed graphite rod placed in the cell of the box girder. The change in length of the span after the 
initial construction is the sum of the shrinkage, creep, relaxation moment redistribution and temperature 
effects over the time period studied. It is an important first check on the analytical modeling. 

For the substructure, we recommend incorporating 3 permanent benchmarks into every footing top 
surface. Records should be kept at regular intervals to allow assessment of horizontal and vertical 
movements and rotations of the footings over time as well as before and after seismic events. 

Strains 

Long term concrete strains can be measured reliably by use of vibrating wire strain gauges. The strain 
gauge would be placed in the concrete at the time of casting with wires leading to a data collector for 
periodic downloading. Because the strain in the gauge is measured by monitoring changes in frequency 
of the wire element they are not sensitive to the length of the recording wires or connection quality or 
other sources of resistance. Locations within the section for the strain gauges and other instruments can 
be seen in figure 2. In the past, vibrating wire gauges have been backed up by Demec strain gauges at 
the surface of the concrete. Our perception at this time is that the vibrating wire gauges are sufficiently 
reliable and that money is better spent on providing some redundancy in the vibrating wire gauges. 

Alternative means of measuring concrete strains include Carlson strain meters, fiber optics and resistance 
strain gauges attached to rebar. Carlson strain meters are significantly more costly than the vibrating 
wire gauges. Fiber optics are still a research tool at this time and resistance strain gauges attached to 
rebar are more appropriate to short term laboratory experiments. They have problems with calibration, 
zeroing the gauge and the fundamental problem that, over time, the rebar strain diverges from the 
surrounding concrete due to creep and shrinkage. 

Forces 

Load cells will be used to monitor forces over time of two selected span tendons and at the hinge 
bearings for both beams of span 8. Load cells for the tendons will have a doughnut shape and be inserted 
around the strand between the anchor plate containing the wedges and the concrete build out that it bears 
on. Load cells at hinge bearings must be incorporated in the bearing between the bearing surface and the 
support area in the web of the box girder. 

Tendon forces are used in determining the actual tendon relaxation and actual tendon force over time. 
The load cells at the hinge bearings are used to directly measure the moment redistribution at the hinge 
over time due to creep and shrinkage. 

Temperature 

Temperature data is of interest on three accounts: 
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1. 	 Temperatures are needed to correctly interpret deflections and strain data. The temperature 
information needed includes the temperature gradient information in item 3. The gradient 
temperature strains must be known and backed out correctly in order to accurately determine 
what strains are due to elastic forces, creep, and shrinkage. If the temperature gradient is not 
known accurately, the strain measures must be made when the temperature gradient effects 
are negligible. Sufficient temperature information must be available to assess when the 
gradient is minimal. 

2. 	 During construction, thick elements subject to strains due to differential temperature, can be 
monitored to determine the actual temperature distribution. This is important for bridge 
elements are sensitive to mass concrete temperature effects. For this bridge, these elements 
include: Pier tables, girder soffit slabs, piers and footings. 

3. 	 In service the actual temperature gradient over the depth of the box girder can monitored. 
The temperature gradient is of particular interest since group IV loadings usually control 
design of some aspects for long span concrete box girders. While there have been a number 
of studies of temperature gradients in box girders, this bridge is wider, deeper, and has 
thicker elements than the bridges in the completed studies. Moreover, the box girder is 
composed of lightweight concrete composed in part of lightweight aggregate which may 
affect the temperature gradient. 

Condition of Post-tensioning tendons. 

Recently it has become possible to continuously acoustically monitor post-tensioned concrete structures 
in order to detect and locate wires breaks in bonded and unbonded post-tensioning tendons. Detection is 
accomplished by filtering and analysing the ambient vibration of the structure. The wire break event has 
a distinctive signature and the method has achieved excellent results in full scale tests and on a grouted 
post-tensioned bridge in service. The sensors for this technology are externally mounted. 

In between the cases of not monitoring (and not knowing) the condition of the post-tensioning and the 
case of deploying a comprehensive network of monitors over all the bridge elements which contain post
tensioning lies the possibility of monitoring selected areas for significant periods of time. The areas 
would be selected based on concern due to relative exposure (the deck is usually more susceptible to 
corrosion than the webs or bottom slab for a box girder, the areas near joints are also more susceptible) 
or by being representative of typical conditions. Towards the end of the service life of the bridge more 
comprehensive monitoring could be installed when the limited monitoring, structure age or visual 
inspection makes the condition of the structure a matter of concern. 

We do not expect that there will be breaking wires in the post-tensioning during the initial part of the 
service life of the new Benicia-Martinez bridge. Given this condition, the acoustic sensing information 
would still be useful in establishing a record of the bridge in its healthy state. However, this 
instrumentation is not integral to the evaluation of the strain and deflection data described above. 
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Corrosion 

This bridge is constructed with large diameter steel cased piles filled with concrete supporting a concrete 
footing reinforced with mild steel and post-tensioning. For steel and reinforced concrete exposed to salt 
water corrosion is a serious issue. Sensors are available which measure the electric potential at the 
surface of the steel. This can be interpreted to determine the likelihood of corrosion. This method is 
useful even when the rebar is epoxy -coated. It indicates the potential for corrosion if there are nicks or 
gaps in the epoxy coating. 

Supplementary Data 

Concrete Material Data 
Our experience is that there can be significant differences between the lab mix material properties and 
the properties of the concrete placed in the bridge. In order to correctly assess the time dependent 
response of the bridge and to "back out" the strains due to the different phenomena, cylinders need to be 
taken from the concrete placed in the bridge and tested for strength, elastic modulus, temperature 
coefficient, creep and shrinkage under standard lab conditions. 

The contractor is also required to conduct various property tests on the lightweight concrete placed in the 
box girder as part of the verification and quality control for the job. We examined the tests required for 
verification to see if there was overlap and duplication. Eliminating duplication would result in cost 
savings. However we found that: 

1. 	 The strength and Young's modulus tests as per ASTM469 are called for by both series. For 

verification only Ec at 3 days is required. For the instrumentation program Ec is tested at 3, 

7,28,56,91 and 180 days. 


2. 	 Creep and shrinkage tests are called for by both series. The verification tests only require creep for 
loading at 28 days, the instrumentation program requires loading at 3, 28 and 180 days. 

It is reasonable that the tests are treated differently, after all, they have different purposes. Other 
considerations are: 

• 	 It is important that all the data for any one property be taken from the same source. It is preferable 
that all the material property data for the program be taken from one source. This eliminates 
extraneous differences in interpretation and lab conditions. It offers the best conditions for obtaining 
reliable data. 

• 	 It is logistically cleaner and simpler to keep the programs separate. 

• 	 The most likely candidate for combination, strength andYoung' s modulus testing are also the least 
costly. 
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In our view, the best use of the job site field mix data is for concrete weight and for a cross check on 
concrete strength, stiffness and variability. 

It may also be desirable to conduct creep and shrinkage tests under field conditions by placing creep 
frames in the cell of the box girder. We are currently reviewing this item. 

Ambient Temperature and Relative Humidity 
In order to assess the deflection, concrete strains and in situ temperature, data ambient temperature data 
is needed. In order to assess how the actual creep and shrinkage compares to a constitutive model ( e.g. 
the model used in design or a new proposed model) the relative humidity history is needed. 

Data Collection 

Data from the instruments is collected on site in data loggers within the bridge. Two dataloggers may be 
necessary given the construction sequence and the locations of the sensors. One type of data acquisition 
system has all the sensors at a section being routed to a multiplexer (automatic switch box) then a single 
cable runs from the multiplexer to the datalogger. Power for the system may be supplied from house 
current or solar panels. It is possible and cost effective to set up the instrumentation system for remote 
download and instructions via phone lines and modems. A hard wired phone line is recommended over a 
cell phone for long term reliability. Data processing can be automated and reports generated 
automatically. If a database is used, queries and specialty reports are easily generated. Continuous 
access to the health monitoring results can be made available via the internet. 

PROGRAM 

Our experience is that an instrumentation project is well served by using a team consisting of the bridge 
designer, an engineering lab experienced in instrumentation, and a local university. For this project, local 
universities that might participate include UC Berkeley or UC Davis. However, in this case, 
CALTRANS is not only the client but actively conducts investigations on many aspects of bridge design, 
construction and performance. Therefore we assume that CAL TRANS will be taking an active role in all 
phases of the health monitoring instrumentation, particularly data collection and evaluation. 

Program Planning 

This memorandum represents a milestone in the task of planning the instrumentation project. 
CAL TRANS reviewed the first draft of this technical memorandum and a first draft of the specifications 
for the instrumentation. They asked for background information on our instrumentation work in Hawaii, 
and a fuller description of the goals and usefulness of the different elements of the instrumentation 
program. This memorandum is part of our response to those requests. CAL TRANS made it clear that 
they want to have the contractor responsible for the installation and the initial monitoring of the 
instrumentation during construction. The functioning system will then be handed over to CAL TRANS 
and further monitoring and evaluation will be paid for as part of maintenance. They also indicated that 
they are open to the participation of a local university at this stage. The next step should be a review by 
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CAL TRANS of the current memo, estimate and specifications and a meeting to discuss precise goals and 
scope for the instrumentation, a budget and the program for carrying out the study. The program which 
follows from the current thinking is described below. 

Installation 

The general contractor is responsible for the installation and initial monitoring (during construction) of 
the instrumentation. The specifications require that an experienced engineering laboratory be retained 
for the detailed design and installation of the system. Three competent companies are given in 
Appendix A to this memorandum. A modified version of this memorandum including the short list of 
recommended contractors can be given to the bidding general contractors to aid in their understanding 
the task and in selecting an appropriate subcontractor for it. A kickoff meeting specifically for the 
instrumentation can be used to establish communication and familiarity between the installer and 
CAL TRANS and the other members of the instrumentation team. The University team should be on 
board by this time and the construction schedule should be in shape to allow tentative dates to be set for 
different installation tasks. Shop drawing review will be coordinated with the designer. The remaining 
details of the sensors, cabling and ADAS system will be reviewed and determined before installation 
begins. Field inspection by the designer will be required for all installations but especially those with 
instruments placed in the concrete. The university team should be present for some of the installation in 
order to be familiar with the details and nature of the sensors and the system producing the data. The 
engineering lab and the CALTRANS/university team should meet with the bridge designer to determine 
the monitoring schedule. 

The instrumentation installation team should meet with the resident engineer and contractor to determine 
the installation schedule and clarify details of the installation. During the installation, close coordination 
with the resident engineer and the contractor are vital. 

Different checks are performed on the data beginning immediately after casting of the concrete in order 
to assure that the instruments are functioning correctly and that baseline data is collected in order to 
correctly evaluate the long term strains. 

Data Collection 

We would recommend getting the data from both the bridge site and the material property tests into a 
database with minimum prior handling. Then the programming features of the database (e.g. Microsoft 
Access) can be used to manipulate, filter, search, summarize and extract statistics from the data. A single 
location must be determined for the data with access for all team members. The university team or 
CAL TRANS can take the lead on data collection, reduction, documentation of all aspects of the 
instrumentation and dissemination of-the results over the 5 to 20 years of the project life. The university 
is geared to research and publishing. The best faculty team member for this project is one with 
experience with bridge design and instrumentation. Someone local to the Bay area or Sacramento will 
have less difficulty with access and will have the stimulus of the constant presence of the structure to 
pursue the investigation to a useful conclusion. This project can also be an opportunity for students to 
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get first hand experience with the design and construction of a major structure. Alternatively the bridge 
designer can fulfill a large part of this task. 

Evaluation 

The bridge design team and CAL TRANS should take the lead in the interpretation and evaluation of the 
data coming from the instrumentation. The designer understands the bridge and has analytic models 
already developed that can be compared with the actual results. The actual material properties from the 
field mix tests and any changes in construction sequence or prestressing must be incorporated in the 
model to be used for comparison with recorded deflections and strains. Reports should be written on a 
yearly basis for the first five years to keep on top of any trends that show up in the bridge response. 

APPENDIX A 

As discussed, it is important that the instrumentation be installed by an experienced, qualified, and 

interested contractor. The following is a list of three contractors who have previous experience in this 

activity: 


Construction Technology Laboratories, Inc. 

5420 Old Orchard Road, 

Skokie, IL 60077-1030 

Phone: 800-522-2285 


Wiss Janney Elstner Associates 

330 Pfingsten Road 

Northbrook,IL 60062 

Phone:847-272-7400 


Roc Test 

94 Industrial Blvd 

Plattsburg, NY 12901 

Phone: 518-561-3300 
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EXECUTIVE SUMMARY 


-
The North Halawa Valley Viaduct instrumentation program has been a tremendous 
success. An excellent database of instrumentation results has been recorded. This 
progress report includes results to the end of 1997. The report will be updated as 
additional results are recorded, and a final report will be issued at the end of 1999. 

Field instrumentation has been placed at seven sections on the North Halawa Valley 
Viaduct to measure concrete strain, prestressing stress, deflection, and temperature. 
Concrete material properties have been determined. Short-term properties (compressive 
strength, modulus of elasticity, and coefficient of thermal expansion) have been 
determined in the laboratory. Long-term properties (creep and shrinkage) have been 
determined in the laboratory as well as in the field. 

Mathematical models for creep and shrinkage have been compared with the experimental 
results. A comparison between creep and shrinkage test data and four current prediction 
models has been made. The Bazant creep model and Gardner shrinkage model have been 
shown to yield the best results. A procedure to predict long-term creep and shrinkage 
based on 28 day test results has been presented. This is a significant breakthrough, since 
one month of testing can now be used to predict the creep and shrinkage models to be 
used in the design, rather than one year of testing which was required when the bridge was 
originally designed. A comparison has been made between the field measured data and 
results predicted by the computer program SFRAME. 

Thermocouple readings have been systematically reduced to determine critical positive and 
negative thermal gradients. These gradients have been shown to compare favorably with 
those recommended in the 1998 proposed AASHTO segmental guide specifications. This 
information is particularly timely since it validates the reduction of the negative thermal 
gradient by 40% from the 1994 AASHTO LRFD bridge design specifications. 

The authors believe that practising engineers will find the results of this study to be very 
useful (creep and shrinkage models, time-dependent analysis, thermal behavior, load test, 
etc.). The results will also be most valuable for those wishing to conduct further research 
utilizing this data, or those planning future instrumentation projects based on the 
knowledge gained from this study. With this in mind, it is intended to make a CD-ROM 
available in the future for easy access to the data. 
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CHAPTER! 

INTRODUCTION 

Segmentally constructed concrete bridges have become a mainstay in North American Highway 

construction. Since their introduction in 1964, more than 360,700 lineal feet of segmental bridge 

have been built, with a trend toward increasing popularity. Their versatility, durability. 

aesthetically-pleasing appearance and relative economy make them the best choice in many 

situations. These bridges are generally long-span post-tensioned structures which are subject to 

the same prestress losses as all other prestressed structures. However, these prestress losses have 

a greater impact on the long-term performance of long-span structures than is the case with 

shorter span prestressed bridge and building elements, particularly if the bridge is continuous 

over several spans, as in this case. 

The North Halawa Valley Viaduct is a segmental cast-in-place concrete box girder bridge built 

by the cantilever construction method. It utilized a truss supporting the form travellers, launched 

\Vithout dismantling from pier to pier. Inbound and outbound viaducts are separate structures, 

each consisting of three continuous units totaling approximately 5500 feet. Deck width is 41 feet 

and the single cell box width is 21 feet; box depth varies from 8 feet at mid-span to 18 feet at the 

piers. Spans are typically 360 feet with shorter end spans and accommodations to avoid placing 

piers in the stream. 

Since it is a major project, both the initial design and construction history are well documented. 

The final design was done with a state-of-the-art SFRAME computer model that has been 

thoroughly checked and updated consistent with the actual history. The analysis program can .use 

any of several concrete constitutive models to model time-dependent response of the structure, 

and modification of the modular-based program to test other constitutive models is 

straightfornrard. A good basis exists for a study to investigate and compare the stresses recorded 

in a bridge under service with the estimates of the time-dependent response of a major structure 

by a state-of-the-art analysis program. 
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The viaduct is a CIP box girder unusual in several respects. The concrete aggregates used in 

Hawaii are known to result in a concrete with higher values of creep and shrinkage than most 

concrete used elsewhere in the United States. As a consequence, there is some concern that 

long-span prestressed structures such as the Halawa Valley Viaduct will suffer from higher than 

anticipated prestress losses and long-term deflections. The design of this structure was required 

to provide a "no-tension" condition in the concrete after all losses and under full live loading. As 

a precaution against failure to meet this criterion, the bridge has been provided \\-ith the 

capability of installing additional prestressing tendons at a later date. These tendons could also 

be used to upgrade the bridge's rating capacity ifhigher live loads or additional overlay were 

ever applied to the structure. The more knowledge found from the instrumentation study of the 

bridge would allow for a better the assessment of the bridge's remaining capacity required for 

the additional loads. 

The objectives of the study are as follows: 

1. 	 Evaluate the longitudinal strain history at critical locations (mid-span and adjacent to piers of 

selected spans). Measurements began immediately after construction in March '94 and 

continued for the first 5 years of service life. Temperature gradients at mid-spans were also 

recorded and used to evaluate stresses due to daily and seasonal temperature variations. 

2. 	 Evaluate the deflection response of the structure. Selected spans have been monitored to 

record deflections along the span and rotation at piers. Measurements began immediately 

after construction and continue for five years. 

3. 	 Collect concrete shrinkage and creep data from as-placed concrete samples, and evaluate the 

resulting parameters. 

4. 	 Compare the stress and deflection histories with the estimates from the SFR.AJvfE computer 

model using selected concrete constitutive models (CEB 1, Bazant-Panula or refinements of 

these). 
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Seven sections of the inbound Viaduct were selected for instrumentation to provide an ~dequate 

representation of the Viaduct behavior. The measurements required to achieve the project 

objectives are concrete strain, span shortening, concrete creep and shrinkage strains, concrete 

and ambient temperatures, tendon forces, span deflections and support rotations. The 

instrumentation svstem used to make the above measurements includes vibrating \\ire gages, 
"" 

electrical resistance strain gages, demec strain gages, extensometers, thermocouples, load cells, a 

base-line system, tiltrneters, and an automated monitoring system. During the construction of the 

bridge, all instrumentations were installed by personnel from the University ofHawaii (UH) and 

Construction Technology Laboratories (CTL) of Skokie, Illinois. CTL also performed concrete 

testing to determine the compressive strength, static modulus of elasticity, and coefficient of 

thermal expansion of the concrete used in the instrumented sections. 

Standard creep and shrinkage tests are being performed in the laboratory conditions, in 

accordance with the American Society for Testing and Materials (ASTM), and on-site in 

atmospheric conditions similar to those of the structure. The laboratory testing is being 

conducted by CTL, while the on-site tests are located inside and outside of the box girder bridge 

in the Halawa Valley. 

Based on the above discussion, the benefits ofthe instrumentation project are as follows: 

For the State of Hawaii: This study allows assessment of the performance and condition of this 

140 million dollar structure based on field measurement ofthe bridge in s~rvice. The lmowledge 

gained will be useful in the design of any viaducts and rail structures in the future. \Vhat is 

learned about the creep and shrinkage oflocal concrete will be useful in design of future 

prestressed structures in Hawaii. A realistic assessment of typical local temperature effects on. 

bridge structures has been made. Since the University of Hawaii, Manoa is an imponant part of 

the team conducting the project, the state has benefit both by the panicipation and newly

acquired lmov.rledge of this institution and by the increased quality of the education provided to 

Hawaii's engineers. 
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For the Nation: This study increases our knowledge of the performance of this bridge type. By 

comparing long-term performance with the theoretical values generated from ~the computer 

models, it will allow modification and refinement of the design process and contribute to the 

selection of a concrete constitutive model that will allow future segmental designs to be neither 

overly conservative nor unduly risky. 

For the profession: This study is the necessary next step in improving the analysis and design of 

long-span and segmental concrete bridge structures. The estimates of long-term stresses and 

deflection made in the design of this project are the best available and are superior to evaluations 

made before the use of computer modeling. Nonetheless, comparison with the field data of a 

major structure in service will stimulate the development of the appropriate constitutive model 

for the concrete and encourage a look at the modeling details to determine what is crucial to a 

good model. The involvement of the bridge designer in the project will ensure access to all the 

data accumulated in the original design and construction phases of the project and the rapid 

transfer ofthe results back to the design office with a consequent advance in the state of the art. 
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Design and Construction of North Halawa 
Valley Viaduct 

Tun J. Ingham, Rafad Manzanarez, and Karen Cormier, 
T. Y Lin International 

The North Halawa Valley Viaduct is a 2-km-long pre· 
stressed concrete box girder bridge on the island of Oahu. 
Hawaii. It is the first cast-in-place cantilever segmental 
bridge in the United Sures to be built from an overhead 
erecoon gantry. The design features of the project are de· 
scribed. and the reasons for choosing that construction 
method are given. The main features of the operation of 
an erection gantry are described. and "some of the problems 
ansing during the construction of the bridge are discussed. 
Finally, the instrumentation of the strucrure to monitor its 
long-term performance is detailed. 

T he_Nortb Halawa Valley Vtadua is a part of the 
so-called Interstate route H-3 project on the is· 
land of Oahu. Hawaii . •A..s shown in Figure 1, 

the project runs from the Halawa interchange on H-1, 
north of Honolulu. across the Koolau Mountains 
(which form the backbone of Oahu), to Kaneohe, on 
the windward side of the island. The proiea is intended 
ro relieve congestion on the existing Pali and Likelike 
highways, connect the Pearl Harbor naval station with 
the Marine Corps station at Kaneohe, and provide for 
future trans-Koolau travel demand. 

PROJECT DESCRIPl10N 

The H-3 projea. besides including several miles of at· 
grade highway, includes three major structUres: the 

trans-Koolau runnel, which runs approximately a mil 
beneath the crest of the island.; the recently completec 
Windward Vtaduct immediately to the east of the run 
nc:l; and the North Halawa Valley V~adua immediate!; 
to the west of the runnel. The North Halawa Valle~ 
Viaduct was designed by Nakamura & Tyau, of Hone 
lulu, Hawaii, and T. Y. Lin lntertJational, of San Fran 
cisco, California. 

Site Conditions 

The bridge runs through the upper North Halaw; 
Valley, which is typical oi the deep erosional valleys tha 
have formed on the flanks of the ancient Koolau vol 
cano. The valley is generally V-shaped, with irrc:gula 
side valleys and ridges extending to the valley bottom 
slopes along the project alignment are frequently a. 
steep as 2h: 1v to lh: 1v. 

The viaduct design reflects the faa that the Nortr 
Halawa Valley is an environmentally sensitive me. Sev 
eral native Hawaiian burial sites have been found in th: 
valley; these are now the subject of archaeological in 
vestigation. The valley is also a watershed area and wil 
be closed to the general public after the H-3 project i: 
completed. The viaduct has been designed and con 
srrucred so as to m.i.nirnize disturbance to the site. 

The North Halawa Scream meanders along the via 
duct alignment as shown in Figure 2. The stream is sub
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FIGURE 1 Project location. 

ject to frequent floods because of an average of 150 in. 
of ram annually at the top of the valley. An important 
part of the project involves improving the stream to 
protect the viaduct foundations from scour. 

Description of Structure 

A general plan and elevation of the bridge are sho'Wil 
in Figure 2. The project actually consists of two parallel 
viaducts. one carrying two lanes of traffic inbound to 
Honolulu and one carrying two lanes of outbound traf
fic. The inbound viaduct is 1897 m (6.225 ftl long and 
the outbound viaduct is 1667 m (5,470 ft) long. Both 
vtaducrs are· aligned horizontally on curves with radii 
of approximately 1800 m (5.906 ft) at the lower end of 
the valley and 2900 m (9,514 ft) at the upper end of 
the valley. The viaducts are on a nearly constant 6 per
cent grade slopmg up toward the mountains (the ver
tical scale is exaggerated by a factor of two in Figure 
2). The typical tand maximum) span length is 109.728 
m (360ft). with some span lengths as small as 91.44 m 
(300 ft) to accommodate the vagaries of the terrain and 
the stream in the valley bottom. 

Figure 2 shows the viaducts to be divided into three 
structural units each, averaging 565 m ( 1.854 ft) in 
length between expansion joints. Each unit has two 
fixed piers toward its center and two or three flanking 
expansion piers on either side. Each unit was con
structed by the segmental cantilever method using an 
overhead erection gantry. 

The expansion joints between the units are located 
at the top of so-called end piers. This was done to avoid 
the excessive deflections that sometimes accompany 
midspan b.tnges and the construcnon problems that of
ten accompany cantilever construction past a quarter

point hinge. The fact that the end piers, located at what 
would otherwtse appear to be the middle of a span, are 
perhaps unattractive was discounted because the valley 
will eventually be dosed to the public. The rather large 
movement ratings of the expansion joints.. up to 21 in., 
combined with the steep 6 percent grade of the bridge 
led to an unusual design detail. At each end pier '"~~" 
bearings were aligned along the grade of the ~/ ·.·· 
in order ro constrain the movement of the bridge t'e~ 
parallel to the expansion joint. If the bearings had been 
set horizontally, as is done normally, the movement of 
the bridge would have had a component perpendicular 
to the expansion joint, causing a jog in the roadway 
surface of 11/4 in. Of course, inclining tbe bearings in
duces a slope load into the pier and footing, equal to 
the grade of the bridge rimes its dead load. But the dead 
load reactions on the end p1ers are relatively small. and, 
fortuitously, most of the end piers are fairly short. 

The viaduct cross section is shown in Figure 3. The 
our-to-our width of the· bridge is 12.497 m (41 ft), 
which accommodates two lanes of traffic plus shoul
ders. Tne cross secnon varies in depth from 2.438 m (8 
ft) at midspan to 5.468 m (18 ft) near the piers. These 
dimensiOns are typical of cast-in-place structures of 
about 100-m (328-ftl span length. 

Piers 

The bridge piers are designed conventionally. They are 
of hollow construction wttb a wall thickness of 457 mm 
(1 ft 6 in.) and exterior dimensions of 3.048 X 7.010 
m ( 10 x 23 ftl. They vary in height from 8.336 to 
31.766 m (27 ft 4 in. co 104 ft 3 in.). The piers 
built in tall lifts of concrete, up to 12.192 m (4l. ,, 
usmg flying forms. The construction rook place without 
incident. 
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Fov.ndations 

The soils along the bridge alignment consist of surficial 
layers of alluvium and colluvium underlain by thick lay
ers of residual soils and saprolite decomposed from ba
salt. At depths approaching 30.480 m (100ft), the sap
rolite gradually gives way to slightly weathered and 
_w:~weathered basalt roc.k. 

Both prestressed concrete pile and drilled shaft foun
dations were destgned and fully detailed and bid as al
ternatives. A typical pile foundation consisted of oaag
on.al piles iO 508 mm (20 in.) in diameter. Because at 
depth the ground is fairly hard, it was anticipated that 
!hese piles would be driven through predrilled holes 45i 
mm (18 in.) in diameter to depths ranging from 15.240 
to 30.480 m (50 to 100 ft). Not surprisingly, no con
tractor bid the pile alternative-It probably does not 
make sense ro predrill piles if one can just make a 
drilled shait. 

The successful drilled shaft alternative was only the 
second application of chis construction method in Ha· 
waii. A 3 x 3 pattern of drilled shafts 1.524 m (5 ft 0 
in.) m diameter ts typically used. wtth one or rwo shafts 
occasiOnally omitted from the pattern. The shafts vary 
in length from 24.384 to 36.5i6 m (80 to 120ft). Fur· 
ther details are given later in the paper. 

Three site factors complicated the foundation work. 
The construction of drilled shafts near the stream had 
to contend with large fields of boulders. These boulders 
were deposited over the years as the stream meandered 
back and forth over the va!ley bottom. (The boulders 
were another reason that drilled shafts were favored 
ove::- piies.) Footings near the scream had to be con
structed in cofferdams to protect them irorn scour. be
cause flooding was a possibility at any time of the year. 
.Auld several of the vtaduct foundations fall on the ridges 
that intersect the vaHey bottom; each of these required 
a large excavation. 

Transition Area Box Girder 

In addition to the three segmentally constructed units. 
the mbound vtaduct also has a portion 1 i8.308 m (585 
ftl long that IS built on falsework. This is a convennonal 
mulncell box g.u-der at whtch the vtaduct widens so rap
idly (to accommodate some transition lanes before the 
trans-Koolau runnels) that segmental construcoon was 
considered tmpracttcal. 

Bridge Types and Construction 
Methods Considered 

Onlv segmental construcnon methods were considered 
when the bridge type was selected. Both precast and 

cast-in-place superstruc:rures were constciereci. wtth sr-- ... 
lengths ranging from 48.i68 to 109.i28 m (160 ro. 
ft). Balanced cantilever construcnon. with eithe: foun 
eravelers or erection gantrtes. was considered for both 
the precast and cast-in-place alternatives. Span-by-span 
construction was also considered for the cast-in-place 
alternative. 

The precast alternatives were thought to be relatively 
expensive because there was no suitable location for a 
segment precasring yard near the bridge site. The only 
suitable locations were several miles away, outside of 
the North Haiawa Valley. Unfortunately, the access 
road to the site was long and narrow and had to be 
shared with several other construction projects in the 
valley. The Hawaii Deparnnent of Transportation and 
the bridge designers favored cast-in-place construction 
over precast for subjective reasons: the greater durabil
ity of casr-m-place bridges and tneir possibly better be· 
ha vtor during earthquakes. 

In considering only cast-in-place construction. erec
tion irom conventional form travelers was thought to 
be expensive because of the ome-consummg assembly 
and disassembly of the form tra veiers on each pier ( 31 
in number). Erection from an overhead gantry (as 
shown in Figure 4) was thought to offer several advan· 
tages with respect to erection from form travelers. ,, 

The fundamental advantage of this constru~\ 
method is that. except for the pier segment. the su~ 
structure construction is mdependent of the ground; all 
of the necessary materials, equipment. and personnel 
can be delivered to the point of work from overhead. 
along the completed structure and over the gantry. And 
the difficult topography of the valley and the project's 
environmental resrncnons made it desrrable to work 
from overhead as much as possible . 

To be sure. 3564 m (11.695 ftl of viaduct is a lot of 
bridge. Once mobilization costs are overcome. construe· 
tion with an erection gantry is inherently fast. because 
large segments are possibte and because the launch of 
the gantry from one pier to another can be quick. Sav
mgs are also possible m piers and foundations because 
the gantry can absorb some of the unbalanced moment 
of the cantilever. And although the erecnon gantries 
themselves are exoensive. there are offsetting savmgs in 
auxihary equipment. whtch is not required to service 
cantilever construction at each pter. and in spur roads 
and lay-down areas at each pter. which are not required 
to servtce the same volume of matenal as for conven
tional construction with form travelers. 

The ryptcal span length of 109. i28 m ( 360 ft) is 
thought to be about the maxtmum practical span length 
for this method of consrrucnon. The maximum sp 
length was chosen in order to nunimlZe the number\,_ 
pters and foundanons to be built m the difficult terrain. 
The North Halawa Valley Viaduct is the first cantilever 
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segmental bridge in the United Stares ro be cast in place 
from an overhead ganrry. The method has been used 
several rimes in Europe, however. 

CoNsnucnoN 

• .\frer a very competitive bidding process, a contract for 
construction of the viaduct was awarded ro che Kiewit 
Pacific Company on December 19, 1991, with a notice 
to proceed on February 21, 1992. The bid price was 
approximately $141 million, for the viaducts and the an
cillary sire work; the viaduct irself cost about S105 mil
lion. Nine hundred ninety calendar days were allowed 
for the construction of the viaducts and for the site work. 
Major subcontractors to Kiewit Pacific included the VSL 
Corporation, for erecnon gantry design and supersrruc
rure construction engineering, and the Malcolm Drilling 
Company, for drilled shaft construction. 

Foundations 

Drilling the shafts was the first construction activity on 
the site. They were constructed both in the dry and by 
tremie inside a casing near the stream. The boulder 
fields were found to be a significant obstacle to the drill
ing. In fact, the drilling subcontractor filed a successful 
claim against the State, clla.rgmg that the boulders were 
larger and more densely packed than indicated by the 

rest borings. Boulders smaller than one shaft diameter 
were usually removed with a choker; the subcontractor 
was generally able to drill through larger boulders, but 
some shafts were cut off when very large boulders were 
encountered. Aside from this problem, however, the 
construction of the drilled shafts was straightforward. 
The drilling subcontractor was able to drill about one 
shaft a day, on average. A total of 6781 m (22,429 ft) 
of shaft 1.524 m (5 ft) in diameter and 2856 m (9,370 
ft) of shaft 914 mm (3 ft) in diameter were drilled and 
cast in just over a year. 

Supersuucrure 

Cantilever Constnution 

The superstructure was built by cantilever construction 
about each pier. Each cantilever (or pair ~f cantilevers) 
was cast in place in segments usmg an erection gantry, 
as shown in Figure 4. At each pier, the consrrucrion was 
started by casting a pier segment di.reaiy on top of the 
pier; this was acrually cast in place in formwork sup
ported on the pier shaft. In each case, the pier segment 
was eccentric with respect to the centerline of the pier, 
thus applying an unbalanced moment to the pier shaft. 
The eccentric length of the pier segment was equal to 
half of the typical segment length. 

After casting the pier segment, the typical cantilever 
segments were cast in place in formwork supported 
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.from the e:e.ct~on garttr'V. 7he segm.enrs were en alter
mucly to either s1de af the p1er. starting from the Side 
opposite the pie: segment cantilevet. When released 
from the formwork, each segment potentially applied a 
net unbalanced moment to the pier shaft corresponding 
to half of the segment length times the remainder of the 
cantilever length minus a quarce: of the segment length. 

The cantilever construction at each pier was con
cluded by casting a closure segment between the rear 
.:antilever segment (relative to the direction of construc
tion) and the tip of the previously completed cantilever. 
The closure segments were cast using the same form
work as for the cantilever segments (with some revisions 
to the support of the interior formwodC). 

Because the end spans in each structUral unit are 
longer than a typical cantilever length, often 76.200 m 
(250 ft) versus about half the span length. or 54.864 m 
(180 ft), a portion of each end span was cast in place 
in formwork supported on the ground. These supported 
segments were typically 12.192 to 18.288 m (40 to 60 
ft) long. 

Contractor Moclific.ations 

Although segmental construction using an erection gan
try was anticipated in the design of the viaducts and 
shown on the contract plans, the acrual construction 
involved rwo important modifications to the original 
design. Each of these modifications was made to in
crease the rate of construction, retative to the conser· 
vative assumptions made by the designers of the bridge. 
One modification made by the contractor was to in
crease the segment length from the 6.401-m (21-ft) 
length assumed in the original design to 7.315 m (24 
ft). (The onginal design would have allowed construc
tion with conventional form rraveiers.) Another modi
fication was to increase the rate of casting of segments 
from an assumed 5-day cycle iin effect a weekly cycle 
without working on the weekends) to a 4-day cycle. 

Taken together these modificanons allowed the con
tractor to build the bridge with three erection gantries 
rather than the four shown on the contract plans. One 
gantry was used on each of the inbound and outbound 
vtaducts, movmg uphill from the abutments to con
struct Units 1 and 2. The third gantry (acrually the first 
to be launched since it was on the critical path) was 
used to construct Unit 3 of both viaducts; it starred on 
the outbound viaduct. moving downhill from the abut
ment toward one of the other gantries. When Unit 3 of 
the outbound viaduct had been completed. this gantry 
was pushed back up the completed structure and then 
sideways onto the transition area box girder. It was then 
launched downhill again, to build Unit 3 of the inbound 
viaduct. 

The posttenstorung lavout was :uso revtsea bv r,., .. 
contractor to accommodate the reVIsea segment ier · 
the overall posttensionmg .scheme was maintaf. 
howeve:. The changes to the seg:merit and posttenston
ing layouts. and parricula:ly the increased rate of con
struction of the bridge, made it necessary ior the con
tractor and the designer to reanalyze the bridge. because 
the creep and shrinkage of concrete renders the behav· 
ior of the bridge time-dependent. 

Casting Cycle 

As mentioned previously, a 4-day cycle was used for 
casting cantilever segments (indeed. occasionally the 
contractor was able to build a sepnent in 3 days). The 
daily operations in the typ1cal cyck were as follows: 

• Day 1: Install the reiniorcmg and posttensioning in 
the bottom slab of the cross section. 

• Day 2: Install the remiorcmg and posttens1oning m 
the webs and the top slab, adjust the forms, and per
form a button-up survey. 

• Day 3: Perform a prepour survey and cast the 
segment. 

• Day 4: Stress the posttensioning tendons anchored 
in the segment, break down and move the forms for
ward, and perform an as-built survey. 

The superstructure concrete mix designed by the con
tractor was an important factor m the success of the 4
day cycle. A strength of 24 MPa (3,500 psi) (70 percent 
of the design concrete strength) was required for post
tensioning of the structure. The mix used had a high 
cement content. low ratio of water to cement, and su
perplasricizers. In the insulated forms used, the required 
strength routinely was reached at about 18 hr after cast
ing. [The 28-day strength of the mix is about 48 MPa 
(7,000 psi).] Frequently, when the required strength for 
full posttensioning was not achieved on schedule, par
tial posnensioning at 17 MPa (2.500 psi) strength was 
used to allow the forms to be moved forward. 

Creep and Shrinkage Testing 

As requJied by the spectfications, the contractor per
formed creep and shrinkage testmg of his proposed su
perstructure concrete mtx. both to prove the suitability 
of the mix for consrrucnon and to confirm the charac
tensncs used in the des1gn. Although the creep and 
shrinkage properties of Hawaiian concrete were re
searched by the designers of the bridge, such tests are 
always necessary because of the high variability of r 
crete as a material. 

The original research suggested that the shrinkage of 
Hawaiian concrete (in general) was much larger than 
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preci1cteci by the CEB-FIP mociel or me ~.:reep and 
shrinkage of concrete (commonly used for bridge de
sign J. The designers assumed the shrinkage of concrete 
to be 2 1h times that predicted by the model. and this 
factor was coafumed by the shrinkage testing. (Hawai
ian aggregates are of volcanic origin. which is not com
mon elsewhere.) The original research did not reveal 
any systematic difference between the creep of Hawai
ian concrete (considering materials from several 
sources) and that predicted by the CEB-FIP model. but 
this particular assumption was not confirmed by the 
testing, which showed the mix proposed by the con
tractor to have about 25 percent higher creep than pre
dicted. Consequently, the reanalysis of the bridge. made 
necessary by the contractor's increased rate of construc
tion. used this higher creep coefficient. From the testing, 
the uitimare shrinkage strain of the superstructure con
crete mix was taken to be 0.000449 and the ultimate 
creep coefficient was taken to be 2.4i. for 28-day 
loading. 

Increa.sed Continuity Posttensioning 

The increased rate of construction of the bridge and the 
higher creep coefficient both led to a small increase in 
the amount of continuity posrtensioning needed in the 
bridge. The so-called continuity tendons are draped ten
dons in the webs in each span. They are an important 
factor in eliminating tension in the bottom fibers of the 
bridge at midspan; the design criteria did not allow any 
tensiie stress in the structure under combinations of live 
load and temperature gradient. The aforementioned 
factors both cause tensile stress at midSpan. The addi
tional continuity posrtensiomng needed to compensate 
for this stress took the form of additional strands placed 
in the existing ductS; no additional tendons were re
quired. The contractor was compensated for the addi
tional posrtensioning required to offset the higher creep 
coefficient but not for that required to offset the in
creased rate of consrrucnon. since that was his choice 
relative to rbe contract plans. 

Gantry Design and Operations 

The erection gantries. illustrated in Figure 4. were de
signed and built by the contractor. Each gantry had a 
crane rail and two cranes of 5.9-ton (13-kip) capacxty 
runmng aiong its soffit. The cranes were used to deliver 
remforcmg bars and other materials to the point of 
work. Each gantry also had a 480V power line running 
along its soffit to power equipment at the point of 
work. Each gantry was 140 m (450 ft) long, weighed 
about 613 tons (1.350 kips), and cost about $2.5 mil
lion. including the form travelers and auxiliary 
equtpment. 

As can be seen m Figure 4. tile form uaveie.!·s ~re 
suspended from the gantry rather than from .. horses .. 
supported on the cantilever. as U'! conventional cantile
ver construction. The form travelers themselves were 
fairly conventional (except in one respect to be dis
cussed later). During cantilever construction. each gan
try was balanced on a front main support (FS) on the 
forward pier {in the direcoon of construction) and a 
rear main support (RS) on the tip of the previously com
pleted cantilever. The sequence of asting concrete, 
stressing tendons. and moving the form travelers was 
the same as for conventional cantilever construction. 

. An important feature of the gantry operation was the: 
use of struts between each gantry and the viaduct-the 
front mobile support (FMS) and rear mobile support 
(RMS) shown in Figure 4. These were jades placed im
mediately behind the form travelers to support the gan
try on the bridge deck. They took advantage of the in
herent strength and stiffness of the structure to help the 
gantry carry the load of freshly cast segments. They 
were moved with the form travelers so as to be always 
just behind the segment being cast. . 

Also. at expansion piers, where the superstructure is 
supported on pot bearings. rbe struts were used to bal
ance the cantilever on top of the pier. One strut. at least. 
was always maintained in compression between the 
gantry and the structure to react the weight of the un
balanced segment on the opposite side of the cantilever. 
Form travelers and struts being moved to the next seg
ment were always on the heavy side of the cantilever 
(where a segment bad just been cast), so that the strut 
on the opposite side was compressed naturally by the 
unbalanced moment. When the form travelers were sta
tionary, both struts were maintained in compression. 
This scheme enabled the contractor to avoid a compli
cated moment restraint to stabilize the cantilever 
against the pter shaft. 

Geometrical Control 

Because struts were used to share loads between the 
gantry and rbe structure, they formed a system that had 
to be analyzed to determine its behavior under load. 
This use made the geometrical control of the structure 
more complicated than it is for convennonal cantilever 
construction. But using the gantries to stabilize the can
riievers at expansion piers (by using the struts just de
scribed) allowed those cantilevers to be "rocked., in or
der to compensate for geometrical errors. in effect 
providing an additional variable for solving geometrical 
control problems. 

In accordance with the specifications, the contractor 
wrote a geometry control plan that subsequently was 
reviewed by the designer. The goal of the plan was to 

compensate for the deflection and movement .of the 
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bridge dunng construcuon 1due. to the method of con
struction and construcuon operations) and for the creep 
and shrinkage of the bridge after construction (up to 20 
years). In accordance with the geometry· control plan, 
the bridge was cast to a cambered "control line" so that 
it would eventually ddica into the required vertical 
alignment. The plan also contained provisioas to com
pensate for errors in construction (diffcrena:s from the 
control line) of more than 25.4 mm (1 in.). 

The successful geometrical control of the structure 
was due to a cooperative eHort betwCCl the contractor 
and the designer. Both the contractOr and the state of 
Hawaii maintained a team of bridge surveyors in the 
fieid, who independently monitored the position of the 
bridge at each stage of construction as well as the loads 
in the gantry front and rear mobile supports (struts). 
Both the contractor's engmeer and the designers ran de· 
tailed computer simulations of the construction of the 
bridge, using the measured mobile support loads at each 
step. These simulations were compared with eac:h other 
and with the measured geometry of the bridge before 
and after the casting of each segment. For each segment, 
the contractor and the designer agreed to a preset ele
vation of the segment to meet the control line. 

A difficult part of the geometrical control of the 
bridge was compensating for the deflection of the tip of 
the previous cantilever. because of creep of the bridge 
under the gantry rear main support reaction. This de
flection was as much as 50 mm (1.97 in.) because of 
the large lever arm of the reaction. Any deviations from 
the planned construction schedule led to relatively large 
deviations from the control line as well. 

Closure Segments 

Another interesting challenge was the geometrical con
trol of the closure segments between the cantilever un
der construcoon and the previous cantilever. The do
sure segments were usually 7.315 m (24 ft) long, and 
occasionally 8.534 m (28 ft) long. It was found neces
sary to place struts on both sides of the closure segments 
in order to minimize the relative displacements between 
the tips of the cantilevers during casting. Even with 
struts on both sides of the closure segments. small rel
ative displacements requrred compensation by an op
posing camber. 

Gantry Launching 

Subsequent to the closure of each cantilever to the rip 
of the previous cantilever. the gantry was launched to 
the next pier, carrying the form travelers with it. The 
form traveler bottom platforms could split open so that 
they could pass around the piers. 

Each gantry was Launched by a,cirauiic rafY'c: 
moun~d on the rear main support. The rams w/··· ·· 
either push the gantry uphill or lower it downhill: .;,_
cording to its overall direction of motion. Each gantry 
was held in position by toothed grippers acting between 
its bottom flange and the rear main support while the 
rams were recycled. These grippers were used to hold 
the gantry firmly in position during cantilever construc
tion also. 

The launching of a gantry was a complicated oper
ation requiring many steps. Three basic operations were 
involved. The most basic of these was moving the gan
try forward over the front and rear main supports by 
pushing against the rear main support. The gantries 
moved over Hilman rollers on the main supports. An
other basic operation was the temporary support of 
each gantry on either the front or the rear mobile sup
port (StrUt), which relieved the load of the gantry on 
the corresponding main support and allowed that sup
port to be moved. The third basic operation was mov
ing the form travelers to reposition the center of gravity 
of the gantry/form traveler system to change the reac
tions on the gantry supports. 

At each pier. a sequence of these operations was 
planned to simultaneously maintain the equilibrium of 
the gantry and avoid any overstress of the structur:.e 
The launch sequence was summarized by the contra( 
in a launch manual that was carefully reviewed by~
designer. 

Perhaps the most critical step in the launch procedure 
was the relocation of the front main support to the next 
pier for cantilever construction. This relocation was ac
complished by launching the gantry tip as far the next 
pier, !n steps as described earlieL The front main sup
port was then moved to the next pier while the gantry 
tip was supported temporarily on that pier by the front 
mobile support. Similarly, the rear main support was 
relocated co the tip of the just-completed cantilever; it 
was then posttensioned to the bridge co carry uplift 
forces. 

The typical launch of a gantry involved about 100 
steps. Despite this evident complexity, the typical launch 
rook only 2 11: days once the contractor gained experi
ence. This speed was possible because each o( the steps 
was sunple and the operanons of the gantry were highly 
automated. 

An unusual aspect of the project is the instrumentation 
of one of the structural umts, specifically, Unit 2 of r' 
inbound viaduct (the last unit to be completed). 1•. _ 
instrumentation program will gather data on the be
havior of the structure for comparison with the design 
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assumptions and the predicted behavtor. The UlStrtllrlen
tation program was a joint effort between T.Y. Lin In
ternational; the Construction Technologies Laboratory, 
Chicago, Illinois; and the University of Hawaii. Manoa. 
It will continue for 5 years after the completion of the 
bridge. The measurements include: 

1. The forces in six posttensioning tendons will be 
measured by load cells placed behind the anchor heads. 

2. At instrumented sections of the bridge, the strains 
in the concrete will be measured by cast-in-situ vibrat· 
ing wire strain gauges and mechanical extensometen. 
There are four instrumented sections: two at midspan 
locations and two near piers. 

3. At instrumented sections, the strains in some of 
the remiorcing bars will be measured by resistance 
stram gauges. adjacent to the concrete strain gauges. 

4. At instrumented sections. the average temperature 
of the concrete and the temperature gradients over the 
depths of the section and the top slab will be measured 
by thermocouples placed around the perimeter of the 
box. 

5. The vertical deflections of the bridge will be mea
sured by reference to a high-strength piano wire 
stretched over the length of the unit and supported in· 
side the cross section at the piers. 

6. The rotations of the bridge over the piers will be 
measured by riltmeters. 

:. Tne horizontal displacements of the bridge will be 
measured at the joints by linear variable differential 
transformers spanning between the soffit of the box and 
the tops of the piers. 

8. Any lateral displacements of the bridge will be 
surveyed from the ground. 

9. The creep and shrinkage properties of the con· 
crete used in the instrumented sections will be deter· 
mined by tesrmg .under laboratory and site conditions. 

FIGURE S Partly completed straenzre. 

Hopefully, comparison of the collected data with the 
design assumptions and the predicted behavior of the 
bridge will lead to an improved understanding of long
span posttensioned bridges in general, as well as to im
proved design methodologies. 

CONCLUSIONS 

Figure 5 shows a photograph of the two viaducts, one 
of them completed and one of them with an erection 
gantry in place. When this paper was written, the con
struction of the superstruCtUre had been completed. 
Only the deck overlay and expansion joints and some 
site work remained to be completed. A total of 445 
supe:::-strucrure segments were cast in place in just over 
2 years. The successful use of the overhead gantries 
shows the viabiliry of this construction method where 
conditions make other methods unsuitable. 
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CHAPTER3 

FIELD INSTRUMENTATION 

Introduction 

This chapter describes the various types of instrumentation used in this project. More detailed 
information is presented in the report "Instrumentation of the H3 Halawa Valley Viaduct", by 
Lee and Robertson (1995). 

All of the instrumentation was placed in Unit 2 of the inbound Viaduct (traffic flow toward 
Pearl Harbor). Seven sections were selected for instrumentation in order to provide an 
adequate representation of the Viaduct behavior. These sections, titled A through G are 
shov.n in Figure 3.1. The number of instruments installed at each section is shov.n in Table 
3.1. Sections A, D, E, and G are at, or close to, midspan (termed midspan sections) while B, 
C, and Fare close to the ends of the instrumented spans (termed support sections). 
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Figure 3.1: Location oflnstrurnented Sections. 

Table 3.1: Instruments at each Section. 
VIBRATING ELECTRICAL DEMEC RELATIVE DATA 

INSTR WIRE STRAIN RESISTANCE STRAIN LOAD THERMO- EXTENSO- TILT- BASE-LINE HUMIDITY CHANNELS 
SECTION GAGES STRAIN GAGES CELLS COUPLES METERS METERS SYSTEMS METERS REQUIRED 

GAGES 
A 8 0 8 2 0 1 1 (PB) 1 0 12 

8 10 0 10 0 0 0 1 (P9} 0 2 23 (8 & C) 

c 10 0 10 0 0 0 0 0 0 
0 8 0 8 2 0 1 1 (P10) 1 0 12 

E 8 31 8 1 32 1 1 (P11) 1 0 74 

F 10 32 10 0 32 0 1 (P12) 0 0 75 

G 8 0 8 1 0 1 1 (P13) 1 0 11I 

TOTAL 62 I 63 I 62 i 6 I 64 I 4 I 6 4 I 2 207 


All intrumentation was installed by personnel from the University of Hawaii (UH), 

Construction Technology Laboratories (CTL), and VSL Corporation as presented in Table 

3.2. 
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Table 3.2: Instrument Installation 
v.w. E.R. DEMEC BASE· RELATIVE DATA- CREEP ANOl 

INSTR. STRAIN STRAIN STRAIN LOAD THERMO- EXTENSO- TILT· UNE HUMIOrTY LOGGER SHRINKAG' 

SECTION GAGES GAGES GAGES CELLS COUPLES METERS METERS SYSTEMS METERS SYSTEMS TESTS • 


A UHICTL UH VSUUHI UH UH UH CTL"I I 
8 UH/CTL UH UH UH UH UH CTL* 

c UHICTL UH UH CTL* 

D UH UH VSUUH UH UH UH CTL* 

E UH/CTL UH/CTL UH VSUUH UH/CTL UH UH UHJCTL UHJCTL*I 
F UH/CTL UH/CTL UH UH/CTL UH UH UH/CTL UHICTL* 

G UH UH VSUUH UH UH UH UHICTL* 
.. - Creep and shrinkage tests performed m laboratory by CTL and on site by UH . 

3.2 Concrete Strain Measurements 

3.2.1 Vibrating Wire Strain Gages 

3.2.1.1 Description 
Vibrating Wire 0/W) Strain Gages are designed for direct embedment in the concrete at the 
critical sections. Geokon model VCE-4200 gages were selected for this project (Fig. 3.2). 
Actual dimensions are shown in Figure 3.3. The vibrating wire strain gages have excellent 
long-term zero stability and automatic monitoring of both compressive and tensile concrete 
strains. The advantage of the vibrating wire strain gages over more conventional electrical_ 
resistance gages lies mainly in the use of a frequency measurement, rather than a resistance, 
as the output signal from the gage. Changes in lead wire length and resistance at lead 
connections do not affect the frequency of the vibrating wire, and therefore do not impact the 
reading. 
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Figure 3.2: Vibrating Wire Strain Gage. Figure 3.3: VW Gage Dimensions. 

3.2.1.2 Layout and Installation 
Vibrating wire strain gages were installed at all seven instnunented sections. All gages were 
oriented along the length of the viaduct. Typical locations at midspan sections and support 
sections are shown in Figures 3.4 and 3.5 respectively. Midspan sections A, D. E, and G have 
8 vibrating v.ire gages each as shov.n in Figure 3 .4. Support sections have 10 vibrating wire 
strain gages each as shov.n in Figure 3.5. The as-built locations of the Vibrating Wire gages 
at all sections are recorded in Lee and Robertson (1995). 
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Figure 3.4: Vibrating \Vire Strain Gages and Demec Points at Midspan Section. 
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Figure 3.5: Vibrating Wire Gages and Demec Points at Support Section. 
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During installation of the vibrating wire strain gages, it was important to maintain proper 
orientation and location of the gages while pouring concrete. A bracket was designed and · 
fabricated to support each gage and assure proper orientation after _concrete placemen:. 
(Figures 3.6 and 3.7). The bracket must withstand impacts from falling concrete during 
pouring and have no influence on the gage readings. The bracket consists of a 1 inch square 
standard steel tube and a light gauge sheet-metal holder. 

The brackets were installed during placement of the steel reinforcement. They were designed 
so that the vibrating wire strain gage could be added immediately prior to closing the stem 
formwork or pouring concrete, so as to reduce the potential for damage to the gage (Figure 
3.6, Detail C). 
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Figure 3.6: Vibrating Wire Gage Support Bracket in Box Girder Stem 
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Figure 3.7 shows a typical stem 
gage support. In top and bottom 
slabs, reinforcement support 
chairs were used to support the 
vibrating wire strain gage as 
shown in Figure 3.8. 

A spirit level and tape measure 
were used to ensure proper 
location, orientation, and 
alignment of the gages. All 
vibrating wire strain gages were 
oriented in the viaduct 
longitudinal direction. Gages in Figure 3.7: Instrumentation in Stem. 
the top slab and stems were 
sloped parallel with the top slab, 
while those in the bottom slab 
were oriented parallel with the 
bottom slab. 

3.2.1.3 Data Collection 
Strain in the concrete is 
computed from the difference 
betv.·een the initial and 
subsequent readings, Ro and Rt 
respectively. \Vben the concrete 
is subjected to compression, the 
readings will decrease such that Figure 3.8: V.W. Gage in Top Slab. 
Rt is less than Ro. In tension. 
the readings will increase such 
that Rt is greater than Ro. These readings must be adjusted for changes in the temperature at 
the gage location, since the wire used in the gage has a different coefficient of thermal 
expansion than the surrounding concrete. A complete discussion of the vibrating wire gage 
data reduction is presented in "Report on Vibrating Wire Strain Gage Instrumentation" 
(Robertson, 1995). 

3.2.2 Electrical Resistance Strain Gages 

3.2.2.1 Description 
The electrical resistance strain gages used in this project are Micro Measurements CEA-06
2501.JW-120 gages. These gages consist of a polymide-encapsulated constantan foil grid with 
large copper-coated tabs. The gages were bonded to the center of Number 4 deformed bar 
coupons (I12 in. diameter by 2.0 feet long) in the laboratory using M 10/15 adhesive following 
the manufacturer's instructions. Prior to bonding, the contact surface of the reinforcing bar 
was sanded and polished using 300 grit abrasive paper in accordance with the gage 
manufacturer's recommendation. 
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Each gage was supplied with lead wires and fully encapsulated in a water-proof coating. The , 
gages were then covered with a layer of wax and shrink-wrap tubing prior to placement in the· 
form work to fully protect them from water seepage and abrasion damage during pouring of' ·· 
the concrete. Gage preparation is described in detail in Lee and Robertson, 1995. 

At certain locations, three 
instrumented coupons were 
assembled to form a 45 degree 
strain rosette as shown in Figures 
3.7 and 3.9. The rosettes will be 
used to determine principal stresses 
in the top slab .and stems of the box 
girder. 

3.2.2.2 Layout and Installation 
Two sections were selected for 
extensive instrumentation with 
electrical resistance strain gages. 
Midspan section E contains ten 
longitudinal gages and six 45 degree Figure 3.9: Instruments in top slab. 
gage rosettes as shown in Figure 
3.10. Support section F contains eleven longitudinal gages and six 45 degree gage rosettes as 
shown in Figure 3 .11. 
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Figure 3.10: Electrical Resistance Strain Gages at Section E. 
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Figure 3.11 : Electrical Resistance Strain Gages at Section F. 

3.2.2.3 Data Collection 
Immediately after casting the segment, a full set of manual readings was recorded. Each gage 
was calibrated to adjust for the resistance of the lead wires. The modified gage factors will be 
used for subsequent data reduction. Information on the gage factors and data reduction is 
presented in Lee and Robertson, 1995. The lead wires were then connected to the datalogger 
for automated data collection. 

3.2.3 Mechanical Strain Measurements 

3.2.3.1 Description 
In order to verify the long-term stability of the vibrating wire strain gages, mechanical strain 
gage points were installed inside the box girder. A precision extensometer (Figure 3.12) is a 
mechanical device which measures the relative movement of locating points permanently 
attached to the concrete surface. A gage length of 8 inches was used at each monitoring 
location. 

3.2.3.2 Layout and Installation 
Mechanical gage points were installed inside the box girder on the concrete surface, as close 
as possible to the location of the vibrating \\Tie gages inside the concrete. As with the VW 
gages. the mechanical gage points were oriented along the length of the viaduct. Figures 3.4 
and 3.5 show the location of the gage points at typical instrumented sections. 
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Figure 3.12: Mechanical Strain Gage. 

Hilti hit anchors were used as locating points. Each anchor consists of a receptacle and a nail 
insert. To ensure correct placement. a drilling guide was used to drill holes in the concrete at 
a gage length of 8 inches. A conical hole was machined into the head of the hit anchor as the 
extensometer locating point. 

3.3 Tendon Prestress- Load Cells 

3.3.1 Description 

The load cells used to measure the tendon forces were custom designed and manufactured by 

Construction Technology Laboratories. They are cylindrical load cells with a 700 kipf ' 

compressive capacity. The load cells were placed directly below the stressing anchor block''~ 


prior to stressing of the tendons as shown in Figure 3.13. 


Figure 3.13: Prestress Tendon Load Cell 
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3.3.2 Layout and Installation 
Six span tendons were fitted with load cells. At each of the long span conditions from piers 
P8 to P9 and P9 to PlO, two span tendons were fitted with load cells, one in each stem as 
shown in Figure 3.14. One of these tendons was a long tendon while the other was a short 
tendon. The remaining two load cells were installed on span tendons in the spans from pier 
Pll to P12 and P12 to P13 as shown in Figure 3.15. 
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Figure 3.14: Tendon Load Cell Locations- Spans P8 to PIO 
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Figure 3.15: Tendon Load Cell Locations- Spans Pll to P13 

Stressing of the tendons was conducted by VSL Corporation employees. The stressing was 
monitored at all times by University of Hawaii and T. Y. Lin International personnel. 
unexpected load cell readings during stressing of the tendons prompted an investigation of 
the CTL load cells, and the load cell used to calibrate the prestressing pump and ram used in 
the stressing operation. The results of this investigation will be presented in a separate report 
by T.Y. Lin International and Henry Russell ofCTL. 

The tendons monitored by load cells were left ungrouted. They are being protected from 
corrosion by means of Dichan 100, a powder corrosion inhibitor. Each load cell was 
calibrated at CTL laboratories prior to shipping to site. During tendon stressing, the load cell 
readings were recorded using a manual readout box. Subsequently, the load cell lead wires 
were connected to the nearest datalogger with available data channels for automated reading. 
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3.4 Temperature and Humidity 

3.4.1 Ambient Temperature and Relative Humidity 
Two electronic relative humiditv meters were installed at Pier P9. Each meter records the . 
relative humidity and ambient temperature. One meter was located inside the box girder 
adjacent to Datalogger B. The other meter monitors the humidity and temperature outside of 
the box girder. It is attached to the side of Pier P9, about 3 feet below the bottom of the box 
girder. It is permanently in the shadow of the box girder, and is protected from direct rainfall. 
Both meters are connected to Datalogger B for continuous monitoring of both relative 
humidity and ambient temperature. 

3.4.2 Concrete Temperature 

3.4.2.1 Thermistors 
Each vibrating v.ire strain gage is equipped with a thermistor to monitor temperature of the 
concrete at the gage location. This temperature measurement is required ·for thermal 
adjustment of the strain gage readings. Thermistors are also located in each of the datalogger 
enclosures to monitor the ambient temperature at the datalogger. 

3.4.2.2 Thermocouples 

3.4.2.2.1 Description 
Thermocouples used in the instrumentation were made using Teflon!Neoflon FEP insulated 
copper/constantan type-T v.rire obtained from Omega Measurements. To assist in maintaining 
the correct location for the thermocouples during pouring, thermocouple "trees" were 
fabricated in the laboratory. A typical ··rree" consists of a length of l/1 inch diameter PVC 
pipe with predetermined holes drilled along the length of the pipe. A thermocouple was then 
insened into each hole and set in position with a drop of epoxy. This allowed easy installation 
and exact location ofthe thermocouples as shown in Figure 3.16. The "trees" ensured correct 
placement throughout the duration of the concrete pour. 

Figure 3.16: Thermocouple tree through stem. 
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Figure 3.17: Thermocouple locations at section E. 
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Figure 3.18: Thermocouple locations at section F. 
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3.4.2.2.2 Layout and InstaUation 

Sections E and F were extensively instrumented with thermocouples as shown in Figures 3.17 ..· 

and 3.18 respectively. For top and bottom slabs, thermocouple trees were used through the~ 


thickness of the slab. Trees were also used for thermal monitoring through the thi.ckness of the·. 

North stem. Individual thermocouples were also taped to the shrink tubing surrounding the 

electrical resistance strain gages 


3.4.2.2.3 Data Collection 

A reference thermistor is provided in the datalogger multiplexer box to calibrate the 

thermocouple readings. The datalogger records the temperature directly in degrees Celsius. 


3.5 Deflection Measurement 

The deflected shape of the Viaduct was recorded by a number of methods. During 
construction, the deflected shape of the cantilevers and backspans were monitored by optical 
surveys. After completion of construction, a base-line system was installed in the 
instrumented spans. Tiltmeters were installed at each support in the instrumented viaduct. The 
following sections describe these measurement systems. 

3.5.1 Optical Surveys 
During construction, optical surveys were made of the viaduct t~p surface to ensure 
construction progressed at the correct elevations. Subsequent to construction. optical surveys 
have been undertaken for barrier elevation and topping elevation purposes. These and any 
future optical surveys will be used to confirm the observations based on the permanent 
monitoring systems described below. 

·3.5.2 Base-Line System 

3.5.2.1 Description 
A taut-wire base-line system was installed in all four instrumented spans for deflection 
measurements. This system consists of a high-strength piano wire strung at constant tension 
inside the box girder from one pier to the next to act as a reference line. Precision 
measurements between this base-line and plates attached to the underside of the top slab 
provide accurate deflection measurements. 

3.5.2.2 Layout and Installation 
Four spans are equipped with base-line systems. The instrumented spans are from piers P8 to 
P9, P9 to PlO, Pll to Pl2, and Pl2 to Pl3. The deflection measurements are taken at 
locations shown in Figures 3.19. 

The base line system consists of a piano wire as a reference line, two end brackets (live and 
dead), base plates, and a caliper. The arrangement is sho\\'Il schematically in Figure 3.20. 
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Figure 3.19: Base-line deflection monitoring points. 
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Figure 3.20: Base-line Deflection Measurement System. 

The number 8 piano wire was stressed to 
approximately 80 % of its breaking strength to 
avoid any appreciable variations in the catenary 
shape of the free length of the piano wire. To 
create this tension in the piano wire, one end of 
the wire is fixed (Figure 3.21) while the other end 
runs over a pulley and suppons an 80 pound 
weight (Figure 3.22). The wires were coated with 
Linseed oil to reduce corrosion. 

Figure 3.21: Base-line Fixed End 
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Figure 3.22: Base-line Tension End Figure 3.23: Base-line Caliper. 

The exact location of the dead and live end brackets for each base-line are given in Lee and 
Robenson (1995). 

Note that the piano-wire represents a straight line in a curved viaduct. The end brackets were 
positioned such that the wire came as close as possible to the centerline of the box girder at 
midspan. To do this, the end brackets were positioned to the North of the girder centerline at 
each end of the span. In addition, access openings in the top slab near the ends of certain 
spans had to be avoided, resulting in further offsets of the end brackets in these spans. 

Deflection measurement points along the span are located at alternate construction joints. 
Steel base plates were installed at each of these locations using expansion anchor bolts. 1bree 
small angles were welded to each base plate as guide bars. This ensures consistent 
positioning of the measuring caliper on the base plate. 

The measuring caliper is a modified 8 in. range Mitutoyo digital caliper. The caliper is 
attached to a magnetic base which is used to secure its position on the base plates. The 
magnetic base is equipped with a on/off switch allowing easy attachment to and removal from 
the base plates. Once the magnetic base is secured to a base plate, the caliper is used to read 
the location of the piano-wire relative to the top slab of the viaduct box (Fig. 3.23). 
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3.5.2.3 Data Collection 
Once the piano wire and base plates were installed, the modified caliper was used to read the 
distance between the bottom surface of the top slab and the reference line. The difference 
between the initial reading and all subsequent measurements is the girder deflection relative to 
the ends of the span. Measurements are taken early in the morning to reduce the thermal 
effects. The readings are recorded monthly. 

In order to relate the base-line deflection readings to prior optical surveys performed on the 
viaduct roadway, a tie-in survey was performed. An optical survey ofthe Unit 2 IB roadway 
was made simultaneously with a full set of piano-\vire readings. The results of these surveys 
and the prior optical surveys will be presented in a subsequent repon. 

3.5.3 Tiltmeters 

3.5.3.1 Description 

For support rotation measurement, Applied 

Geomechanic Instruments (AGI) Uniaxial 

Tiltmeters Model 800 were installed in the 

box girder above piers P8 through P 13 (See 

Figure 3.24). These tiltmeters incorporate a 

high-precision electrolytic tilt transducer as 

the internal sensing element. They measure 

rotational movement with respect to the 

unchanging vertical gravity vector. 


3.5.3.2 Layout and Installation 

Tiltmeters were installed at piers 8, 9, 10. 11, 

12. and 13. They were mounted on a smooth 

vertical surface. The as-built locations of 

each tiltmeter are recorded in Lee and 

Robertson (1995). Clockwise rotations are 


Figure 3.24: AGI Uniaxial Tiltrneter represented by a positive tiltmeter output. All 
of the tiltmeters were installed on South 
facing vertical surfaces except at pier 12. where the tiltmeter faces North. 

3.5.3.3 Data Collection 
Each tiltrneter is connected to the nearest datalogger. Rotation measurements are recorded in 
angle units. The tiltmeters. and DC to DC voltage inverters required to provide the tiltmeter 
excitation. represented a significant drain on the datalogger battery if monitored continously. 
Since the tiltrneter readings will be used in conjuction with the base-line deflection 
measurements, the tiltmeters are switched off except while recording base-line deflections.· 

3.6 Span Shortening Measurements 

Measurement of the overall shortening of each of the instrumented spans provides a valuable 
check of the behavior observed at the localized instrumented sections. The ability to 
extrapolate the strain measured at midspan and support sections to the overall span shonening 
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is a fundamental component of the comparison between analytical and measured behavior. 
The overall span shortening measurements provide a reference for these comparisons. 

The span shonening is measured in two ways. Extensometers have been installed over the full 
length of each of the four instrumented spans. In addition, measurement of the movement of 
the slide bearings at the expansion piers provides a measure of the shonening of the 
intervening span. 

3.6.1 Extensometers 

3.6.1.1 Description 
To measure the overall shonening of the box girder, extensometers were installed in the four 
instrumented spans (Fig. 3.25). 
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Figure 3.25: Span Extensometer Details 

Each span extensometer consists of a series of graphite rods (1/4 inch diameter by 20 feet 
long) spliced together to span from pier to pier inside the box girder. The graphite rods are 
connected "With rigid couplers and insened into a 3/4 inch diameter PVC conduit attached to 
the underside of the girder top slab. One end of the rod is fixed (Fig. 3.26), while the other 
end is coupled to a Linear Variable Displacement Transducer (LVDT) sho\VI'l in Figure 3.27. 
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Figure 3.26: Extensometer Fixed End. Figure 3.27: Extensometer L VDT End. 

The relative displacement of the two ends of the extenso meter is measured by the L VDT. The 
LVDTs were manufactured by Geokon and operate on the vibrating wire principle. One of the 
L VDTs has a six inch stroke, while the others have two inch strokes. Once this limit is 
reached, they will be repositioned so as to continue monitoring the span shortening. 

3.6.1.2 Layout and Installation 

Extensometers were installed in all four instrumented spans, that is, between piers P8 and P9, 

P9 and PlO, Pll and Pl2, and P12 and Pl3, as shown in Figure 3.28. The as-built locations 

of the extensometer end brackets in each span are recorded in Lee and Robertson (1995). 
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Figure 3.28: Span Extensometer locations. 

3.6.1.3 Data Collection 
The extensometer lead wires were connected to dataloggers B and· F for automated data 
recording. 

3.6.2 Bearing Movement l\'Ieasurement 
In addition to the extensometers. relative displacements are measured between the box girder 
and the top of the expansion piers (P8. Pll. and P12). and movement of each end of the 
bridge unit relative to the supporting piers (P7 and P 13 ). 
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3.7 Monitoring System 

3.7.1 Description 
All of the electrical gages used in this project are permanently connected to battery operated 
Data Acquisition systems as shown in Figure 3.29. All data acquisition systems consist of 
Micro-I 0 Dataloggers and multiplexers assembled by Geokon Incorporated. Battery operated 
systems were used since there is no power supply to the Viaduct. Solar panels have been 
installed at each datalogger to continually charge the batteries. The dataloggers are housed in 
water resistant metal enclosures 
inside the box girder. Each Micro
1 0 Datalogger contains a Campbell 
Scientific CRI 0 Measurement and 
Control Unit (MCU). The CRl 0 
consists of a microcomputer, 
clock, multimeter, calibrator, 
scanner, frequency counter, storage 
module. The dataloggers are 
programmed be means of a laptop 
computer. The laptop is also used 
to download the data from the 
storage module at regular intervals. Figure 3.29: Typical Data Acquisition System. 

3.7.2 Layout and Installation 
Six data acquisition systems were located at the instrumented sections as sho\\n in Figure 3.1. 
Because of time constraints at the start of this project, the first datalogger at sections B and C 
could only be installed subsequent to the section pours. Manual readings of all instruments 
were taken until the datalogger was installed. All subsequent systems were installed and 
connected to the gages prior to casting of the instrumented sections. 

During special events such as concrete hydration and stressing of tendons, the datalogger at 
the section in question was set to read all instruments at between 5 and 30 minute intervals. 
Once all stressing was completed at a particular section, the datalogger scan interval was set 
to a standard 2 hours. After the first year of monitoring, the scan interval was set to four 
readings per day, at 6:00 am. 12:00 noon, 6:00 pm and 12:00 midnight. This greatly reduces 
the amount of data recorded. and increases the time period between· downloading from the 
dataloggers. The processing. presentation and storage of this data is performed on a regular 
basis by UH personnel using Excel Spreadsheets and Graphs. 

3.8 Instrumentation Performance 

Overall. the instrumentation of the North Halawa Valley Viaduct is performing extremely 
well. All instrumentation was successfully installed prior to concrete pouring. Figure 3.30 
shows a typical viaduct segment immediately prior to pouring. The top slab gages are partially 
visible near the left edge of the pour. Each concrete pour was monitored carefully to try to 
reduce damage to the gages from falling concrete and contact with concrete vibrators. 
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Of the 207 electronic 
instruments installed in this 
project, only 12 are no longer 
functioning correctly. A few 
vibrating wire strain gages at 
Section C were damaged during 
the concrete pour. Three north 
stem gages (gages #4, #5, and 
#6) and one south stem gage 
(gage #9) are no longer 
working. Section C was the 
second instrumented segment 
poured. The brackets 
supporting the vibrating wire 
gages were not provided with Figure 3.30: Top slab prior to concrete pour. 
the cross braces shown in 
Figure 3.6 Detail B. During casting, the concrete flow pulled the two flanges of the gage 
apart, so stretching the internal wire and rendering the gages useless. The problem was 
discovered and corrected for subsequent sections. 

Two other vibrating wire gages (#5 at section F, and #2 at section G) are recording unrealistic 
values. The data from these gages has been ignored. Two thermocouples at section F failed to 
work after the concrete pour. Another thermocouple appears to have failed subsequently. A 
few electrical resistance strain gages are also no longer functioning properly. The remaining 
195 gages are performing well after three years of embeddment in concrete or field exposure. 

The dataloggers have also performed extremely well. Initial problems with loss of battery 
charge have been solved by the installation of the solar panels. Occasional gaps in the data 
resulted from overflow of the logger storage module if data was not downloaded in a timely 
manner. This was particularily critical when short reading intervals were used, since the 
amount of data soon exceeded the logger storage capacity. Moisture leakage into some of the 
multiplexer enclosures at Logger F resulted in some erroneous readings from the 
thermocouples and some of the electrical resistance gages at this section. These multiplexers 
were replaced and all gages at this section are again being monitored correctly. 

4.2 Data Analysis 

All data collection is being performed on a regular basis by University of Hawaii personnel. 
The data is then processed on a continual basis at UH using Excel Spreadsheets and Graphs. 
This processed data is then distributed to the other participants in the project for analysis~ · 

A number of studies have been performed both at the University of Hawaii and by T. Y. Lin 
International based on the data collected from the instrumentation. The results of these 
studies are presented in subsequent chapters of this report. Results of some of these studies 
have also been presented at various national and international conferences. Future 
presentations are planned for further dissemination of the results of this instrumentation 
program. 
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CHAPTER4 


CONCRETE MATERIAL PROPERTIES 


4.1 Introduction 

In order to establish the material properties of the concrete used in the instrumented sections, 
concrete samples were taken from each instrumented section. The following tests were 
performed on these samples; 

Compressive Strength, f c, ASTM C39 

Modulus of Elasticity, Ec, ASTM C469 

Coefficient ofThermal Expansion, a., CRD C39, and 

Creep and Shrinkage, ASTM C512 

These tests were all performed by CTL at their laboratory in Skokie, Illinois. Tests were 
performed at a concrete age of 3, 28 and 90 days (Concrete age is the number of days after the 
section was poured). 

4.2 Concrete Sample Collection 

Concrete samples were collected at each instrumented section for testing (Figure 4.1 ). Standard 6 
in. diameter by 12 in. long concrete cylinders were used for all tests. Thirty three cylinders were 
collected at each section and shipped to CTL. Additional cylinders were made at sections E, F 
and G for creep and shrinkage tests performed on site as described later in this chapter. All 
samples were made in plastic cylinder molds in accordance \vith ASTM C192 procedures. The 
molds were capped to ensure sealed conditions during shipping of the cylinders to CTL. 

The samples were collected at ten different locations in the cross section and throughout the pour 
to obtain a complete representation of the concrete at the instrumented segment. The sample 
locations are bottom slab middle (BSM), south stem bottom (SSB), south stem middle (SSM), 
south stem top (SST), north stem bottom (NSB), north stem middle (NSM), north stem top 
(NST), top slab south (TSS), top slab north (TSN), and top slab middle (TSM) as shown in 
Figure 4.2. A log was prepared listing the time. location, and delivery truck number for each 
cylinder specimen. The cylinder logs for each section are given in Lee and Robertson ( 1995). 

4.3 Concrete Sample Shipping 

The day after the pour, eleven of the cylinders were shipped overnight to Construction 
Teclmology Laboratories (CTL) in Skokie. Illinois. so as to arrive in time for 3-day tests. 
Cylinders L 4, 7, ... etc were used for the 3-day tests. Another twenty two cylinders were shipped 
by surface transportation for 28-day and 90-day tests. Cylinders 2, 5, 8, ... etc were used for the 
28-day tests, while the remaining cylinders 3, 6, 9, ... etc were used for 90-day tests. 
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Figure 4.1: Concrete Sampling at pwnp discharge. 
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Figure 4.2: Concrete Sampling Locations in typical Cross Section. 

All cylinders were shipped in the capped plastic molds to preserve I 00 percent moisture 
conditions. They were packed individually in styrofoam filled cardboard boxes. No damage was 
evident on any ofthe cylinders upon arrival at the test laboratory. 

4.4 Concrete Test Results 

4.4.1 Compressive Strength 
The compressive strength tests were performed in accordance with ASTM C39. Table 4.1 
presents the test results at 3, 28. and 90 days at each section. Each result is an average of three 
concrete cylinders. 
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Table 4.1: Compressive Strength, r c (psi)* 

Arze- at Test (days) 

Section 3 I 28 I 90 . 

A 4260 6140 7700 

B 3780 6770 7910 

c 3780 6740 7650 

D 4290 6640 7630 

E 4210 6530 7430 

F 3880 5850 7060 

G 3830 I 5990 6510 

Average 4004 6380 7413 

Standard Deviation 237 379 478 
* Each result 1s the average of 3 cylmder tests. 

4.4.2 Modulus of Elasticity 
The Modulus of Elasticity tests were performed in accordance with ASTM C469. Table 4.2 
presents the test results at 3, 28, and 90 days at each section. Each result is an average of two 
concrete cylinders. 

Table 4.2: Static Modulus of Elasticity, Ec (psi)* 

A2:e at Test ( davs) - . 
Section 3 I 28 I 90 

A 3.07xlo6 3.5lxlo6 I 3.93xlo6 
... , ... . 3.93xlo6 

c ,... ·--'1 "xlo6 3.54xlo6 3.95x1o6 

D 3.2lxlo6 3.59xlo6 I 4.12xlo6 

E 3.27xlo6 3.8lxlo6 3.54xlo6 

F 3.48xlo6 3.57xlo6 3.88xlo6 

G 3.05xlo6 I 3.45xlo6 3.58xlo6 

Average 3.22xlo6 I 3.64xto6 3.85xto6 

Standard Deviation 0.142xlo6 I 0.189xlo6 0.210x106 

B -'·--'X106 I 3.98xlo6 

* Each result 1s the average of2 cylmder tests. 

4.4.3 Coefficient of Thermal Expansion 
The coefficient ofthermal expansion tests were performed in accordance with CRD C39. Tables 
4.3 and 4.4 present the test results at 3. 28. and 90 days at each section, per degree farenheit and 
per degree celsius respectively. Each result is an average ofthree concrete cylinders. 
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Table 4.3: Concrete Coefficient of Thermal Expansion, a (10-6 per Of)* 

Age at Test ( davs) . 
Section 3 I 28 90 

A 5.55 I 4.86 5.38 

B 4.80 4.77 5.23 

c 6.04 4.86 5.52 

D 4.09 5.34 4.34 

E 3.85 4.10 6.53 

F 3.92 4.21 I 4.06 

G 3.78 4.34 6.24 

Average 4.58 I 4.64 5.33 

Standard Deviation 0.91 0.44 0.90 
* Each result 1s the average of 3 cylmder tests. 

Table 4.4: Concrete Coefficient of Thermal Expansion, a (10-6 per °C)* 

Age at Test ( davs) . 
Section 3 I 28 90 

A 9.99 I 8.75 9.68 

B 8.64 I 8.59 I 9.41 

c 10.87 I 8.75 I 9.94 

D 7.36 I 9.61 7.81 

E 6.93 I 7.38 11.75 

F 7.06 I 7.58 7.31 

G 6.80 7.81 11.23 

Average 8.24 8.35 I 9.59 

Standard Deviation 1.64 0.79 1.63 
"'* Each result 1s the average of.) cylmder tests. 

More detailed records of the CTL test data is presented in Table 4.5. 
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Table 4.5: CTL Concrete Material Property Test Summary 

Section I Description Cite Oatt Olys I Applied rc I Ec- ClI 
Stattld Completed L.Didecl StriSI (psi) (Pill (per.~ 

I 
A I casting date 5125101 I 

3 day loading 5128191 5127/H 1700 I 3.07E+Oe I 5.5SC..oe* 	 ·~ 28 day loading et22J98 e122199 365 2500 51~ 3.51E+Oe 4.88E..OS 
90 day loading 8I2W8 ~9 31!55 2500 noo I 3.93E+08 5.38E..OS 

I I 
B castlnadata 1,/27/Sf . 

3 day loading oCI3QI98 ~ 365 1510 I 3780 I 3.23E+Oe I 4.80E..OS 
28 day loading 5I2SIN 5f25m 365 2500 sno I 3.98E+Oe 4.77E..OS 

I 90 day loading 7f26198 712619Q 385 2500 7910 3.93e+Oe 5.23E..OS 

c · casting date ~ 
3 d1y loading 5f2J9a et2l99 39e 1880 3780 3.23E+OIS e.a.e-oe 

28 day loading 5127,';8 5127,..9 365 2500 67~ 3.~ 4.86E.OS 
90 day loading 7~ 7128198 I 3155 2500 76!0 I 3.95E+OIS 5.52£45 

0 	 I ca~dm 112M 
I 3day~dlng 7/SIN 1/SI01 915 1720 4290 3.21E+OIS 4.09E45 
I . 28 day loading 713tJ198 1J'JOI01 115 2<480 ~ 3.59e+oe 5.3E.QS 
I 90 day loading 9130198 1J301'01 853 2500 7630 <4.12E+OIS 4.3E45 

e 	 I casting date 
I 

9J21J98 
I -

I 3 day loading 9J2~ 1/24101 853 1660 4210 3.27E+OIS 3.8SE45 
I 28 day loading 1011~ I 1/20101 82" 2480 I 8530 3.81E+OC5 4.1oe.oe 
I 90 day loading 12120198 1120101 782 2<480 7430 3.54E+OIS e.53E-oe 
I 

F 	 I casting d8ta 81181'98 
I 3 day loading 8121};1 I 1/21101 8&4 1550 3880 3.48E+OIS 3.92!:45 
I 28 day loading QI1SI98 1115101 853 2290 5850 3.57E+OIS 4.21E45 
I 90 day loading 11/16198 1118101 7512 2480 7060 3.88E+08 4.0SE.QS 
I I 

G 	 I casting data 9111,';8 
I 3 day~ding 911<4198 9114199 365 I 1530 I 3830 3.05E+06 3.78e45 
I 28 day loading 1019198 101919& 3e5 1 2380 5i90 3.455+08 4.34E45 
I 90 -~ding I 1211CW8 1211019& I 31!55 I 2480 6$10 3.58e+Oe e.2.ce-oe 
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4.4.4 Creep and Shrinkage Tests 
Parallel creep and shrinkage tests were performed at 
CTL under controlled laboratory conditions, and at the 
site under field conditions. Each creep test consists of 
a single creep frame containing two creep cylinders 
accompanied by two shrinkage cylinders alongside the 
frame. The two creep cylinders are loaded into the 
creep frame with dummy cylinders above and below 
the instrumented cylinders as shown in Figure 4.3. 

The creep frame consists of header plates bearing on 
the ends of the loaded specimens, a load-maintaining 
element (double steel coil springs), and threaded rods 
to take the reaction of the loaded system. The coil 
springs are needed to ensure consistant long-term 
loading. The load on each frame was checked on a 
regular basis. 

At CTL laboratories, tests were conducted following 
the recommendations of ASTM C512. The laboratory 
tests were performed on concrete samples from each Figure 4.3: Field creep frame. 
of the seven instrumented sections. For each of the 
seven instrumented sections, three creep frames were loaded, one each at 3 days, 28 days and 90 
days age after pouring. There are therefore 21 laboratory creep frames each containing two creep 
cylinders and each accompanied by two shrinkage cylinders. 

The creep and shrinkage results from the CTL tests are presented in Figures 4.4 through 4.24. 
These plots present the Load Induced Deformation. which includes the elastic and creep strains, 
and the Drying Shrinkage. All tests were performed for at least one year of loading, with tests 
for sections D, E and F continuing for over 800 days. The raw data on which these plots are 
based is presented in the Appendix. 

Parallel field creep tests were performed on concrete cylinders from sections E, F and G. Three 
creep frames were loaded with cylinders from each of sections E and G, while 2 frames were 
loaded with cylinders from section F. These creep frames are located in or near the North 
Halawa Valley Viaduct. Companion shrinkage cylinders made from the same concrete as the 
creep cylinders are stored alongside the creep frames. A full discussion of the field creep tests is 
presented in Lee and Robenson ( 1995). The creep and shrinkage results from the field tests are 
presented in Figures 4.25 through 4.32. The raw data on which these plots are based is presented 
in the Appendix. 
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CHAPTERS 


MATHEMATICAL MODELS FOR CREEP AND SHRINKAGE_ 

5.1 Introduction 

A number of material property tests were performed on the concrete used in this project. These 
tests included creep and shrinkage tests in the Construction Technology Laboratory (CTL). 
Tests were performed on concrete samples from each of the seven instrumented sections, with 
creep frames loaded at 3, 28 and 90 days age. Hence a total of 21 creep frames and associated 
shrinkage cylinders were established and maintained for one year. Certain of these frames were 
monitored for an additional two years. 

This chapter presents the results of a comparison between the creep and shrinkage test data and 
four current prediction models. A procedure to predict long-term creep and shrinkage based on 
short-term laboratory test results is presented and evaluated using the CTL test results. A more 
extensive presentation of the models, comparison, and prediction procedure is available in 
Durbin and Robertson (1998). 

~-.,... Laboratory Test Results 

5.2.1 Creep Results 

Figures 5.1 through 5.3 present the CTL measured creep values for concrete samples loaded at 3 
days, 28 days and 90 days of age, respectively. Each figure displays creep values for sections A 
through G, as well as the average value. Sections A, B, C, and G have been plotted for a period 
of 1 year, at which time these tests were discontinued. Sections D, E, and F have been plotted 
for approximately 800 days. 

Creep values are expressed as specific creep (creep strain per unit stress). Table 5.1 lists the 
value of average specific creep for the 3 day, 28 day, and 90 day samples along with the 
corresponding creep coefficients after one year of loading. 

Table 5.1: Average creep values for one .vear ofloading 
i 
I Age at Loading Age (days) I Days Loaded I Creef/psi (Ave.) I. Creep Coefft. (Ave) 
I I (in-!lbx 106) 

3 Days 368 I 365 1.147 3.654 
I I I I 

28 Days 393 365 0.917 3.324i
I I I I 

90Days 455 365 0.686 2.633 
I I I I 

For a loading age of365 days, it can be seen from Table 5.1 that the average creep coefficient for 
the 3-day loaded samples is 3.654. This value decreases by 9% for the 28-day loaded samples, 
and by 28% for the 90-day loaded samples. 
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Figure 5.1: CTL laboratory creep for 3-day loading. 
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Figure 5.2: CTL laboratory creep for 28-day loading 
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Figure 5.3: CTL laboratory creep for 90-day loading 
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Figure 5.4: CTL laboratory Shrinkage for drying from 3-days 
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5.2.2 Shrinkage Results 

Figure 5.4 presents the CTL measured shrinkage values ofthe companion shrinkage cylinders 
corresponding to the 3-day creep cylinders. Only these shrinkage results are reported, since the 
initial start of drying for the 28-day and 90-day shrinkage companion cylinders was not recorded. 

The plot shows shrinkage values for sections A through G, as well as the average value. As ·with 
the creep cylinders, sections A, B, C, and G have been recorded for a period of one year, while 
sections D, E, and F have been recorded for approximately 800 days. 

Shrinkage values are expressed in microstrain. Table 5.2 lists the average value of shrinkage for 
the 3-day cylinders. 

Table 5.2: Average 3-dav shrinkage value for one vear of drving.. . . 
Age at Loading I Age (days) Days Drying Shrinkage (~)

I I I 
3 Days 368 365 1045 

I i I I 

5.3 Creep and Shrinkage Prediction Models 

Numerous analytical models have been developed to predict the long-term creep and shrinkage 
of plain concrete. In this study, four analytical models are investigated and compared with the 
results of the CTL tests. These four models are the current ACI 209 model (ACI 209R-92, 
1992), the CEB-FIP Model Code 90 (CEB, 1993), the Bazant Model BP (Short Form) (Bazant 
and Baweja, 1996), and the Gardner Model (Gardner and Zhou, 1993). The Bazant and Gardner 
models are currently under consideration by ACI committee 209 as possible replacements for the 
current ACI 209 model. 

Figures 5.5 through 5.7 compare the CTL average values and the predictive model values for 

concrete samples loaded at 3 days, 28 days, and 90 days, respectively. Each figure displays 

creep values for loading periods of one year. 


5.3.1 Creep Comparison for 3-day loading 

Referring to Figure 5.5 and Table 5.3, it is seen that all of the predictive models fall well short of 
estimating creep values over the period of loading. At one year of loading, the Gardner model 
best approaches the test data values, followed by the CEB-FIP and Bazant models. ACI 209 
produces the lowest results. 
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Figure 5.5: Creep Predictive Models for 3-day loading 

CTL 28-Day Creep Values 

1.00--------------------------------------------------------------~ 

--zs Day 
~ 

-e-ACI209 ,,.., i 
_.,_Gardner Model ii 
- Bazant Model 

- CEB-FIP Model 0.00 ---t.____________________________________.=======
0 50 100 150 200 250 300 350 400 450 

Concrete Age (Days) 

Figure 5.6: Creep Prediction Models for 28-day loading 
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Table 5.3: 3-Dav Creep values for one vear of loading. . 
II Data Type Age Days Loaded Creeptpsi -Creep 

I I (Days) I 
I I (in2!lb x 1 06) Coefficient 

CTL Data 368 365 1.147 3.654 
I 
I 

) I I 
~ ~~

ACI 209 368 36:> 1.882 

CEB-FIP 368 365 0.919 2.956I I 
I 

I I If i 

Bazant Model 368 365 0.859 2.763I i 
I 
I 
I I I I I 

Gardner Model 368 365 0.967 I 3.110I 
l I I I I 

5.3.2 Creep Comparison for 28-day loading 

Referring to Figure 5.6 and Table 5.4, it is seen that the difference between the test data and the 
predictive models is even greater for the 28-day loading age. \Vhile both the test data and the 
predictive models yield lower creep values than the 3-day results, as expected. the test data creep 
values are still far higher than the values predicted by the various models. The CEB-FIP model 
most closely approximates the test data, followed by the Gardner, Bazant and ACI 209 models. 

Table 5.4: 28-Dav Creep values for one .vear ofloading-
: Data Type I Age i Days Loaded Creep/psi Creep 
i I 
; I 

I 
(Days) i 

I I (in2!lbx 106) I Coefficient 
' I /! CTL Data 393 365 0.917 3.324 
I I I 
' I I I 
i ACI 209 393 365 0.396 1.438 

I 
I 

I i I I 
I CEB-FIP 393 I 365 0.604 2.193
I I I I 

! 
i Bazant Model ' 393 365 0.427 1.550 
I I I I I 

Gardner Model 393 365 0.520 1.888I I 
i II ! I I I' 

5.3.3 Creep Comparison for 90-day loading 

As in the case ofthe 3-day and 28-day tests, none of the predictive models produce results that 

closely approximate the 90-day test data as shown in Figure 5.7 and Table 5.5. As for the 28-day 

data, the CEB-FIP model most closely approximates the test data, followed by the Gardner, ACI 

209, and Bazant models. 
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Table 5.5: 90-Day Creep values for one year of loading 
Data Type Age j Days Loaded I Creep/psi Creep 

(Days) , (in2/lb X 1 06) Coefficient 
CTL Data 365 0.686 2.633455 I 

:ACI 209 	 ! 
' 

455 365 i ' 0.329 1.263 
I ' II 	

I I I 
CEB-FIP I 455 i 365 i 0.483 	 1.854 

I 	 II 
! i I 	 I 

Bazant Model : 455 I 365 	 0.300 1.151 
iI I 

I 	
I I 
IGardner Model 455 	 365 0.409 I 1.570I I 	 I-! 	 i I 	 I 

5.3.4 Shrinkage Comparison for 3-day age at drying 

figure 5.8 and Table 5.6 compare the CTL average 3-day shrinkage values with the predictive 
models. All of the predictive models fall well short of the test data. The curves for the ACI 209 
and Gardner models are similar, as are the Bazant and CEB-FIP model curves. The ACI 209 and 
Gardner models are closer to the test data while still underestimating considerably. 

Table 5.6: 3-Dav Shrinkage values after one vear of drving. 	 . . 
Data Type 	 Age Days Drying I ShrinkageI 

i 	 I 
! I (Days) I 

! 	 I (J..LE) 
I CTL Data 368 	 365 1045! 	 I: 	 I 

I I II 

ACI 209 368 	 365 705 

I I 	 I 
I 
I CEB-FIP 368 	 365 424I 
I 
I I I 	 I ..,

Bazant Model 368 	 - 42., 

Gardner Model 368 	 365 679 

5.4 Updating Predictive Models Using 28 Da~· Test Data 

5.4.1 Introduction 

The largest source of uncertainty of creep and shrinkage prediction models is the dependence of 
model parameters on the composition and strength of concrete (ACI-209, 1996). Because this 
effect is very complicated, and because a satisfactory mathematical theory has yet to be 
developed, the problem may be handled empirically by conducting short-term creep and 
shrinkage tests and using the results obtained to adjust the long-term parameters accordingly. 
This may be done on a parameter-by-parameter basis, although trying to account empirically for 
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the effects ofeach model parameter individually would be difficult due to the many parameters 
and their combinations. 

The overall model prediction may also be modified in a more gross sense, by comparing the 
shon-term test data results for creep and shrinkage to the predictive model results over the same 
time period, and adjusting the predictive model results to improve the correlation between the 
two. This procedure, outlined by Bazant (ACI-209, 1996), is examined in section 5.4.2. 

5.4.2 Regression Analysis 

Modified prediction values for creep and shrinkage may be obtained by comparing actual short
term data points against the values obtained by using one of the predictive models. These values 
are plotted against each other on agraph, such as Figure 5.9. Determination of a modified creep 

coefficient is used as an example. If the model data, ¢'(t), corresponded exactly to the test data, 

¢ (t), a plot of ¢'(t)vs. ¢ (t) would be a single straight line passing through the origin. In 

reality, these values do not correspond exactly (as shown in Figure 5.9). To obtain the least 
deviation between the test data and the model, a least-squares regression is calculated. This 
results in the regression line 

(5.1) 

where 

PI= The intercept of the regression line 

P2 = The slope of the regression line 

cp(t) = Creep coefficients from the short-term (first 28 days) test data 

cp'(t) = Creep coefficients from the original model 

cp"(t) = Modified creep coefficients using the short-term test data 

The regression coefficients PI and p 2 are determined as follows: 

(5.2) 

(5.3) 
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28-Day Linear Regression of Model Prediction vs. Test Data 
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Figure 5.9: Linear Regression of28 Day Test Data 

where 

n = The number of data points in the shon-term (first 28 days) test data 

<Pi = The tth creep coefficient from the shon-term data 

¢/= The tth creep coefficient from the predictive model 

¢ = The average value of the short-term test data creep coefficients 

(ii' = The average value ofthe predictive model creep coefficients 

Modified values of creep and shrinkage for each predictive model were calculated using 
equations 5.1 through 5.3 and the results are discussed in the following sections. 

5.4.3 Creep Results 

Figures 6.10 through 6.12 compare the CTL average creep values vs. predictive model values for 
concrete samples loaded at 3 days, 28 days, and 90 days, respectively. The predictive models 
have been modified using the shon-term test data as described in section 6.4.2. Each chart 
displays creep values for loading periods of one year. 
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5.4.3.1 Creep Comparison (3 Day) 

Figure 5.10 and Table 5.7 illustrate the effect of using the shon-term test data-to modify the 
creep predictions of the various models. Data from Table 5.3 (unmodified values) has been 
incorporated into Table 5.7 for comparison purposes. With the exception of the Gardner model, 
both the shapes and data values of the predictive curves are in much closer agreement to the test 
data than they were using the unmodified predictive models. The Gardner model appears to 
diverge from the test data points (Figure 5.1 0), while the CEB-FIP and Bazant models give very 
close results. The ACI model is also greatly improved, although the results are not as close as the 
Bazant and CEB-FIP models. 

Table 5.7: Average 3 Day Creep Values Using Corrected Predictive Models 

Data Type Age Days Creep/psi (Ave) Creep Coeff. Error 

(Days) Loaded Orig. New Orig. New Reduction 


CTL Data 368 365 1.147 1.147 3.654 3.654 -

I 

ACI 209 368 365 .585 .996 1.882 3.203 73.1% 

I I I 
CEB-FIP 368 365 .919 1.094 2.956 3.519 76.8% 

I I I 
Bazant Model 368 365 .859 1.094 2.763 3.519 81.6% 

I 
Gardner Model 368 365 .967 1.678 3.110 5.397 -

I 
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Figure 5.11: Modified Predictive Models for 28-day Creep 
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Figure 5.13: Modified Predictive Models for 3-day Shrinkage 
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5.4.3.2 Creep Comparison (28 Day) 

Figure 5.11 and Table 5.8 show the results for 28 day creep chart. Data from Table 5.4 has been 
incorporated into Table 5.8 for comparative purposes. For the 28 day creep, a significant 
improvement is achieved by using the shon-term test data. The exception is the Gardner model. 
which diverges from the test data. The Bazant model appears to give the best results, followed by 
the CEB-FIP and ACI models. 

Table 5.8: Average 28 Dav . Creep Values Using Corrected Predictive Models 
Data Type Age I Days I Creep/psi (Ave) Creep Coeff. Error 

(Days) Loaded Orig. New Orig. New Reduction 
CTL Data 393 365 .917 .917 3.324 3.324 -

I 
ACI 209 393 365 .396 .779 1.438 2.828 73.5% 

I 
CEB-FIP 393 365 .604 .857 2.193 3.111 80.8% 

I 
Bazant Model 393 365 .427 .958 1.550 

I
3.478 91.6% 

I 	 I I 
Gardner Model 393 365 .520 1.181 1.888 4.288 33.5% 

I 	 I 

5.4.3.3 Creep Comparison (90 Day) 

Figure 5.12 and Table 5.9 give the results for the 90 day creep chart. Data from Table 5.5 has 
been incorporated into Table 5.9 for comparative purposes. Both the Gardner and Bazant models 
appear to overestimate the test data, while the CEB-FIP and ACI models appear to underestimate 
the test data. It is difficult to determine whether or not the Gardner model is diverging from the 
test data, as was the case for the 3 day and 28 day charts. However, in comparison to Figure 5.5, 
the use ofthe shon-term test data to update the predictive models still produces desirable results. 

Table 5.5: Average 90-Day Creep Values Using Modified Predictive Models 

Data Type I A!Ze I Davs j Creep/psi Creep Coefficient Error 


I 	 (Days) I Loaded , Orig. New I Orig. New· Reduction 

I CTL Data 455 365 i 0.686 I 0.686 I 2.633 2.633 
' 	 I I I I 

Ii I 	 ' I I 

I ACI 209 455 365 
I 

0.329 I 0.560 1.263 I 2.149 64.7% 
' 	 II 	 I! i I i I I I 

CEB-FIP I 455 365 I 0.483 0.618 I 1.854 2.372 66.5% 

I I 
I 

I I I I I 
Bazant Model I 455 I 365 I 0.300 0.744 1.151 2.856 85.0% 

Ii I : I I 	 I I II 

1 Gardner Model j 455 i 365 0.409 0.795 I 1.570 3.051 60.7% 
I I

I 	 1 I I I 	 I I 
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5.4.4 Shrinkage Results 

Figure 5.13 compares the CTL average 3-day shrinkage values \\'ith the predictive model values. 
The predictive model values have been modified using the short-term test data as described in 
section 5.4.2. Figure 5.13 shows that over the period of one year, the updated ACI 209 and 
Gardner models correspond well with the CTL test data, while the Bazant and CEB-FIP models 
diverge from the CTL data. Table 5.6 compares the CTL test data with the modified predictive 
model results at one year of drying. 

Table 5.6: Average 3-Day Shrinkage Values (modified) for One Year of Drying 
Data Type Age Days Drying Shrinkage 

~~ 	 ~ 
ata 	 i 

I 
~ ~ .) .) 

I 

! 
I ' 

ACI 209 368 365 1095 
I 	 I I 

CEB-FIP I 368 	 365 I 1363l I 	 II 

Bazant Model I 368 365 	 1606I 	 ji 	 I 
Gardner Model I 368 i 365 	 1025I 

I 
I 	 I I 

It can be seen from Figure 5.13 and Table 5.6 that the modified ACI 209 and Gardner models are 
in close agreement '"'ith the test data, and show a great improvement over the urunodified 
predictive model results. The modified Bazant and CEB-FIP models also show an improvement, 
however, Figure 5.13 shows a divergence between the test data and these models that indicates 
that the modification procedure applied to these models is unreliable. For the Bazant shrinkage 
model, this is funher supponed by Bazant himself who has found that the previously described 
method using short-term test data to update predictive models is effective for the Bazant creep 
model, but is ineffective for the Bazant shrinkage model. 

5.5 General Observations 

5.5.1 Hawaiian Concrete 

This research was conducted on test cylinders made using Hawaiian concrete made from locally 
obtained aggregates. Based on the results of the creep and shrinkage tests preformed at CTL, the 
following observations can be made: 

• 	 As expected, creep strains decreased with an increase in age at loading. 
• 	 The concrete creep exhibited greater scatter '"'ith an increase in age at loading. 
• 	 The scatter in concrete creep values after one year of loading varied between approximately 

10% and 20%. 
• 	 The scatter in shrinkage values after one year of drying was approximately 8%. 
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5.5.2 Predictive Creep and Shrinkage Models 

Based on the results of this study, none of the four predictive models considered was able to 
predict the test creep and shrinkage adequately. All of the models underestimate both creep and 
shrinkage of the Hawaiian concrete. Because none of the models fit the test data, it is reasonable 
to conclude that these and any other predictive models should be used with caution when applied 
to Hawaiian concretes. 

5.5.3 Use of Short-Term Test Data to Modifv the Predictive Models . ~ 

This study suggests that the appropriate use of short-term data for modifying the predictive · 
models can be quite effective. Using the method outlined earlier in this chapter, significant ": 
improvements in the prediction of creep and shrinkage were obtained. However, not all of the 
models showed an improvement from the modifications. 

For creep prediction, the use of short-term test data to update the predictive models worked very 
well for all models except the Gardner model, which showed a clear divergence from the test 
data. · 

For shrinkage prediction, the method used to update the predictive models was effective for two 
of the four models, namely the ACI 209 and Gardner models. The Bazant and CEB-FIP models 
clearly diverge from the test data and should not be modified using this approach. 
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CHAPTER6 

CO~~ONOFCREEPANDS~GE 
MODELS WITH FIELD OBSERVATIONS 

6.1 Introduction 

This chapter presents a comparison between laboratory creep and shrinkage data and the 
performance of the NHVV. Results from the concrete strain measurements using vibrating wire 
strain gages, and the span shortening measured by extensometers, are presented. A correlation is 
made between the laboratory creep and shrinkage results and the field conditions. Using only the 
first 28 days of creep and shri.nkage data from the laboratory tests to modify current predictive 
models, as described in Chapter 5, it is shown that the field measured strains and span shortening 
can be simulated with reasonable accuracy. 

In order to size the expansion bearings for a long-span bridge structure. it is necessary to predict 
the overall span shortening due to all effects, including elastic shortening, creep and shrinkage, 
and thermal changes. This prediction, along with deflection and prestress loss calculations, is 
commonly performed using a time-step computer program. such as SFRAME (Ketchum, 1986), 
which models the construction procedure and all subsequent factors affecting the long-term 
performance of the structure. These computer models require considerable input data including 
the expected creep and shrinkage performance of the concrete used in the structure. 

This chapter presents the results of a simplified prediction of the overall span shortening of the 
NHVV. This prediction is based on information generally available to a design engineer at the 
start of a project, including 28 days of creep and shrinkage data from tests performed on the / 
concrete to be used in the structure. The success of this simplified prediction indicates that 
computer predictions will also be successful using the creep and shrinkage data obtained from 
the 28 days of testing. 

6.2 Description of Instrumentation 

A detailed description of all instrumentation in this project is given in Chapter 3. The following 
is a brief description of the strain and span shortening measurement systems pertaining to the 
results presented in this chapter. 

6.2.1 Concrete Strain Measurements 

The primary instruments for measuring concrete strain are Vibrating Wire Strain Gages. These 
gages were embedded in the concrete to measure longitudinal strain. Eight to ten vibrating wire 
strain gages were placed around the box -girder cross-section at each instrumented section as 
described in Chapter 3. 
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6.2.2 Span Shortening Measurements 

Extensometers were installed in the four instrumented spans to monitor the overall shonening of 
the box-girder as described in Chapter 3. One end of an extensometer is fixed at one ~nd of the 
span, while the other end is coupled to a Linear Variable Displacement Transducer (L VDT) at 
the other end of the span. The relative displacement of the concrete at the two ends of the 
extensometer is measured by the L VDT. The span shonening measured by each extensometer is 
convened to a strain by dividing by the corresponding span length. 

6.3 Axial Shortening Results 

6.3.1 Axial strains recorded by VW gages 

Figure 6.1 presents the axial strains measured by the 8 vibrating wire strain gages at section A for 
a period of 30 months after construction. The average strain at the mid-height of this section is 
also shown. Similar results were recorded for the 10 VW gages at section B. These sections 
represent the midspan and endspan conditions respectively for span P8 to P9. Figure 6.2 shows 
these two average strain plots, as well as the overall average for the two sections. This overall 
average should give an approximate indication of the overall shonening of the entire span as 
shown by the extensometer strains plotted in Figure 6.2. 
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Figure 6.1: Axial strains recorded by the VW gages at section A 
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Figure 6.2: Span shonening from P8 to P9 based on extensometer and VW gages. 

Span Shortening P11-P12 
ID co 
0') 0')ID 

0') 6.::>
.6 0 Cll 
Cll z C/) 

L.L. d:J dl .,... I 

C\J C\1 

0;--_--------------~==================~ 
•...., 

--../·-1 00 -----t..-''·""=:------------1 ,-:;:.. 
- ' 

-..... 

.E -300 -----1r:-'IM- ---=·"-,_,--___.!..===============:!... 

a:J-e 
~ 

-4oo -------~----
.!::!
:iE -500 -----=-=;::.;_;_;:..._____,_,__;;;;::---'r-

-Average Strain @ "E"
-600

-Average Strain @ "FI 
Average


-700 - Average Strain 


- Extensometer Strain 
-soo-=================~------------------------------

Figure 6.3: Span shonening from Pll to P12 based on extensometer and VW gages. 
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Figure 6.3 shows the same plot for span Pll to Pl2 (Sections E and F). These plots indicate that 
the vibrating wire strain readings at only two sections along the span were able to provide a goocl 
indication of the overall span shonening. If it is possible to predict the strains at these tw,' · 
sections. or preferably more sections, it would be possible to deduce the overall span·shonening. 

Enlarging the strain measurements in Figure 6.1 for the first two months after construction of 
section A results in Figure 6.4. The average strain at mid-height of the section is also shown. 
The rapid changes in strain are the result of prestressing events, either of the span tendons or the 
continuity tendons. Isolating the changes in average strain produces the step-function stress 
history shown in Figure 6.5. 
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Figure 6.5: Stress history for section A. 
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6.4 Material Properties 

Testing at CTL laboratories performed on concrete samples taken from each of the se\"en sections 
produced the material properties reported in Chapter 4. In addition, 21 creep frames with 
associated shrinkage cylinders were established at CTL under standard ASTM C512 conditions. 
For each of the seven instrumented sections, one creep frame was loaded at each of 3, 28 and 90 
days concrete age. 

The results of these creep and shrinkage tests are compared with various predictive models in 
Chapter 5. All of these models underestimated both the creep and shrinkage observed in the 
laboratory tests. A simple linearization approach is presented whereby the predictions of some of 
the models can be substantially improved based on the first 28 days of test data. In particular, the 
Gardner model for shrinkage responds well to this linearization approach, as does the Bazant 
model for creep prediction. These modified models will be used in this chapter as a starting 
point for correlation of the short-term laboratory data with the long-term viaduct response. 

Figure 6.6 shows the shrinkage prediction using the Gardner model for section A. Using the 
linearization approach, the Gardner model is adjusted for the first 28 days of laboratory shrinkage 
data for section A. The extrapolated shrinkage over the first year shows excellent agreement 
with the measured shrinkage (Fig. 6.6). 
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Figure 6.6: Adjustment of Gardner shrinkage prediction based on 28 days of test data. 

Similarly, Figure 6.7 shows the creep prediction for 3-day loading using the Bazant model 
adjusted for the first 28 days of laboratory creep data. Again, excellent agreement is noted for 
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the first year of loading. Similar adjusted creep predictions were developed for creep tests loaded 
at 28 and 90 days concrete age as shown in Figures 6.8 and 6.9. 
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Figure 6.7: Adjustment of Bazant 3-day creep prediction based on 28 days of test data. 
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Figure 6.8: Adjustment of Bazant 28-day creep prediction based on 28 days of test data. 
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90-Day Creep - Section A 
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Figure 6.9: Adjustment of Bazant 90-d.ay creep prediction based on 28 days of test data. 

6.5 Correlation with Field Conditions 

6.5.1 Factors Affecting Field Behavior 

In order to utilize laboratory test results in predicting field behavior. it is necessary to adjust for 
differences between the laboratory test specimens and the actual structural elements. The 
following adjustments were made in this correlation. 

Relative Humiditv -- The laboratory relative humidity was a constant 50% while instruments in 
the field recorded humidity variations from 70% to 95%. Over a one-year period, the average 
relative humidity inside the box girder was 83.3% while outside the box-girder it was 86.0%. 
For this study, the laboratory results were modified from 50% to 85% relative humidity. The 
resulting effect on the 3-day shrinkage and creep predictions is shown in Figures 6.10 and 6.11. 
The effect on the 28 and 90-day creep predictions is shown in Figures 6.12 and 6.13. 

Ambient Temperature - The laboratory ambient temperature was held constant at 23 ± 1 °C. 
The range of field ambient temperature was from l9°C to 27°C with one-year averages of 23.7°C 
and 23.5°C inside and outside the box girder respectively. Hence, no adjustment was made for 
ambient temperature. 

6-7 




3-Day Shrinkage - Section A 
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Figure 6.10: Adjustment of shrinkage prediction for relative humidity and V/S ratio. 
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Figure 6.11: Adjustment of 3-day creep prediction for relative humidity and VIS ratio. 
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28-Day Creep - Section A 
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Figure 6.12: Adjustment of 28-day creep prediction for relative humidity and V/S ratio. 
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Figure 6.13: Adjustment of 90-day creep prediction for relative humidity and V/S ratio. 
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Volume-to-Surface Area ratio - The volume-to-surface area (VIS) ratio for the laboratory 
cylinders (152 x 305 nun [6"x12"]) is 38 mm (1.5''). The corresponding ratio for the viaduct 
varies with the variation in cross-section shape. At section A, a typical midspan section, the V /S 
ratio is 161 mm (6.35"). The shrinkage and creep prediction models were adjusted accordingly 
as shown in Figures 6.10 through 6.13. 

Stress Historv -- The stress history for the section being considered is required so as to compute 
elastic and creep strains. Generally, a stress history would be developed during the bridge 
design. The actual field implementation of this stressing procedure may vary somewhat based on 
the construction scheduling and concrete strength gain. however, the total stress applied will be 
the same as the design required value. Any construction related variation in stress history is 
unlikely to have a significant effect on the long-term structural response. For this study, the 
concrete stress induced by the prestressing at mid-height of section A is shown in Figure 6.5. 

Age at Loading -- Prestressing of section A was performed in four increments at concrete ages 
of 5, 17, 20 and 54 days as shown in Figure 6.5. In order to model correctly the creep resulting 
from each of these stressing operations, it is necessary to interpolate between the laboratory 
generated creep curves as shown in Figure 6.14. 
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Figure 6.14: Interpolation of creep curves. 
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Longitudinal · Reinforcement - The presence of non-prestressed longitudinal reinforcement 
reduces the creep and shrinkage predicted for plain concrete. As the concrete creeps and shrinks, 
the steel is compressed and so accepts more of the prestress force. The resulting decreased stress 
on the concrete causes less creep. A step-by-step strain compatibility approach was used to 
compensate for this effect considering the actual longitudinal steel ratio at section A of 0.008. 

Prestress Loss -- The time-dependent loss of prestress also results in a decrease in the concrete 
stress. Consequently there is a reduction in both elastic strains and creep strains. This effect was 
incorporated by a step-by-step procedure accounting for a daily reduction in prestress on the 
section. The total prestress loss for the frrst year of loading was estimated as 15% of the initial 
prestress. 

6.5 Prediction of Axial Shortening 

Using the laboratory test results for compressive strength and modulus of elasticity, along with 
the adjusted shrinkage and interpolated creep predictions, it was possible to predict the axial 
shonening at section A as shown in Figure 6.15. Shrinkage strains are applied from day 5 after 
stripping of the formwork. The axial strain resulting from each stressing event is evaluated using 
the age appropriate modulus of elasticity. The subsequent creep strains are computed based on 
the creep curve for that particular age of loading. The cumulative elastic, shrinkage and creep 
strains for each stressing increment are summed. The effect of longitudinal reinforcement and 
prestress loss are incorporated as described above. The resulting strain plot compares well with 
the observed average strain at section A. also shown in Figure 6.15. 
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Figure 6.15: Predicted and measured axial strain for section A. 
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A similar procedure was applied to the other instrumented sections. The flrst 28 days of 
laboratory creep and shrinkage data for concrete taken from each section was used to predict th"' 
axial shonening at the respective section. At section C, a number of the vibrating wire stra 
gages were damaged during pouring, so this section was not used in this study. The results for 
the other five sections (B, D, E, F and G) are shown in Figures 6.16 to 6.20. As with section A, 
the predicted axial strains compare well with the average measured strains at each section. 
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Figure 6.16: Predicted and measured axial strain for section B. 
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Figure 6.17: Predicted and measured axial strain for section D. 
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Simulated Axial Strain at Section E 
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Figure 6.18: Predicted and measured axial strain for section E. 
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Figure 6.19: Predicted and measured axial strain for section F. 
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Simulated Axial Strain at Section G 
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Figure 6.20: Predicted and measured axial strain for section G. 

6.6 Conclusions 

1. 	 Based. on 28 days of laboratory creep and shrinkage. and the modified prediction models 
presented in Chapter 5, the axial strain at any section in the NHVV box girder can be 
predicted using the approach presented in this chapter. 

2. 	 These predicted axial strains compare well with the average strains measured by the vibrating 
wire strain gages at each of the instrumented sections. 

3. 	 By predicting the strains at midspan and endspan conditions. the average strain over the full 
span can be estimated. This span shortening strain compares well with the strain measured 
by the extensometers installed to monitor span shortening. 
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CHAPTER 7 


TIME-DEPENDE1'1 A.."'iALYSIS 

7.1 Introduction 

In this chapter, comparisons are made between field-measured data with predicted results by the 

computer program SFR..~. Two sets ofpredicted results were generated: The first set \vith the 

CEBIFJP-78 that was used in the original design, and the second set with the proposed Bazant 

creep and Gardner shrinkage as presented in chapter 5. SFRAME is a structural analysis program 

specifically developed for the time-dependent analysis of segmentally erected prestressed 

concrete plane frame structures and bridges. 

In order for the comparison to be accurate, the SFRA.ME model must reflect the actual structure 

in the field. The original design model was modified to incorporate the as-built conditions, 

including: 

• As-built construction sequence 

• As-built tendon stress profile (revised coefficient of friction) 

• Actual no. of strands in each tendon (broken or slipped strands are discounted) 

• Activation of future tendons 

• Actual date ofoverlay application 

For the design of the North Halawa Valley Viaducts, the CEBIFJP-78 was chosen for the creep 

and shrinkage model. The CEB model is widely used for the time-dependent analysis of 

segmental concrete bridges, and it is one of the built-in models in SFRA.ME. At the beginning of 

the design process, creep and shrinkage test were performed by Construction Technology 

Laboratories (CTL) ofSkokie, Illinois. The tests were carried out for 3-day, 28-day, and 90-day 

specimens, and the results were compared to the CEB model. The CEB model underestimated 

both the creep and shrinkage recorded in the lab tests. In order to best match the test results 

(minimizing the sum-of-the-error squared for all three curves), "fudge factors., were incorporated 
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- -into the CEB model. The desi!!Il utilized the CEB/FIP-78 model with a fud2e factor of 1.50 for 

creep and 2.50 for shrinkage. Figures 7.1 and 7.2 illustrate the comparison ofthe CEB model \ 

with fudge factors to the lab data for creep and shrinkage respectively. 

7.2 Comparison of l\1easured Data with Predicted Results 

Comparisons were made for three parameters: Extensometers and bearings for horizontal 

movement, and base-line system (piano wire) for vertical deflection. These instrumentation 

systems are presented in detail in chapter 3. Of the three parameters being compared, the 

extensometer readings represent the most direct indicator of the creep of the structure under 

sustained prestressing axial force. 

7.2.1 Extensometers 

The purpose of the extensometers was to measure axial shortening of the instrumented spans. 

Readings were recorded once a day at 6:00AM. Axial· strain for a given date was calculated by 

taking the displacement (difference between initial and given date reading), divided by the 

extensometer length (span length) and multiplied by_ 1E6 to give unit of micro-strain. In 

SFRA.J.\1E, the predicted axial strain for a given date was calculated by taking the difference 

between the initial and given date relative displacement (of the two bearing nodes at the ends of 

the span), divided by the span length and multiplied by 1E6 to give unit ofmicro-strain. Figures 

7.3 to 7.6 illustrate the extensometer comparison for spans 9, 10, 12, and 13 respectively. Both 

the original CEB model (with fudge factors) and the new proposed BazanyGardner model 

overestimated the creep and shrinkage, with the Bazant!Gardner model to a larger degree. The 

comparison shows good correlation between measured and CEB predicted axial strain. It should 

be noted that SFRAME predicted axial strain is purely from the sustained axial stress of the 

prestressing force. Thermal effects were not considered because SFRAME assumed a constant 

ambient temperature. However, the extensometer recorded the change in span length caused by 

any source, including thermal effects. This might explain for the jagged appearance of the 

extensometer readings. 
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7.2.2 Bearing Movements 

As a backup to the extensometer readings, bearing movement measurements were also taken; 

The initial readings were taken on 3/29/95, and two subsequent readings on 9.'22/95 and 7/7/97. 

The difference between the initial and subsequent readings represents the bearing movement 

during each time period. For the predicted movements, the dates of the readings were convened 

to equivalent dates in the time domain ofSFRA.\1E. The difference in the x-position (ofthe 

bearing nodes) between the initial and subsequent dates represents the predicted movement 

during each time period. Figure 7.7 and table 7.1 illustrate the comparison of measured and 

predicted bearing movements. Consistent v.-ith the extensometer results, the predicted 

movements overestimated the actual movements. It should be noted that the measurements were 

taken using a plumb-bob and tape measure in a confined space, which was not conducive to very 

accurate readings. These measurements should be seen as backup to the extensometer readings, 

which are far more reliable and accurate. 

7.2.3 Base-Line System (Piano ·wire) 

The purpose of the base-line system was to monitor span deflections. The initial readings were 

taken on 3!29195, with seven subsequent readings from 5/5195 to 8/23/96. The difference 

between the initial and subsequent readings represents the span deflection during each time 

period. For the predicted deflections, the dates of the readings were convened to equivalent dates 

in the time domain of SFR.A.1\1E. For any given time period, SFR.A.1\1E gives the change in global 

positions of the structure. To isolate pure span deflection, they-position of the nodes in a span 

must first be normalized along a straight line joining the two ends of the span. Normalization 

along this straight line removes the effect of pier shonening and senlement, and pure span 

deflection can be isolated and monitored. The difference of the normalized y-position between 

the initial and subsequent dates represents the predicted deflection during each time period. 

Figure 7.8 illustrates the span deflection comparison for instrumented spans 9, 10, 12, and 13 for 

the time period from 3/29/95· to 8/23/96. Correlation is marginally acceptable for span 10 and 

poor for the other spans. It is not known at this time the reason for the drastic difference in the 
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span deflection. Because the focus of the time-dependent analysis was on the extensometers. no 

further investigations were made on the predicted span deflections. 

1'.3 Comparison of Camber 

Figure 7.9 illustrates the comparison of camber ofUnit 2 Inbound using the original CEB and the 

proposed Bazant/Gardner model. As expected, the Bazant!Gardner model produced larger 

camber values since it predicted larger creep and shrinkage. 

7.4 Field Data 

This section contains field-measured data for bearing movements and piano '-"ire readings. 
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Figure 7.2 Superstructure Shrinkage Results (S=2.50) 
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Figure 7.5- Span 12 Extensometer Readings 
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Figure 7 0 7 - Bearing Movement 
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Table 7.1 :::Bearing Movements 

Date Unit Inch Pier 7 Pier 8 Pier 9 I Pier 10 Pier 11 Pier 12 Pier 13 i 
__ , ___

3/29/95 0.000 Initial Readings• 0.000 0.000 O.OOOi 
I 

Measured 0.000 0.406 Movement between -0.336 -0.578 -0.020' 
_____ ... 

9122/95 Predicted 0.667 3129/95 and 9122/95 -0.540 -0.994 -1.354 
Ratio ------ 0.61 0.62 0.50 0.61 

Measured 0.820 1.141 Movement between -1.133 -1.844 -2.570 
7/7/97 Predicted 1.403 1.727 3/29/95 and 7/7/97 -1.382 -2.500 -3.356 

Ratio 0.59 0.66 0.82 0.74 0.77 
• Pier 7 was initialized on 9/22/95. 



Figure 7.8- Plano Wlro Readings 
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Figure 7.9 - Unit 218 Camber 

8.00 

6.00 -·-·------· .. ----- ----- -----

4.00 

(f) 
w
l5 2.oo .... / 
~ 

0.00 --- - 6 -- •-~--- -- 't 

j\o 
-2.00 

pgP8 P10 P11 P12 
-4.00 

0 200 400 600 800 1000 1200 1400 1600 1800 
Length (ft) 

-~---------------- ------ -- --------- - ---- - ----- - -I 
L__!i!_:__~riginal CEB --8-/""'''·. ~~~~_l-3azanyG~r:_dner:_ __~<:2L_Ph~r ______________________________;_



BEARING_MQ_'lfMENJ_READ.INGS 

PIER: 7 IB 

TEMP (C) READING DELTA 	 IOVERALL 
BEARING DATE TIME IN I OUT READER UPSLOPE DOWNSLOPE UPSLOPE DOWNSLOPE AVERAGE AVERAGE 

SOUTH 	 3/29/95 22 INITIAL - - - 
9/13/95 10:30 25.7/26.8 IAN 0.000 0.000 0.000 
9/22/95 9:10 IAN 3.438 3.313 
7/7/97 9:07 IAN 4.250 2.375 0.813 0.938 0.875 

-
-
-
-
-
-

NORTH 	 3/29/95 22 INITIAL - - - 
9/13/95 10:00 25.7/26.8 IAN 0.000 0.000 0.000 0.000 

9/22/95 9:10 IAN 3.000 3.625 

7/7/97 	 9:07 IAN 3.813 2.875 0.813 0.750 - ~81 0.828 I 

Field Data 7.4 .1 



BEABING_MOYEMENIBEADINGS 

PIER: 8 IB 

TEMP (C) READING DELTA OVERALL 
BEARING DATE TIME IN I OUT READER UPSLOPE DOWNSLOPE UPSLOPE DOWNSLOPE AVERAGE AVERAGE 

SOUTH 3/29/95 	 22 INITIAL 6.188 3.688 - - - 
9/13/95 11:00 25.7/26.8 IAN 6.688 3.438 0.500 0.250 0.375 
9/22/95 9:20 IAN 6.750 3.375 0.563 ' 0.313 0.438 
7/7/97 9:10 IAN 7.438 2.625 1.250 1.063 1.156 

-
-
-
-
-
-

NORTH 	 3/29/95 22 INITIAL 6.250 3.813 - - - 
9/13/95 10:00 25.7/26.8 IAN 6.688 3.563 0.438 0.250 0.344 0.359 
9/22/95 9:20 IAN 6.688 3.500 0.438 0.313 0.375 0.406 
7/7/97 9:10 	 IAN 7.438 2.750 1.188 1.063 1.125 1.141 

/~ ~- ~~ 

Field t -: :_- .4.2 



BEARING_~ENLBEADINGS 

PIER: 11 IB 

TEMP (C) READING DELTA (+Up,- Down) OVERALL 
BEARING DATE TIME IN I OUT READER UPSLOPE DOWNSLOPE UPSLOPE DOWNSLOPE AVERAGE AVERAGE 

SOUTH 	 3/29/95 22 INITIAL 3.844 2.688 - - - 
9/13/95 11:15 25.7/26.8 IAN 3.563 3.188 -0.281 -0.500 -0.391 
9/22/95 9:25 IAN 3.563 3.125 -0.281 -0.438 -0.359 
7/7/97 	 9:15 IAN 2.750 3.938 -1.094 -1.250 -1.172 

-
-
-
-
-
-

NORTH 	 3/29/95 22 INITIAL 3.625 3.000 - - - 
9/13/95 10:00 25.7/26.8 IAN 3.375 3.375 -0.250 -0.375 -0.313 -0.352 
9/22/95 9:25 IAN 3.375 3.375 -0.250 -0.375 -0.313 -0.336 
7/7/97 	 9:15 IAN 2.563 4.125 -1.063 -1.125 -1.094 -1.133 

------ -----·- -	 ----

Field Data 7.4.3 



------

BEARING_MmLEMENT READINGS 

PIER: 12 IB 

TEMP (C) READING DELTA (+Up,- Down) OVERALL 
BEARING DATE TIME IN /OUT READER UPSLOPE DOWNSLOPE UPSLOPE DOWNSLOPE AVERAGE AVERAGE 

SOUTH 3/29/95 22 INITIAL 8.063 5.813 - - - 
9/13/95 11:30 25.7/26.8 IAN 7.500 6.500 -0.563 -0.688 -0.625 
9/22/95 9:30 IAN 7.563 6.438 -0.500 -0.625 -0.563 
7/7/97 9:30 IAN 6.250 7.688 -1.813 -1.875 -1.844 

-

-
-
-
-
-

NORTH 	 3/29/95 22 INITIAL 8.438 5.500 - - - 
9/13/95 10:00 25.7/26.8 IAN 7.875 6.188 -0.563 -0.688 -0.625· -0.625 

9/22/95 9:30 IAN 7.875 6.125 -0.563 -0.625 -0.594 -0.578 

7/7/97 9:30 	 IAN 6.625 7.375 -1.813 -1.875 -1.844 -1.844 

' 

~·;..::;~

l1/r:i~·.;r· 

Fleld-r ,:.<·· 1 .4.4 

I 



BEABIMG_MIDtEMENI.BEADJNGS 

PIER: 13 IB 

TEMP (C) READING DELTA ( + Up,- Down) OVERAll 
BEARING DATE TIME IN I OUT READER UPSLOPE DOWNSLOPE UPSLOPE DOWNSLOPE AVERAGE AVERAGE 

SOUTH 3/29/95 22 INITIAL 6.375 5.500 - - - 
9/13/95 11:45 25.7/26.8 IAN 5.563 6.313 -0.813 -0.813 -0.813 
9/22/95 10:20 IAN 5.625 6.313 -0.750 -0.813 -0.781 
7/7/97 9:35 IAN 3.875 8.125 -2.500 -2.625 -2.563 

-
-
-
-
-
-

NORTH 3/29/95 22 INITIAL 6.500 5.313 - -  -
9/13/95 10:00 25.7/26.8 IAN 5.688 6.188 -0.813 -0.875 -0.844 -0.828 
9/22/95 10:20 IAN 5.688 6.250 -0.813 -0.938 -0.875 -0.828 
7/7/97 9:35 IAN 3.938 7.938 -2.563 -2.625 -2.594 -2.578
-

Field Data 7.4. 5 



H3 HALAWA VALLEY VIADUCT 

PIANO WIRE READINGS 


PS to P9 
DATE 

STATION 3/29/95 5i5/95 6/15/95 8/11/95 9/22!95 1/17/96 5/1 1/96 8/23/96 
560+20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
560+78 3.72 3.6 3.59 3.51 3.49 3.38 3.44 3.29 
561+26 5.55 5.33 5.33 5.16 5.17 5.13 5.01 4.7 
561+74 5.99 5.72 5.75 5.5 5.52 5.5 5.38 4.97 
562+12 5.72 5.45 5.52 5.32 5.33 5.35 5.26 4.87 
562+50 3.76 3.53 3.5 3.45 3.48 3.52 3.47 3.17 
562+98 2.74 2.6 2.57 2.61 2.64 2.7 2.7 2.54 
563+46 1.41 1.36 1.36 1.39 1.39 1.43 1.44 1.4 
563+80 0 0 0 0 0 0 0 0 

Midspan 0 -0.27 -0.24 -0.49 -0.47 -0.49 -0.61 -1.02 

P9 to P10 
DATE 

STATION 3/29/95 5/5/95 6/15i95 8/11/95 9/22!95 1/17/96 5/11/96 8/23/96 
563+80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
564+26 2.36 2.36 2.34 2.32 2.31 2.26 2.23 2.29 
564+74 3.94 3.91 3.84 3.81 3.77 3.65 3.55 3.59 
565+22 5.23 5.16 5.07 4.99 4.96 4.78 4.62 4.62 
565+56 5.79 5.72 5.62 5.53 5.5 5.31 5.15 5.13 
565+90 4.9 4.83 4.72 4.65 4.62 4.46 4.29 4.28 
566+38 3.52 . 3.47 3.4 3.36 3.34 3.24 3.13 3.15 
566+86 2.32 2.31 2.28 2.27 2.27 2.24 2.2 2.23 
567+20 0 0 0 0 0 0 0 0 

M1ospan 0 -0.07 -0.17 -0.26 -0.29 -0.48 -0.64 -0.66 

P11 to P12 
DATE 

STATION 3/29/95 5/5/95 6/15i95 8/11/95 9/22195 1/17/96 5/11/96 8/23/96 
570+40 0 0 0 0 0 0 0 0 
571+10 3.26 3.22 3.19 3.13 3.14 3.08 3.01 2.93 
571+58 4.31 4.22 4.15 4.04 4.06 3.95 3.83 3.69 
571+94 5.21 5.1 5.01 4.89 4.91 4.79 4.67 4.53 
572+30 4.4 4.3 4.22 4.09 4.1 3.98 3.87 3.73 
572+78 3 2.92 2.87 2.78 2.79 2.71 2.64 2.54 
573+26 1.33 1.3 1.3 1.26 1.27 1.24 1.21 1.15 
573+60 0 0 0 0 0 0 0 0 

Midspan 0 -0.11 -0.2 -0.32 -0.3 -0.42 -0.54 -0.68 

P12 to P13 
DATE 

STATION 3/29/95 5/5/95 6/15/95 8111/95 9/22!95 1/17/95 5/1 1/96 8/23/96 
573+60 0 0 0 0 0 0 0 0 
574+06 2.06 2.1 2.13 2.19 2.18 2.24 2.27 2.33 
574+54 2.35 2.41 2.42 2.54 2.53 2.57 2.61 2.68 
575+02 2.43 2.49 2.48 2.6 2.57 2.59 2.61 2.67 
575+26 2.53 2.58 2.58 2.69 2.65 2.67 2.67 2.75 
575+47 2.43 2.47 2.46 2.56 2.53 2.64 2.54 2.61 
576+01 0 0 0 0 0 0 0 0 

M1dspan 0 0.05 0.05 0.16 0.12 0.14 0.14 0.22 

Field Data 7.4.6 
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DEFLECTIONS PB TO P9 1-. J. -INIII~L ~~~~!~~_! __ 
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DEFLECTIONS P9 TO P10 
'==~:-IN!tl~~ REAi?_i~~~ 

3/29195 

5/5/95 

.. - ·- - -· -- • . 
- -·--···- --- - . - -- ·= 

-. • 
6/15/95 

- -..t. ·-----.£.---- .... .... 
---- ...• ·------·----------
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-1 --------~-------~---------·-----------.1-----·- -·· ... '. -
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-. -. -. -• --... 
1/17/96 

.... .__ .... ... -----------1.: ··---··--·· ---Ia -·- ·--- . --- ...... ·-· .. 
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Fieldt ·.4.8 
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DEFLECTIONS P11 TO P12 

-------------------  ' ····-··-. -----------------) 
- lt. INITIAL HEADING 

- · - ------ ~-----------

----~----------------

3/29/95 -- - -- --

5/5/95 . ... ..·- - -- -· -·-
 -
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 -
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 ~- -· - -- 
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DEFlECTIONS P12 TO P13 ·-·--·- -------- ---·--------D1--I.--INITIAL READING 

.. - - -.. 

5/5195 ••- ·+ .... 

RI1Ci.IQI; =.-==-. -·· - ... 
8[11/95 =-zr-- -I· -:f- :t -:t ----··· .. ··--·-··· 

9/22/95 --·----:· --I--· ··-----·-·-·- ---- ----Jr-···· :I- ~ 

1/17/96 
=-I· :::r ! . ···- ·- --·'1' ___________:-f.--··-·- ...... ·----·····--·--· 

5/11/96 - .. 
=-I-···--- .lr--- --! .----- --·-·-··---! 1! 

-
.l--- ... ·-------~ ·--i----·-·- ···--=1':" --· ---- ··-···-· 

573+60 574+10 574+60 575+10 575+60 
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CHAPTERS 

THERMAL BEHAVIOR 

In this chapter, thermocouple readings are systematically reduced to detennine critical 
positive and negative thermal gradients. These critical gradients are shovm to compare 
favorably with those recommended in the new proposed AASHTO segmental guide 
specifications. A detailed discussion of the thermal behavior of the North Halawa Valley 
Viaduct is included in the referenced PCI Journal article given in Appendix A 

Although seven sections ofthe North Halawa Valley Vtaduct have been instrumented 
(Figure 8.1), only Section E and Section F have thermocouples (Figure 8.2). Section E 
has 26 gages while Section F has 32 gages. Gages 1 to 6 and 7 to 11 are at the centerline 
of the box girder in the top and bottom slab respectively. Gages 12 to 24 (or 26) are at 
the centerline of the web. Additional gages are across the width of the web (gages 25 and 
26 for Section E and gages 29 to 32 for Section F). Table 8.1 gives the thermocouple 
locations as a function ofthe distance from the top slab. 

Vast amounts of thermocouple data have to be processed in an efficient manner to obtain 
critical positive and negative thermal gradients. This is because readings are generally 
taken every two hours for a five year period at 58 gages. The method selected to reduce 
the data has been to graphically review thermocouple readings on a (I) annual basis, (2) 
monthly basis, (3) daily basis and (4) critical positive and negative gradient basis. 

Thermocouple readings were first recorded in late 1994 and will be recorded through the 
end of 1999. Readings were taken at two hour intervals from the beginning ofthe study 
until August 22, 1995. The frequency of readings was then changed to six hour intervals 
since it was felt at that time that too much information was being collected (readings from 
all instrumentation were taken at the same two hour intervals). The readings reverted 
back to two hour intervals on October 14, 1997 when it was realized that the peak critical 
positive thermal gradient was being underestimated by taking readings at six hour 
intervals. 

Two inches of concrete topping were placed on October 7, 1996. The net effect of 
placing topping is to shift the gage readings down by two inches and give additional 
thermocouple readings at the top, middle and bottom of the overlay. Note that asphalt 
topping was not used on this project and consequently the effects ofasphalt topping on 
the thermal gradient cannot be discussed in this report. 

Table 8.2 gives a summary of the large number ofthermocouple plots included in this 
report. Each figure shows thermocouple readings at Section E and Section F together for 
comparison purposes. The present report includes plots from January 1995 to December 
1997. The final report will include plots for the entire five year period (January 1995 to 
December 1999). 

Page 8.1 



Annual plots are given in Figures 8.3 to 8. 7 while monthly plots are given in Figures 8.8 to 
8.67. These are followed by daily and gradient (positive and negative) plots for each year. 
The 1995 daily plots are given in Figures 8.68 to 8.82 (note that the September piots miss 
the peak critical positive gradient due to the change to six hour intervals). The 1995 to 
1997 critical positive and negative gradients are given in Figures 8.83 to 8.140. The 1998 
and 1999 critical positive and negative gradients will be included in the final report. 

Annual readings are reviewed at gage 14 which is 2.5 inches below the deck surface. This 
gives an overall picture ofthe thermocouple readings. This also helps to spot areas where 
there are spurious results (moisture in the datalogger) and no results (power failure). 
Monthly readings are reviewed at gage 14 and 22. Whereas gage 14 is near the deck 
surface and gives the daily peaks and valleys, gage 22 is in the middle of the section and is 
less influeilced by daily fluctuations. Daily readings are reviewed at gages 14, 15 and 16 
(which are 2.5, 5.0 and 7.5 inches respectively from the deck surface) as well as gage 22. 
The maximum positive gradient can be seen to occur at 4 PM, while the maximum 
negative gradient can be seen to occur at 6 AM. Thermal gradients are plotted along the 
centerline of the web as well as the centerline of the top and bottom slab, and compared to 
those in the 1998 proposed AASHTO segmental guide specifications (A.ASHTO 98). 

Critical negative gradients from 1995 to 1997 are extremely close to the gradient 
proposed in the AASHTO 98 recommendations. This is extremely important because the 
negative gradient in the A.ASHTO 98 recommendations is taken as -0.3 times the positive 
gradient. This is a 40% reduction from the AASHTO LRFD bridge design specifications 
(A.-\.SHTO 94) where the negative gradient is taken as -0.5 times the same positive 
gradient. This study definitely validates the proposed reduction of the negative thermal 
gradient. 1 

Critical positive gradients from 1995 to 1997 are also extremely close to the gradient 
proposed in the AASHTO 98 recommendations. The critical1995 positive gradient 
occurs on July 1, 1995 (Figure 8.89). The slab and web values correlate very well with 
the AASHTO 98 recommendations. The critical 1996 positive gradient occurs on June 1, 
1996 (Figure 8.103). The critical1997 positive gradient occurs on July 20, 1997 (Figure 
8.123). Although the slab and web values slightly exceed those of the A.-\.SHTO 98 
recommendations, the peak value is less and hence the overall effect of this gradient 
should be less severe than the design gradient. 

Reference: 

Shushkewich, K. W., "Design of Segmental Bridges for Thermal Gradient," PCI 
JOURNAL, V. 43, No.4, July-August 1998, pp.l20-137. 
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H3 Instrumentation Report TYLin International 

Section E I Se_._ction F 


_9~9~'!!__ dis_ta_~~-~ J~~9.-~-~!__ ~ista_~~~- __gage~!____dis._!~~c~-- _9.~.9~--~!____ distance 

midspan from top web from top midspan from top web from top 


1 E -2.0 12E -2.0 1 F -2.0 12F -2.0-------- -----------------·---- -------------------- ______________.._ _____ ------------------------- --------------------------

2E 0.0 13E 0.0 2F 0.0 13F 0.0 
1--------------· --------------- --------------·-- ------------- · -· -- I 

3E 2.5 14E 2.5 3F 2.5 14F 2.5 
-----'-- -------------- --------- -· ------- -----· ------------· ------- . -------

4E 5.0 15E 5.0 4F 5.0 15F 5.0 
--------- ---·-·····-----·-··--· -------- ------------·---·- ··------------ -------------- -------------- -· I 

5E 7.5 16E 7.5 5F 7.5 16F 7.5 
-------- ---------- ---- ------------ ------------------ ----------------------------- __________.. _
6E 10.0 17E 10.0 6F 10.0 17F 10.0 

--- -------- ---------- -------- ------------------- ------------ - ---------- ·-----
7E 88.0 18E 14.0 7F 196.0 18F 14.0--BE______ ----96.5_____ -19E____ ---1ifo____ ----·-··ar=_____ --198~5--- -------191= -·· -----1-a~-o --

-------- -------~--- ------ -------- ----------·- -------- --------- - ---
9E 92.0 20E 22.5 9F 206.0 20F 51.0 

--16E - . 93.5 2fE .-36:5--- -1-0F --- -213~5- ---2-1F ---- -82.0----
----------·- -------- ------- -------- ---------- ------ ------------------ ---------· 

11 E 96.0 22E 54.0 11 F 216.0 22F 100.5 
----------------- ------------------ ------- ------------- --------------------- --------------- ·--------

23E 71.0 23F 143.0 
··1··-------------1 ·---· ---------- .. ----·- --··· -----------

24E 86.5 24F 172.0 
1--------·~-----1---- --------· -------··-------···-· ----------------- ------- -· --- .. - .... -· ·----------~ -

25F 202.5 
-1·-~------1 I I --+-----------1----- --------· -------·------ 

26F 214:0 

Table 8.1 -Thermocouple Locations Measured from Top of Section 
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figure I annual! I 8.45 I Feb 981 I 8.85 I 26 May 951 I I 97 positive 
I I i 8.46 I Mar981 i 8.86 I 16 Jun 951 I figure I gradient 

8.3 I 19951 I 8.47 ' ' Apr981 I 8.87 I 17 Jun 951 I I 
8.4 ' I 1996! I 8.48 ! May 981 ! 8.88 I 

i 28 Jun 95! ! 8.119 'I 17 Apr 97 
8.5 I 1997' i 8.49 i Jun 981 I 8.89 I 

! 1 Jul 951 8.120 I 30 May 97 
8.6 1998: I 8.50 I 

I Jul98i I 8.90 I 15 Jul 951 ! 8.121 1 13 June 97 
8.7 i 19991 ! 8.51 I Aug 98: I 8.91 I 18 Jul 951 I 

I 8.122 i 14 July 97 
! ' ! I 8.52 i Sep 981 I 8.92 I 2 Aug 951 I 8.123 20 July 97 

figure i monthly! I 8.53 I Oct 981 I 8.93 ! 3 Aug 95i ! 8.124 9 Aug 97 
' i i 

i 8.54 i Nov 981 I 8.94 I 16 Aug 951 I 8.125 14 Aug 97 
8.8 I Jan 951 i 8.55 i Dec 981 I I I I 8.126 i 18 Aug 97 
8.9 I Feb 95i I "8.56 i Jan 991 I i 95 negative 1 i 8.127 i 1 Sep 97 
8.10 i Mar 951 I 8.57 I Feb 991 I figure i gradient I i 8.128 I 13 Sep 97 
8.11 I Apr 951 I 8.58 i Mar991 I I I 8.129 I 24 Sep 97 
8.12 I May 95i I 8.59 I Apr 99! I 8.95 ! 7 Jan 951 I 8.130 I 1 Oct 97 
8.13 ' Jun 95! i 8.60 i May 991 I 8.96 I 8 Jan 95i i I 
8.14 

' 
Jul 95i I 8.61 i Jun 991 I 8.97 I 12 Feb 951 I ! 97 negative 

8.15 : Aug 95! i 8.62 I Jul 991 I 8.98 I 
I 15 Feb 95i I figure I gradient 

8.16 Sep 95! I 
! 8.63 Aug 99i I 8.99 6 Mar 951 I i 

8.17 Oct 951 I 8.64 i Sep 991 I 8.100 I 7 May 951 ' ' 8.131 I 6 Jan 97 
8.18 Nov 951 I 8.65 I 

! Oct 991 I 8.101 I 20 Dec 951 I 
i 8.132 I 17 Jan 97 

8.19 Dec 95i I 8.66 I Nov 991 ' I 8.102 21 Dec 951 i 8.133 I 22 Jan 97 
8.20 Jan 961 i 8.67 i Dec 99i I 

' I I 

I I 8.134 i 23 Jan 9
8.21 i Feb 961 I : I I I 96 positive I I 

I 8.135 i 23 Feb 9i l 
8.22 ' I Mar 961 I figure i 95 daily! I figure ! gradient I I 

I 8.136 i 19 Nov 97 
8.23 : Apr961 I i I ! i I I 8.137 I 25 Nov 97 
8.24 I May 961 i 8.68 I 4 May 951 I 8.103 i 1 Jun 961 I 

I 8.138 ' 11 Dec 97 
8.25 ! Jun 961 I 8.69 I 22 May 951 ' I 8.104 I 3 Jun 961 I 8.139 I 29 Dec 97 
8.26 Jul961 I 8.70 i 26 May 951 I 8.105 ' 9 Jul 961 ! 8.140 I 31 Dec97 
8.27 I 

I Aug 96i I 
' 8.71 ! 16 Jun 951 ' I 8.106 I 

I 29 Jul 961 : 

8.28 ! Sep 96! I 8.72 ' 17 Jun 951 I 8.107 9 Aug 961 I i 
' 

8.29 i Oct 961 I 8.73 I 28 Jun 951 I 8.108 I 23 Aug 961 I ' I 

8.30 i Nov 961 I 8.74 ! 1 Jul 951 I 8.109 I 24 Aug 961 I I 
8.31 I Dec 961 I 8.75 I 15 Jul 951 I 8.110 I 2 Sep 961 I i 
8.32 i Jan 97! I 8.76 I 18 Jul 951 I ! I I i 
8.33 I Feb 971 I 8.77 I 2 Aug 951 I 1 96 negative t I I 
8.34 ; Mar 971 I 8.78 'I 3 Aug 951 I figure ! gradient I ! i 
8.35 Apr97i I 8.79 i 16 Aug 951 I I I 

I 
I 
I I 

8.36 I May 97i I 8.80 I 
I 7 Sep 951 i 8.111 I 2 Jan 961 I I 

8.37 Jun 97 ~ I 8.81 I 20 Sep 951 I 8.112 I 11 Jan 961 i ! 
8.38 Jul971 I 8.82 I 21 Sep 951 I 8.113 i 9 Mar 961 I I 
8.39 ! Aug 97 I I I I 8.114 I 27 Mar961 I I 
8.40 I Sep97 i I 95 positive i I 8.115 i 15 Apr 961 I I 

I 

8.41 ' I Od97 I figure I gradient I I 8.116 i 27 Apr 961 ! I 
8.42 i Nov 97 I 

I I I I 8.117 I 5 May 961 I 
i I 

8.43 I Dec97 I 
I 8.83 I 4 May 951 I 8.118 i 9 May 961 I I 

r 

8.44 I Jan 98 I 8.84 
I 
I 22 May 95i I I I I I 

Table 8.2 - Summary of Thermocouple Figures 
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CHAPTER9 


LOAD TEST 


9.1 Introduction 

Tiris chapter presents the observations made during two major loading events on the 
NHVV. The first event was the addition of a 50 mm (2 in.) thick concrete overlay or 
topping slab over the entire viaduct roadway. The second event was a planned load test of 
the instrumented spans of the viaduct. Each of these events was monitored using the 
instrumentation installed in the viaduct. The observations made regarding vertical 
deflections and bending stress distributions are compared with analyses using the SAP2000 
computer program. Each loading event will be presented and discussed separately. Some 
common conclusions are drawn regarding the performance of the viaduct and the 
instrumentation during these events. 

9.2 Addition of Overlay 

During the first two weeks of October, 1996, a 50 mm (2 in.) thick concrete overlay or 
topping slab was added to the roadway of Unit 2IB, the instrumented section of the 
NHVV. The overlay placement was accomplished in seven separate concrete pours each 
covering approximately 80 meters (260 lineal feet) of viaduct roadway. Short-term 
venical deflections were monitored at 5:30 AM each morning immediately prior to the 
subsequent overlay placement. The deflections were monitored by the taut-wire base-line 
system and the tiltmeters located at each of the piers supporting Unit 2IB. 

The measured deflected shapes are compared with analytical values obtained from 
SAP2000 (1996) computer analyses. Comparison of the analytical and measured 
deflections indicates good agreement for this shon-term event. 

9.2.1 Deflection Monitoring 

9.2.1.1 Base-Line System 

The taut-·wire base-line system was installed in all four instrumented spans for deflection 
measurements as described in Chapter 3. This system consists of a high-strength piano 
v.-ire strung at constant tension inside the box-girder from one pier to the next, to act as a 
reference line. Precision measurements between this base-line and steel plates on the 
underside of the top slab provide deflection measurements at set locations. · 

9.2.1.2 Tiltmeters 

Tiltmeters located inside the box-girder at each of the supporting piers were monitored 
during each of the base-line deflection measurements. The tiltmeters are oriented to record 
the rotation of the box-girder around an axis perpendicular to the longitudinal axis of the 
viaduct. 
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9.2.1.3 Data Collection 

Initial readings were taken after completion of construction. The difference ben.veen the 
initial reading and all subsequent measurements is the girder deflection relative to the ends 
of the span. Measurements are taken early in the morning to reduce the effects of diurnal 
thermal variations. 

For deflection measurements during the overlay placement, a series of initial readings were 
taken immediately before placement of the first section of overlay on Unit 2IB. 
Subsequent readings taken at 5:30 A1vf each morning were compared vvith these initial 
readings to provide the vertical deflection of the viaduct resulting from the overlay 
placement. Note that any shortening of the supporting piers is not detected by the base
line system and was therefore also removed from the computer analyses. 

9.2.2 Computer Analysis 

During the design of the North Halawa Valley Viaduct, T. Y. Lin International utilized the 
general purpose program SAP90 (1992) for analysis of short-term elastic events. The 
original SAP90 input file has been updated to an "as-built" S.I\.P2000 (1996) file for use in 
this study for the analytical prediction of the deflections during pouring of the concrete 
overlay. This model is a relatively simple two-dimensional model which assumes that the 
viaduct is horizontal and straight (See Figure 9.1). This model is referred to here as the 2-
D model. In addition, a full three-dimensional model of Unit 2IB of the viaduct has been 
created at the University of Hawaii. This 3-D model includes the 6% slope and horizontal 
curve of the viaduct (See Figure 9.2). Both analytical models were used to analyze the 
effect of the overlay pours, and the results are compared with the measured deflections in 
the following sections. / 

9.2.3 Short-term Deflections During Overlay Placement 

The final driving surface of the Viaduct consists of an unreinforced 50 mm (2 in.) thick 
concrete overlay. On Unit 2IB, this overlay was poured during October 1996 in 
approximately 80 meter (260 ft) sections. The base-line deflection system was monitored 
each morning at 5:30 A1vf prior to pouring the next section of overlay. SAP2000 analyses, 
both 2-D and 3-D models, were run for each of the overlay placements for comparison 
""ith the field measurements. 

The modulus of elasticity of the concrete was based on the average CTL 90-day modulus 
of elasticity of 26.5 GPa (3 850 ksi), modified to an equivalent 3-year modulus of 28.4 GPa 
( 4115 ksi). Gross concrete section properties were assumed for the uncracked prestressed 
concrete box girder. The analytical results are compared with the measured deflection 
profiles in Figure 9.3 for spans P7 to P10, and Figure 9.4 for spans P10 to P13. The extent 
of the overlay is shown above each of the deflection profiles. 
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Figure 9.4: Overlay Deflections for Spans PlO to P13 

9.2.4 Discussion of Results 

The maximum deflection observed during placement of the overlay was 14 mm (9/16") at 
midspan between piers P8 and P9. The maximum residual deflection after completion of 
the entire overlay was 11 mm (7/16") also at midspan between piers P8 and P9. 
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The analytical models used in the SAP2000 analyses assume a uniform 50 mm (2 in.) thick 
overlay throughout. Because of construction tolerances in the surface of the structural 
concrete, the overlay thickness as-placed varied somewhat from this design thickness. 
This variation \\'ill affect the comparison between analytical and measured results to some 
extent, but refinement of the model loading based on actual overlay thickness would only 
be possible if systematic thickness measurements had been made during overlay 
placement. 

In spite of the uncertainty of the actual loading, good comparison between analytical and 
measured results is observed for most of the deflection profiles. The SAP2000 2-D 
analysis appears to overestimate the deflection slightly, particularly for spans Pll to Pl3 
under partial loading conditions. However, under full overlay loading (Day 5 in Figure 9.3 
and Day 7 in Figure 9.4) the SAP2000 2-D analytical and measured deflections are in close 
agreement. 

The full three-dimensional analvtical model. SAP2000 3-D, generally produces better 
agreement with the measured deflectiom than the 2-D model. 

The only areas of significant disagreement between the analytical models and the measured 
results are fonnd in the unloaded spans adjacent to a loaded span. This is particularly 
noticeable on Day 5 in span Pll to Pl2 (Figure 9.4) and Day 6 in span P12 to Pl3 (Figure 
9.4). This phenomenon is probably due in part to modeling of the bearing supports as pure 
pin connections in the SAP2000 analyses, while in reality, the bearing pads provide limited 
rotational stiffness at the expansion piers. 

9.2.5 Conclusions 

• 	 Prediction of instantaneous deflections of an uncracked prestressed concrete structure 
can be achieved with reasonable accuracy utilizing commercially available Finite 
Element Analysis programs. 

• 	 The analytical deflections predicted by SAP2000 2-D and 3-D models for the addition 
of the 50 mm (2 in.) concrete overlay compared well with the measured deflections. 

• 	 The full three dimensional analytical model was generally in closer agreement with the 
measured deflections than the 2-D analysis. With computer capabilities currently 
available, it seems appropriate always to utilize full 3-D representation of a structure to 
produce the best possible estimate of the structural response. 

• 	 A simple piano-wire base-line system proved effective as an inexpensive deflection 
monitoring technique for short-term events. 

9.3 Load Test 

After placement of the overlay, and effective completion of the NHV Viaduct, a load test 
was performed on the instrumented spans of Unit 2IB. Analysis of the results of this load 
test are in progress at the University of Hawaii. A final report will be completed in late 
1998 or early 1999. This report will describe the load test in detail, and will present all of 
the comparisons between observed and analytical results. 
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At the time of writing this progress report, some of the analytical studies on the load test 
had been completed. A sampling of the findings to date are included, however this is not a 
complete description either of the load test or of the results of that study. 

9.3.1 Test Objectives 

The follov.ing were the primary objectives of the load test. 
1. To provide an exhaustive comparison between the theoretical short-term elastic 

computer analysis model (SA.P2000) and the behavior of the actual structure. 
2. Concrete strain distributions across the various instrumented sections (both deep 

end-span sections and shallow mid-span sections) were monitored by three types of 
existing instrumentation; vibrating wire (VW) strain gages, electrical resistance (ER) strain 
gages on the rebar, and Demec mechanical gage readings on the inside surface of the 
concrete box girder. Comparison of these observed strains with theoretical strains 
computed assuming plane-sections-remain-plane would allow verification of this and other 
analysis assumptions. It would also allow for comparison between the various strain 
instrument readings. 

3. Deflection measurements were made using optical surveys of the roadway 
barriers, the interior taut-v.ire deflection system and the tiltmeters installed at each pier. 
The deflected shape of the viaduct under each load condition could be compared v.ith the 
deflections anticipated by the SA.P2000 computer model. 

4. A significant benefit of a load test on the recently completed structure is that this 
load test would be reproducible in the future. Comparison of the results oftwo tests, 
performed five to ten years apart, would yield valuable information on the long-term 
changes in the bridge properties. Repeating this test every five to ten years would provide 
valuable confirmation of the results of the long-term monitoring program. 

5. In the event that additional external prestressing must be added at a later date to 
enhance the viaduct performance, a subsequent load test identical to the one proposed here 
could be compared with the results from this test to validate the improvements introduced 
by the additional prestress. 

9.3.2 Test Program 

The load test was performed using four loaded trucks producing axle loads similar to those 
specified for the HS20 design truck loading. The trucks were loaded wiih sand to produce 
a ~ross wei~ht close to 72,000 lbs. The exact wei~ht of each truck. and the load on each- - - . 
axle, were determined using a load scale at the Hawaiian Cement Ready Mix Plant at 
Halawa Valley. 

The load test consisted of two test series. All four trucks were used for each of the series. 
Series 1 involved positioning the trucks in two rows of two trucks located side-by-side 
across the viaduct roadway as shov.11 in Figures 9.5a and 9.6a. Series 2 involved all four 
trucks immediately behind each other located along the extreme North side of the viaduct 
roadway as shov.11 in Figures 9.5b and 9.6b. 
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In each test series, the truck loads were centered over each of the selected joints and a full 
set of instrument readings taken. The trucks were then moved to the next joint for another 
set of readings. The various load points are sho~n in Figure 9.7. This procedure 
continued until the trucks had been located at all selected joints in the instrumented spans. 

9.3.3 Analytical Models 

The same SAP2000 models used for the overlay analysis were used in the load test study. 
These models consist of a simple 2-D model which ignores the slope and curvature of the 
viaduct. A more accurate 3-D model was also used as described in section 9.2.2. The 
modulus of elasticity of the concrete was based on the average CTL 90-day modulus of 
elasticity of 26.5 GPa (3850 ksi), modified to an equivalent 3-year modulus of 28.4 GPa 
( 4115 ksi). This modulus is referred to as E 1. In addition. analyses were made using the 
modulus predicted by the ACI code recommended expression for Ec producing a value of 
35.5 GPa (5140 ksi), referred to as E2. Gross concrete section propenies were assumed for 
the uncracked prestressed concrete box girder. 

9.3.4 Deflection Comparisons 

Field measurements of vertical deflections were made using three systems. The taut-wire 
baseline system was monitored inside the box girder. Optical surveys of the barriers at 
each side of the roadway were average to produce a centerline deflection. Tiltmeters at the 
top of each pier monitored the rotation of the box girder at the suppons. 

The taut-wire system and tiltmeters proved extremely accurate and reliable, as ~ill be seen 
in the subsequent comparisons ~ith the analytical results. Unfortunately, the optical 
survey results were not always as consistent. \Vindy conditions and line-of-sight problems 
contributed to less than desirable survey results. Most of the optical survey results are 
included in the presentation of the results, but in some cases the optical survey results were 
clearly unreliable and were ignored. 

The anal;.1ical results are compared with the measured deflection profiles in Figures 9.8 to 
9 .22. Each plot shows the loaded span and the adjacent instrumented span. The truck load 
center point is indicated by the load arrow on top of the girder, while the pier supports are 
indicated by arrows below the girder. .All plots are dravm ~ith the same vertical scale for 
ease of comparison. 

9.3.5 Discussion of Deflection Results 

As expected. the girder deflections increase as the truck load is located closer to the center 
of the span. In addition, the backspan upward deflections also increase. The taut-wire or 
piano ~ire deflection system agrees well with the optical survey for those surveys that 
were reliable. For example, in Figure 9.1 0, when the truck load was at midspan on span P8 
to P9, a maximum deflection of0.93 in. was measured by the piano wire, while the survey 
measured 0.97 in. In the adjacent backspan, agreement is also good except for some 
clearly unreliable survey results. 
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In addition, the tiltmeter readings, indicated by tangent lines drav.n at each of the supports. 
agree very well v.ith the measured deflected shape at the supports. Again.referring to 
Figure 9.1 0, the tiltmeter readings at each support are almost exactly tangent to tlie piano 
wire profiles at the support, thus confmning the accuracy of the taut v.ire deflection 
system. 

The analytical results are shov.n as three plots, one for the 2-D SAP2000 model. and two 
for the 3-D models with different modulus of elasticity values indicated by El and E2. 
Again referring to Figure 9.10 as a typical case. all of the anal.ytical plots indicate the same 
shape as the measured deflections. However, the 2-D model appears to underestimate the 
deflection both in the loaded span and the backspan. The 3-D model using a concrete 
modulus based on the laboratory test results consistently overestimates the deflections. 

However. the 3-D model using the ACI code recommended modulus provides good 
correlation with the measured deflections in the loaded span, though generally 
overestimates the deflections in the backspan. Tills overestimation of backspan deflections 
is often severe. as seen in Figure 9.14 with the truck load at the midspan ofP9 to PlO. The 
piano v.ire measured small backspan deflections, which are confirmed by the good 
agreement with the tiltmeters at supports P8 and P9. However, the 3-D analytical model 
significantly overestimated these deflections while correctly predicting the loaded span 
deflections. The analytical models assume fully pinned conditions at the sliding bearing 
supports, and rigid connection to the top of the pier at the fixed supports. These 
assumptions are being reviewed to determine their effect on the deflection predictions. 

9.3.6 Stress Comparisons 

Preliminary comparisons between strains measured in the instrumented cross-sections and 
stresses predicted by the SAP2000 computer models show good agreement. These results 
are only preliminary and so \\ill not be included in this report. However. they v.ill be fully 
detailed in the final load test program report. 

9.3.i Conclusions 

• 	 The analytical deflections predicted by the SA. .P2000 3-D model for the load test 
compared well with the measured deflections in the loaded span. but were less accurate 
in the adjacent backspan. The support conditions assumed in the computer model will 
be reviewed. The selection of modulus of elasticity of the concrete also will be 
investigated further. 

• 	 The piano-wire base-line system again proved effective as an inexpensive deflection 
monitoring technique for short-term events. Correlation with the optical surveys and 
tiltrneter readings at the supports confirm the accuracy of the base-line system. 

• 	 Continued studies of both deflection and stress results are required before fmal 
reponing on the load test program. 
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Figure 9.9: Spans P8 - P1 0 Deflection 

Centerline of Truck Load at A2 
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Figure 9.10: Spans P8 - P1 0 Deflection 
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Figure 9.11: Spans P8 - P1 0 Deflection 
Centerline of Truck Load at A6 
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Figure 9.14: Spans PB- P10 Deflection 
Centerline of Truck Load at 04 
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Figure 9.15: Spans PB - P1 0 Deflection 

Centerline of Truck Load at 06 
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Figure 9.16: Spans P11 - P13 Deflections 
Centerline of Truck Load at E1 
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Figure 9.17: Spans P11 - P13 Deflection 
Centerline of Truck Load at E3 
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Figure 9.18: Spans P11 - P13 Deflection 
Centerline of Truck Load at E5 
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Figure 9.19: Spans P11 - P13 Deflection 
Centerline of Truck Load at G1 
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Figure 9.20: Spans P11 - P13 Deflection 

Centerline of Truck Load at G2 
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Figure 9.21: Spans P11 - P13 Deflection 
Centerline of Truck Load at G3 
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Figure 9.22: Spans P11 - P13 Deflection 

Centerline of Truck Load at G5 
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CHAPTER 10 

CONCLUSIONS 

Field instrumentation has been placed at seven sections an the North Halawa Valley 
viaduct to measure concrete strain, prestressing stress, deflection and temperature. In 
general, the instrumentation is performing extremely well, and there should eventually be a 
five year database ofuseful instrumentation readings. 

Concrete material properties have been determined. Short-term properties (compressive 
strength, modulus of elasticity and coefficient of thermal expansion) have been determined 
in the laboratory. Long-term creep and shrinkage properties have been determined at 
seven locations far three ages (3, 28 and 90 days) in the laboratory, as well as at three 
locations in the field. 

Mathematical models far creep and shrinkage have been compared with the experimental 
results.· A comparison between creep and shrinkage test data and four current prediction 
models has been made. The Bazant creep model and Gardner shrinkage model have been 
shav.'11 to yield the best results. 

A procedure to predict lang-term creep and shrinkage based an short-term (28 day) 
laboratory test results has been presented and evaluated using the test results. This is a 
significant breakthrough, since one month of testing can now be used to predict the creep 
and shrinkage models to be used in the design, rather than one year of testing which was 
required when the bridge was originally designed. 

A comparison has been made betw'een field measured data with results predicted by the 
computer program SFRAME. In particular, the extensameter readings which measure 
axial shortening of the instrumented spans compare favorably with values predicted by the 
program. Bath the results of the CEB-FIP 78 model and the Bazant/Gardner model have 
been compared with the extensameter results. (Additional work is presently being dane to 
improve the correlation between the Bazant/Gardner model and the extensometer results). 

Thermocouple readings have been systematically reduced to determine critical positive and 
negative thermal gradients. These gradients have been shav.'11 to compare favorably with 
those recommended in the 1998 proposed AASHTO segmental guide specifications. This 
information is particularly timely since it validates the reduction of the negative thermal 
gradient by 40% from the1994 AASHTO LRFD bridge design specifications. 

A load test has been conducted an the instrumented spans. Instrumentation readings 
obtained far deflection and stress have been found to compare favorably with analysis 
results obtained with a SAP2000 computer model. 

10.1 
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Appendix A - Design of Segmental Bridges for Thermal Gradient - Shushkewich 



Design of Segmental Bridges for 
Thermal Gradient 

Thermocouple data from an instrumented prestressed concrete 

segmental bridge (North Halawa Va/lev Viaduct) have been 

efficientlv reduced graphicaffr to determine the critical positive and 

negative thermal gradient. The results are compared with those 

recommended by various AASHTO specifications. A simplification 

to the computation procedure for the anah·sis of segmental bridges 
for nonlinear the;,rmal gradient is proposed. A fullv worked numerical 

design example is included to demonstrate how the anal\rsis is 

greatlv simplified, and to discuss the impact of the design thermal 

gradient on the prestressing requirements. 

Kenneth W. Shushkewich 
Ph.D., P.E. 
P:--oiec: ,,1c.nage: 
7.Y. L1r. lnre:na::o~al 
Sar. FranCISCO. Caiiiornia 

T his article presents a state-of
the-art paper on practical seg
mental bridge design for ther

mal gradient. The evolution of the 
design positive and negative thermal 
gradient in \'onh America over the 
past 20 years is described. Tne recom
mendations given by three current 
AA.SHTO specifications are reviewed 
and compared. The prestressed con
crete segmental bridge shown in Fig. 1 
(l\orth Halawa Valley Viaduct in 
Hawaii) has been extensively instru
mented with thermocouples at a 
midspan section and a p1er section. 
and readings are being taken over a 
five-year period (1995-1999 }. 

The processing of thermocouple 
readings to-date reveals that the results 
correlate extremely well with the posi
tive and negative thermal gradients in a 

proposed revision to an AASHTO 
specificauon. These results are particu
larly timely because they validate the 
proposed reduction of the negative 
thermal gradient by 40 percent and sub
stantiate the use of the positive thermal 
gradiem. Tne general analysis of a seg
mental bridge for thermal gradient is 
discussed. and a simplification to the 
computation procedure is introduced. 

A detailed numerical design exam
ple (l\orth Halawa Valley Viaduct} is 
included to demonstrate how the anal
ysis is greatly simplified. and to dis
cuss the impact of thermal gradient on 
prestressing requirements. Because 
thermal gradients act on all completed 
segmental bridges in a similar manner. 
it should be emphasized that the 
method advocated in this paper applies 
equally to precast and cast-in-place 
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s::gr:1e:::a~ D:Jcges ou1H Cl: a va.,.,er: Oj 
.::ons,~u:uor: ::-:ethods 1m::luding bal
ancec cami!e\ e:. span-b:- -span. mere
mental iaun:r.. and others 1. 

BACKGROUND 
Tne first breakthrough in the des1gn 

o:· segmental b:1dges fa: thermal grad:
en: came when the recommendations 
of the PCI-PTI (Prestressed Con:rete 
Institute-Post-TensiOning Institute' 
and :he :\ev. Zealand spe:iiicatJon: be
:arne avaiiaoie 20 years ago. The PCI
PTI suggestec a constant gradien: o\·er 
the top slao wnh a temperature difier
ential o:· l s=F 1 lO=C1. The ~ev. 

Zealand spe.::;:J:;.Juon :onqdered a 
fifth orde: pa:abolJ O\ er :.1 depth of 
~-:- .: 1r:. 1: 20·~· mm' wnh a temperJture 
differem;a; o: .::-.6=F ~~:::cj 

HoffmJr.. \l:CI ure anc \\est L:on
ducted a the:"7nal stud; or. an e.\pen
me:1ta! s:gme~~J.l bndge 1n Penn:-.: l \ 4..1

;-::.::::. 1 :1e:- iound tha: :he sr;e_,,e~ 

predictec by the :\ev. Zealand spe:iii
:ation :ompared favorably with the 
expenmemal results. The; also found 
tha: the stress at the bonom of the sec
tion could be made to agree wnh the 
expenmental results 1i a temperature 
differential of 36:F c::o=c • were used 
wnh the PCI-PTI re:ommendat10ns 
mstead of the spe:if1ed l s=F ( l ooc 1. 

Elbad:; anc Ghai:· aevelopec a ii
nne eie:nent computer program to de
tem..me me nonimear temperature d!s
tnbuuon 1n con:::rete DrJdges and 
conductec a parametn:: -,rud:- to evalu
ate rhe e:'fec: oi \ anou> parameters 
1soiar racilation. v. me ~oeec. ambJen: 
temperature. deck su~:-;.;~e ::o\ e~, on 
rherma! gradient. Cooke. Pnesrle; and 
Tht.:rston' consJdered me tnerm;.J! ;mal
ysis of pa~rxall; prestre"ec concrete 
bndge:, Reasonable ;.t_:;reement was 
found when expenmemai resuih were 
comparee to the theor; de\ e Iuped to 
conside~ the mil uen~e o1 Ga:K!n.:;. 

Potg1eter and Gamble• conducted a 
comprehens1ve study of nonlinear 
thermal gradients at various locations 
in the United States. A fimte differ
ence heat f1ow computer model was 
developed and the predicted thermal 
results showed reasonable agreement 
with expenmental measurements 
taken from a pre:ast concrete segmen
tal bridge tf.:.1shwaukee River Bridge: 
in Ilim01s 1. The computer model was 
then used to compute probable tem
perature distributions at 26 SOLMET 
stauons across the linited States. 

lmbsen. Vandershaf. Schamber and 
\utt" built on tne results of Potgic:tc:r 
and Gamble and produced a state-of
the-an report on thermal effects in 
::on:rete bndges. This document 
formed the bas1s of the AASHTO 
gUide specification on thermal effects 
1n concrete bndges' as well as the: 
AASHTO segment.~! guide specifica
uom. Tnese documents have been the 
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basis for the design of segmental 
bridges for thermal gradient during the 
past 1 0 years. 

A few refinements have appeared in 
subsequent specifications. It is inter
esting to compare the positive and 
negative thennal gradients (see Fig. :!) 
in three AASHTO documents (for 
Zone 3 and plam concrete surface 1: 

1. AASHTO Segmental Guide 
Specifications• (A..A..SHTO 89l 

2. AASHTO LRFD Bridge Design 
Specifications'° CAASHTO 94) 

3. AASHTO proposed Segmental 
Guide Specifications" !AASHTO 98) 

The magnitude of the positive gracii
ent is the same for all three gradients 
[i.e.. 41 =f. 1 I"F C:!.8"'C. 6.1 cc)J. The 
magnitude of the negative gradient is 
roughly the same for the 89 and 94 gra
dients ii.e .. :!I "'F. 6=F (1 I .7"'C. 3.3cC)] 
and reduced by 40 percent for the 98 
crradient. \Vhereas the 89 positive and 
.egative gradients have three pieces at 

the top and a peak at the bottom. the 94 
and 98 gradients have rv.:o pieces at the 
top and no peak at the bottom. 

!Negative Gradients I 

The positive gradient is the same in 
both the 94 and 98 documents. The 
negative gradient is -0.50 times the 
positive gradient in the 94 document. 
and -0.30 times the positive gradient 
in the 98 document. Because the re
sults of the instrumentation study vali
date the 98 gradient. it will be used in 
the remainder of this paper. 

DESCRIPTION OF 
NORTH HALAWA 
VALLEY VIADUCT 

The Nonh Halawa Valley Viaduct 
consists of rwm prestressed concrete 
segmental bridges on the island of 
Oahu in Hawaii (see Fig. 3 ). The 
project consists of a 5640 ft (1720 m l 

inbound viaduct that carries traffic to 
Honolulu and a 5470 ft (] 667 m) 
outbound viaduct that carries traffic 
to Kaneohe. The viaducts are on a 
horizontal curve with a radius of ap
proximately 9500 ft (2900 m). and 
have a nearly constant grade of 6 
percent. 

Each viaduct consists of three struc
tural units. with expansion joints at the 
end of each unit. rv.·o fixed piers in the 
middle of each unit. and expansion 
piers forming the remainder of the 
unit. The maximum span length is 360 
ft (11 0 m). The viaduct cross section 
tsee Fig. 4) has a width of 41 ft (12.50 
mJ. which accommodates two lanes of 
traffic plus shoulders. The depth of the 
section varies from 18 ft (5.5 m) at the 
piers to 8 ft (1.4 m) at midspan. 

The bridge was designed by T. Y. 
Lin International of San Francisco. Cal
ifornia. in conjunction v.ith Nakamura 
and Tyau of Honolulu. Hawaii. The 
bridge design process staned in 1988 
with the evaluation of seven different 
alternatives as pan of the Major Struc
tures Report. This was followed by the 
detailed design and construction of the 
bridge. !{jewit Pacific was awarded the 
construcuon contract in early 1992 and 
given 990 calendar days to complete 
the project. The bridge (and the entire 
H-3 Interstate system) opened to traffic 
in December of 1997. 
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Tnis casHr:-piace segmental bridge 
was buiic usmg the balanced cantilever 
methad of construction using form 
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in combination with launching trusses 
normally used in precast segmental 
construction. This proJect represents 
the fJISt time in the United States that 
launching trusses have been used 
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with casr-m-place segmental construc
tion. Addmonal information on the 
design and construction of the bridge 
is given by Ingham. Manzanarez and 
Cormier.': 
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program are T. Y. Lin lntemational. INSTRUMENTATION 
the University of Hawaii at Manoa. OF NORTH HALAWA 
and Construction Technology Labora

VAllEY VIADUCT tories. Funding has been obtained 
T. Y. Lin International is presently from the State of Hawaii Department 

involved ir: a fi\'e-year program of Transportation and the Federal 
(1995-1999 l to instrument and moni Highway Administration. Additional 
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and monitoring setup is given by Lee 
and Roberuon. '' Detaiied results from 
the instrumentation study are given by 
Shushkewich. V o and Roberuon.'• 

Instrumentation Setup 

An extensive system of instrumenta
tion was set up in Unit 1lnbound (see 
Fig. 5). This unit has span lengths of 
200. 360. 340. 320. 320 and 240 ft 
(61. 110. 104. 98. 98 and i3 m). In
strumentation was placed at seven sec
tions. Sections A. D. E and G are 
termed midspan sections (because 
they are near midspan). while Sections 
B. C and F are termed suppon sections 
(because they are near supporu). 

Instrumentation was placed to mea
sure concrete strains. prestressing 
forces. deflections and temperatures. 
Concrete strain was measured with vi
braung wire strain gauges. mechanical 
CDEMEC) strain gauges and electrical 
resistance strain gauges. Prestressing 
force was measured with load cells. 
Horizontal deflections were measured 
with extensometers. while vertical de
flections were measured with baseline 
(piano wire l systems. Rotations were 
measured with tiltmeters. Tempera
tures were measured 1at Section E and 
F only J with thermocouples (as well as 
with the thermistors that were used to 
adjust the strain gauge data for tem
perature effects l. Additional informa
tion on the instrumentation is given in 
Ref. 13. 

Sections E and F were extensively 
instrumented with thermocouples (see 
Fig. 6). Gauges I to 6 and 7 to 11 are 
at the centerline of the box girder in 
the top and bonom slab. respectively. 
Gauges 12 to 24 Cor 26) are at the cen
terline of the web and monitor the en
tire depth of the section. Additional 
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SECTION G - 3 DAYS I 
CREEP FRAME G2 INSIDE BOX GIRDER - STANDARD TEST 
Creep Of Concrete m Compressron I 
Instantaneous and Long-Term OeformatJon (Adjusted tor Dryrng Shnnkage) 

Drying Load Induced 
Days I Shnnkage Oetormanon 

Loaced lmillronths) I !milhontns\ 

I I 
I I 

0 I 0 469 
0 65 585 
2 95 738 
4 283 I 733 
21 I 248 990 
31 I 333 I 942 
51 I 353 1127 
70 I 286 1146 
100 I 332 1246 
125 I 418 I 1221 
153 I 540 1229 
158 I 500 I 1258 
i92 I 619 I 1269 
211 I 564 I 1331 
244 I 591 I 1350 
275 648 I 1419 
317 687 I 1352 
350 I 704 I 1402 
407 I 771 1390 
521 715 I 1450 
646 I 742 I 1560 
710 I 844 I 1496 

I 
I I 

Aooiled Stress = 1530 os1 I 
fc@ 3 cays= 3830 ps1 I 
Modulus of Elasticrty@ 3 cays= 3.05 x 10° 

I 
I 
I 
I Conditron 

I 
I 
!Instantaneous stram 
!Instantaneous Stram + Creep Stram 
!Instantaneous St-ain + Creep Stram 
IInstantaneous Strarn + Creeo Stram 
IInstantaneous Strarn + Creeo Strain 
!Instantaneous Stram + Creeo Strain 
IInstantaneous Strain + Creep Stram 
!Instantaneous Stram + Creep Strain 
IInstantaneous Strain + Creep Stram 
!Instantaneous Strain + Creec Strarn 
IInstantaneous Strain + Creep Strain 
IInstantaneous Stram + Creep Strain 
IInstantaneous Strain + Creep Strain 
I Instantaneous Stram + Creep Strain 
!Instantaneous Stram + Creep Strain 
!Instantaneous Strain + Creep Strain 
!Instantaneous Stram + Creep Strarn 
!Instantaneous Stram + Creep Strain / 

!Instantaneous Stram+ Creep Strain 
!Instantaneous Strain+ Creep Strain 
/Instantaneous Stra1n + Creep Strain 
ji;"Jstantaneous Stram + Creep Strain 

I 
I 
I 
I 
I 



SECTION G- 3 DAYS I 
CREEP FRAME G3 OUTSIDE BOX GIRDER - STANDARD TEST 

Creep Of Concrete rn Comoression I 
Instantaneous and Long-Term Deformation (Adjusted fer Dryrng Shrinkage) 

Dryrng 
Days Shnnkage I 

Loaced I (milliontns) 

I 
I I 

0 I 0 I 
2 I 57 I 
4 I 109 
21 I 51 I 
31 I 97 I 
51 I 63 I 
70 I 53 I 
100 I 227 I 
125 I 152 I 
153 I 272 
157 I 140 I 
192 I 203 I 
211 I 161 I 
254 I 201 I 
288 I 289 I 
317 I 20·~I I 
350 I zn~..o I 
407 I 145 I 
521 I 193 I 
646 I 293 I 
710 377 I 

I 
I 

Aooiied Stress = 1530 os1 I 
f:@ 3 days= 3830 PSI 

Modulus of ElastiCity @ 3 cays = 

Load Induced 
Deformation 
(millionths) 

598 
910 
1002 
1342 
1415 
1460 
1483 
1560 
1535 
1602 
1629 
1665 
1658 
1788 
1771 
1765 
1883 
1869 
1858 
1896 
1894 

3.05 x 10"' 

J 
I 
I 
I ConditJon 

I 
I 
IInstantaneous strarn 
/Instantaneous Strain + Creep Stram 
!Instantaneous Strarn +Creep Strain 
/Instantaneous Strain+ Creep Stram 
/Instantaneous Stram+ Creep Strain 
!Instantaneous Strarn + Creep Stram 
/Instantaneous Stram+ Creep Stram 
/Instantaneous Stram + Creec Strain 
jlnstantaneous Stram+ Creeo Strain 
)Instantaneous Strain + Creec Stram 
!Instantaneous Stram + Creep Strain 
!Instantaneous Stram + Creec Strarn 
!Instantaneous Stram + Creep Stram 
!Instantaneous Strain + Creeo Strain 
!Instantaneous Stram + Creep Stram 
Iinstantaneous Stram + Creeo Stram 
Iinstantaneous Stram + CreeD Strain 
Iinstantaneous Stram + CreeD Strarn 
!Instantaneous Stram + CreeD Strain 
/Instantaneous Strain • CreeD Stram 
/Instantaneous Stram + CreeD Stram 

I 
I 
I 

I 
I 
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gauges are across the width of the web 
!Gauges 25 anc 26 for Section E anc 
Gauges 29 tc ; 2 for Secuon F J. 

The thermocouples used in the m
strument;::Jor: were made using 
Tefion'\eofior: rEP msuiated copper' 
constantm type-T w1re obtamed from 
Omega \h::asuremer.ts. Thermocouple 
.. rrees·· rr:ade of P\'C p1pe with 
predriliec hoies were used to correct!~ 

mamtain the iocauon of closely soa::ed 
:hermo::m.:pies dunr~g con:::rete pours. 

.,.. "' .."' .."' 
~a. . !1' f'< ::i <.. 
~ 

"' 
Dnr 

1995 Thermocouple Rudongs at Section F 

.."' ..."' "'.. "'.. ::; 
c. : !? .,::< i 

~ 

<"" 

~~ referen:e therrn:sro:-- nro\·1ded in the 
Cataiogger muJtJD]exe~ DO'- calibrated 
the thermo::ouoie :-eadmgs w record 
the temperatures ci:rec::; ;r: cegrees 
CeisiU~. r~ore =F == l.S > =c- ::::::, 

Thermo:oupie readtn~s v. ere :""1;s: 
recorded 1n iate 199~ anc \\ill be 
recorded through the end o: ! 999. The 
goal of the thermocouoie Instrumenta
tion i~ to obtam cnucal po,nn·e and 
negative thermal gradzents Readmgs 
were taken at 2-hour mre:-·.-.:.i< from 

·-U~ 

the begmmng of the study until Au
gust :.:.. 1995. At this time. it was felt 
that too much mformation was being 
collected tall mstrumentation readings 
were tai-.:en at the same 2-hour inter
\ ais 1. and readmgs were then changed 
to 6-nour rnterYals. 

1: became apparent on October 14. 
199"7. that the peak critical positive 
thermal ~radient was bemg underesti
mated b: takmg re<.~dmgs at 6-hour in
ten· a]< -,(\ the readings were then 
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changed back to 2-hour intervals for 
the :-emamder of the srudy. Although 
the posinve gradients were unde:-esti
mated somewha: dunng the 6-hour in
re:-val period. the remainder of the 
positive gradient readmgs are informa
tive. ~egat1ve gradient readings are 
no: nearly as sensiove to the ume in
ten·al. so all of the negative grad1enr 
readings are usefuL The ~onh Halawa 
\"alley Viaduct has an excellent 
ca:abase of thermocouple reading~. 

, ..Them I : ..Rllllcings c Section E 

., ., 	 .,C> C>.. .. .. .. .. 

5. " 	 !? .,e< :l 

~ 

1 	 < 
;:; ::; 

0.. 

1996 Thermocouple Rudings ~Section F 

C> C> 	 C>..."' .. .. 	 ..C> .. 
~c. 	 !? ~ < ~ ~ 	 < Ul 

;::; ~ 
0.. 

A concrete roppmg 2 m. 150 mmi 
thick was piaced on the instrume:-Jted 
sections on Octobe:- 7. 1996. (~ore 
that asphalt toppmg was not used on 
th1s pro_1ect and consequent!: the ef
fects of asphalt cannot be discussed in 
th:s pape~. 1 The net effect of placmg 
the concrete toppmg on the instru
mented sections is to add three addi
tional thermocouple readings at the 
top. middle and bonom of the overlay 
and shift the remainder of the gauge 

·-\4E 

;:; 

~: 

C>..., .. 
u ~ 

0 ~ 
;::; ;::; 

readmgs down by 2 m. (50 mml. This 
increases the overall number of gauges 
near the deck surface where gauge 
readmgs are desirable. 

Instrumentation Results 

There is an extremely large amount 
of data that has to be Interpreted in an 
effic1ent manner in order to obtain 
cntical posnive and negative thermal 
gradtents because the thermocouple 
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readmgs are taken every 2 hours for a 
:5-year penod at 58 gauges. rSection E 
has 26 gauges while Section F has 32 
gauges. 1 The method used to reduce 
the data has been to graphically re
vJev.. the thermo:::o:.:pie readmgs on: 
( 11 a year-by-year basis: (2 1a month
by-month bas1s: (3 1a day-by -da~ basis 
1fo~ cnucai days 1: and. r.!' a gradient
by-gradient basis 1a: entical times for 
cntical days 1. !'iumerous plots of an
nua:. monthi:. dail: anc cnncal ther

~ ~... ... ... ... ... .., :;: ... ... ..."' "' .. .. .. "'.... .. .. .. .. .. .. .. .. .. ... ... ;;~ -"; -"; -"; -"; ~ ~ " ... ~ -"; '? ~ ~ ~ ..... ,;, .. ..,e = ::: :: ~ :: 2 ;; :::: N 
.... ...= o

mal grad:ents 1posltJ\ e and neganve 1 

are g1 ven m Ref. ;.:. and oni: repre
sentati\e piots will be d:s:ussed here. 

Annual readmgs for ! 99:5 1see Fig. 
7 1 and ! 996 1see Frg 8 1 are re\'lewed 
at Gauge J.! [2.5 tr.. (63 mm 1 belov. 
the de:k surface] fo: Section E rs f: 
:::.:. m1 depth) and Secuon F [18 f: 
(5.5 mi depth]. Tins gl\es the overall 
picture of the thermo:ouple readmgs 
and what the relative high and lov. 
temperatures are tn v:.~nous months 

,. ... ..."'.. "'.. .. .. .. .. 
'S 

~ .. 
~ ., ~ ]i ]i .. ..... •.. s; ;:; -

= 
""' 

This also helps to spot spurious results 
(moJSture m the datalogger) and no re
sults 1power failureJ. For instance, 
January 1996 readmgs at Section Fare 
negie:ted because there was moisture 
m the datalogge~ 

'\ate that Gauge 14 is plotted be
cause Gauge 13 1ar the deck surface) 
1s not reiJable. Examination of Fig. 7 
reveals that July 1995 appears to have 
some ver> high temperatures. Note 
that the pe:.~k readings at Gauge 14 
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drop afte:- August :::. 1995. due to 
the fa:: that the readings were 
changed frorr. :-hour Intervals to 6
hour mterva!s. Furthermore. note that 
the peak readings at Gauge 14 drop 
even more after October -:'. 1996. be
:ause the concrete topping has been 
added and Gauge 1.:. is now reading a 
\·alue ::: :n. ,so mm 1 lower on the 
thermal gradient. 

\1onthly readings (see Fig. 91 are re
VIewed at Gauge 14 and at Gauge :::::. 

~28 

1 July 95 Thermo=uple FI.Ndings at Section F 

::! 

"":s ...• 
~ 

Gauge 1-t IS nea: the deck suria:e and 
g1ves daily peaks and valleys. Gauge 
:: 1s near the m1ddie of the secuon 
and is Jess influenced by daily fluctua
tions. In general. large thermal gradi
ents occur when the difference (posi
uve or negauve 1 between readmgs at 
Gauges 14 and :: is maximum. ln
spe:tion of Fig. 9 mdicates that July I. 
15 and 18 should have the largest pos
itive thennal gradients. It is interesting 
to note that the readings for these days 

·--16"· 

-%2F 

::!;; 
Cl.... ."' 
~ ..~ 

are silghtiy lower for Section F than 
for Se:uon E. This is be:ause Section 
F [18ft (5.5 m1 depth] has a higher 
thennal mertia than Section E [8 ft 
c:.~ mJ depth]. 

Daily readings (See Fig. lOJ are re
viewed at several gauges for July 1, 
1995 (which ha' the highest July read
ing). Readings are plotted every 2 
hours for Gauges 14. 15 and 16. which 
have respective dis1.01nces from the deck 
of 2.5. 5.0 and i.5 in. (63. 126 and 189 
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mm' as well as Gauge 22. which is in 
the middle of the section. It can be seen 
that t.i-Je maximum positive thennal gra
dient occurs at 4 p.m. and the maxi
mum negauve thermal gradient occurs 
at 8 a.m. Agair .. note that the maximum 
posinve t.i-Jerma! g:-adient appears to be 
siightiy lower for Se:::tion F than for 
Section E (be:::ause Section F has a 
h1gher thermai mertia than Secuon EL 

Tne :::nucai positive thermal gradients 
1see Fig. 1 1 1 are reviewed at 4 p.rr:. on 

July 1. 1995. Readmgs are pioned for 
gauges along the :::enterline of the web 
as well as along the centerline of the top 
and bottom slab. These readings are 
compared to those in the 199S proposed 
second edition of the AASHTO seg
mental guide spe:::tfi:::auons 1A-\SHTO 
98J. Similarly. the :::rit.i:::al negative ther
mal gradients tsee Fig. }:;) are reviewed 
at 6 a.m. on May-:. 1995. 

It is interesting to note that both the 
web and top slab values are quite ::lose 

_,_wee 
,__._Slab 

·······.V.SKTO~ 

12!1.0 

to the design gradtent at both Section 
E and Se:::tion F. For the positive and 
negatJve thermal gradient, top slab 
readmgs are very close to the design 
gradient. while web readings deviate 
slightly from the design gradient. 
However. be:::ause there is much more 
slab area at the deck level than web 
area. it is very encouraging that the 
slab values are so close to the pro
posed design gradient. These values 
and others in the report'" should help 
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to validate the use of this proposed de
sign gradient. 

Extrapoiation should be used to de
termine the temperatures at the deck 
le\'el (because readings for Gauge 13 
are unreliable). At Section F. the posi
tive and negative thermal gradient both 
show a peak at the bottom of the sec
tion: the web and bottom slab \'alues 
are quite close to each other. At Sec
tion E. the peak at the bottom is less 
clearly defined: the bottom slab value 

~30 

is jagged ( and there is no gauge in the 
web at the bottomJ. Tne proposed de
sign gradients iAASHTO 98) also in
dicate that peaks at the bottom will 
occur but that they can be negiected. 

ANALYSIS OF NORTH 
HALAWA VAllEY VIADUCT 

Analysis for Thermal Gradient 

In general. thermal stresses are in
duced by restraint to expansion and 

120.0 

~-
·······MSKTOII' 

--:-··--·---'ASHTON' 

rotation. and not by temperature 
changes directly. Restraint is provided 
by the cross section and the suppon 
conditions. The cross section induces 
primary stresses that vary in the veni
cal direction but are constant in the 
longitudinal direction iif the section is 
constantJ. The suppon conditions in
duce secondary stresses that vary in 
the longitudinal direction. 

For a positive thermal gradient (see 
Fig. I 3). the compressive thermal 
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stress component can be considered as 
being equilibrated by a tensile resul· 
tant force P at some distance e""' from 
the top of the section. This resultant 
force is equivalent to a tensile axial 
force .,..., and a negative bending mo
ment Mr at the Jocauon of the neutral 
axis y,"~ from the top of the section. 

Tne primary stress (see Fig. 14) is 
the superposition of the thermal com
ponent fty 1 with the axial component 
1'\~/A and the flexural component 
M~y !1. Tne support conditions cause 
redistribution to occur and create 
compress1ve axial forces 1'\r and posi
tive bending moments M,. The sec
ondary stress tsee Fig. 14) is the su
perposition of the axial compon_ent 
l\',IA and the flexural component 
M;y II. The total stress is the superpo
sinon of the pnmary and secondary 
stresses tsee Fig. 14). !For more de
tails see Refs. 7 and 8. l 

The calculations can be simplified 
substamialiy by re::ogmzing that the 
resultant axial force P and location 
from the top e,00 due to the thermal 
component are constant for segmental 
bridges 1see F1g. 13 l. Tnis is due to 
the fa::: tha: t.'1e drmensions at the top 
of a seg:ner"a: bridge are normally 
consta..T'l: an: the r...t,ermaJ gradient acts 
near the top of the section. Tne net re
sul: is thar on::e P and e,0 ." have been 
derernmec for one section. the pn

+ 


mary and secondary effects at any sec
tion can be found by a srmpie manipu
lation of the section properties. 

On the other hand. if the effects of 
the thermal component are taken about 
the neutral axis or the bonom of the 
section t as has commonly been done 
in the pastl. a completely new set of 

+ + 

Ft~. 13 
POSitiVe 
merma: 
graore~: a:-1c 
ecu1,.a,e.,: 
ro:ces 

calculations has to be made at each Jo
cauon because the depth of the section 
and/or bonom slab thickness are nor
mally variable. 

ExpressiOns for the thermal compo
nent j(yl. axial force P. bending mo
ment about the top M and eccentricity 
about the top e 10r are given as follows: 

f <yl Mo Y Pr-imor-y Ms Y Toto I 
I I 

r!g. i ..;_Stresses o;.~e to pOSitiVe tne;ma, gradient 
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f(y) =Eat(y) (1) 

P=Ea Jr(y)b(y)dy (2) 

M = Ea It(y) b(y) ydy (3) 

e10P=MIP (4) 

where£ is the modulus of elasticity. a 
is the coefficient of thermal expan
sion. and t (y) and b(y) are the thermal 
gradient and width of the section. re
spectively. as a function of y which is 
measured from the top of the section. 
Once P and e,,~' have been calculated 
for one section.}.~ and Mp can be de
termined for all sections by simply 
working v.ith the section properties as 
follows: 

NP =P (5) 

MP = P(Srop- erop) (6) 

The primary effects at each section 
can now be determined. The sec
ondary effects can be determined by 
using a plane frame computer program 
(or by hand using the flexibility 
method). Three methods can be used 
to input thermal data into a plane 
frame computer program: 

1..tutial force and bending moment 
(N:: and M;o ). 

2. Equivalent uniform temperature 
and linear gradient (Tur.i.f and T8raa ). 

3. Temperature at the top and bot
tom of the section (T10p and T"",). 

The method chosen depends on the 
capabilities of the program. Expres
sions for Tu111•. Tgrllli· T,op and Tbar are 
g1ven as follows: 

T""'·'= f.~I(EaA) (7) 

Tgraa = Mpi(Ea[) (8) 

Trap= Tu.nif+ TgraaYtop (9) 

Tbo: = Twrif- TgrattYbcr (10) 

where A and I are the section area and 
moment of inertia. and YroD and Ybc: are 
the distances from the neutral axis to 
the top and bottom of the section, 
respectively. 

Numerical Design Example 

The Nonh Halawa Valley Viaduct 
has been chosen as an example prob
lem. Tne span layout is shov.'D in Fig. 
5 and the cross section is shown in 
Fig. 4. The AASHTO 98 thermal gra
dient is used in this example. It should 
be emphasized again that the methods 
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Fig. 15. Calculation oi P and M. 

given in this paper apply equally to 
precast and cast-in-place segmental 
bridges. 

Ecjs. (1) to ( 4) are used to determine 
P and e,0 p at the midspan [8 ft (2.4 m)] 
section. Fig. 15 shows how a simple 
piecewise integration can be made to 

determine P and M. The right side of 
the plot shows r(_v) while the left side 
of the plot shows b(_v). The table sum
marizes the piecewise integration. 
Ecjs. (5 J to (1 0) are then used to deter

mine S,. M". T""'" Tgrllli· T,,r: and Ti>cr 
at all sections. COnly the section prop
enies at each location along with P 
and e,00 are required for this calcula
tion. J Once T,0p and T;, 01 are deter
mmed at each section. the secondary 
axial force and bending moment can 
be determined with a plane frame 
computer program. Temperatures T10P 

and Ti>cr for this bridge are shown in 
Fig. 16. Note that T,0 p and T""' have 
larger values at midspan and smaller 
values at the suppon. 

2036· 7260 

For the remainder of this study. it is 
worthwhile to compare thermal gradi
ent with live load because current 
codes require serviceability to be con
sidered for: ( 1) 100 percent thermal 
gradient without live load and (2) 50 
percent thermal gradient with live 
load. The HS20 design live load for 
this bridge corresponds to three lanes 
loaded with a reduction factor of 0.9 
and an impact factor of 10 percent. 

The bending moment diagram and 
axial force diagram for thermal gradi
ent and live load are shown in Figs. 17 
and 18. respectively. The positive ther
mal gradient (see Fig. 17) produces a 
positive secondary moment diagram 
whose maximum values are in the same 
order as those due to positive live load. 
The negative thermal gradient produces 
a negative secondary moment diagr;> 
whose values are significantly less tl. 
those due to negative live load. 

The positive thermal gradient (see 
Fig. 18) produces a uniform com-
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pressive axial force in Span 9-10. and variable tensile axial force in prestressing is required to keep values 
which has fixed p1ers at both ends. Span 9-10. within allowable limits; compressive 
The corresponding variable compres The stresses at the top and bottom of stresses are also of interest but normally 
sive axial force due to positive live the se...'"tion due to thermal gradient and not a problem because there is usually a 
load is also shown. The negative live load are shown in Figs. 19 and :?.0. sufficient reserve of compression. 
thermal gradient and negative live respe...'"tively. Tensile Stresses are of pri The negative thermal gradient (see 
load. respectively. produce a uniform mary importance here because additional Fig. 19) causes approximately uniform 
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tension to occur at the top. The tendons 1 may have to be increased at dienr stress to live load stress is 78 
amount of tension varies from a mini midspan to accommodate this tension. percent for Span 8-9. 84 percent for 
mum of 220 psi ( 1.52 \1PaJ at the Both positive thennal gradient (see Span 9-10. 60 percent for Span I 0-1 1 
ends of the bridge to a maximum of Fig. 20) and positive live load cause and 64 percent for Span 1 1-12. Thus. 
305 ps1 (2.10 \1Pa) at midspan of variable tension at the bonom. which the stress due to thennal gradient can 
Span 8-9 [360ft (] 10 m1 span]. The is maximum at midspan. For the four be of the same order (60 to 80 percent) 
amount of prestressing (top continuity interior spans. the ratio of thennal gra as that due to live load. The amount of 
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cent thermal gradient. pnmary bendmg moment component 

Tnermal stresses at midspan of Span M,v 11. Analysis for secondal} effects 
8-9 [360 f1 span I 110 m)) for a poS!tl\'e g1ves a zero secondary axial force com
gradient are shown In Fig. 2:. The ponent /I.'J4 and a positive bending 
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moment component Msyll. The net re
sult of these five effects is a tensile 
stress of 374 psi C2.58 MPa) at the bot
tom w1th a corresponding compressive 
stress of I 026 psi (7.07 MPa) at the top. 

Thermal stresses at Pier 12 for a 
negative gradient are shown in Fig. 22. 
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Fig . .2.::!. Thermat stresses at Pier 1.2 ior negative tnermal gradient. 

The tensile thermal component flv) is 
equilibrated by a compressive primary 
axial force component NP/.4. and a pos
itive primary bending moment compo
nent M0 yll. ..~.nalysis for secondary ef
fec~s gives a zero secondary axial 
force componem -'"~!A and a negative 
bending moment component M;y/1. 
The net result of these five effects is a 
tensile stress of 280 psi (1.93 :MPa1 at 
the top with a corresponding compres
sive stress of 21 psi (0.14 MPa) at the 
bottom. 

SUMMARY OF 
SIGNIFICANT RESULTS 

Large amounts of thermocouple daia 
from an instrumented prestressed con
crete segmental bridge (North Halawa 
Valiey Viaduct1 have been efficiently 
reduced graphically to determine the 
critical positive and negative thermal 
gradients. The results validate the use of 
the positive and negative thermal gradi
ent in the proposed 1998 AASHTO 
Segmental Gu1de Specifications (which 
is similar for positive gradient and re
duced by 40 percent for negative gradi
ent from the 1994 AASHTO LRFD 
Bridge Design Specifications). 

The computation procedures for a 
nonlinear thermal gradient are greatly 

simplified by recognizing that the re
sultant axial force P and disr.mce from 
the top erop due to the thermal compo
nent are constant for segmental 
bridges. Tnis is due to the fact that the 
dimensions at the top of a segmental 
bridge are normally constant and the 
thermal gradient acts only near the top 
of the section. The net result is that 
once P and e,0 ,. have been determined 
for one section. the primary and sec
ondary effects at any section can be 
found by a simple manipulation of the 
section propenies. 

e

These simplified computation pro
cedures are illustrated using the 
North Halawa Valley Viaduct as an 
example problem. A simple hand cal
culation is used to determine P and 

10p at one section. This allows the 
primary and secondary effects to be 
easily determined at any section. A 
comparison of the effects of thermal 
gradient and live load is made With 
respect to the prestressing require
ments. Additional prestressing is re
quired at the bottom near midspan 
for the case of live load plus 50 per
cent positive thermal gradient. Addi
tional prestressing may also be re
quired at the top near midspan to 
accommodate the negative thermal 
gradient. 
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150 100 

CONCLUSIONS 
1. A comparison of the positive and 

negative thermal gradient in variour 
A...ASHTO documents has been made. 

2. A prestressed concrete segmental 
bridge c:!~orth Halawa Valley Viaduct) 
has been instrumented and large 
amounts of thermocouple data have 
been efficiently reduced graphically to 
determine the critical positive and 
negative thermal gradient. 

3. Tne results validate the use of the 
positive and negative thermal gradient 
in the proposed 1998 AASHTO Seg
mental Guide Specifications as well as 
the 1994 .A.ASHTO LRFD Bridge De
sign Specifications. 

4. The results are very timely be
cause they substantiate the reduction 
of the negative thermal gradient_ from 
-0.5 to -0.3 times the positive thermal 
gradient. This reduction is currently 
being considered in the proposed 
1998 AASHTO Segmental Guide 
Specifications. 

5. The computation procedures for 
nonlinear thermal gradient have been 
shown to be greatly simplified by rec
ognizing that the resultant axial force P 
and location from the top erop due to 
the thermal component are constant for 
most segmental bridges. Once P and 
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e., bave been determined for one sec
tion. the primary and secondary effects 
at any section can be found by a simple 
manipulation of the section properties. 

6. A numerical example for the 

analysis of a segmental bridge for 
thermal gradient has been included. A 
simple hand calculation is used to de
termine P and e10p at one section. This 
allows the primary and secondary ef
fects to be determined at all sections. 

7. The numerical example includes 
a comparison of forces and stresses 
due to thermal gradient and live load. 
Tnis aliov.·s a comparison of the pre
stressrng requirements. Additional 
prestressmg is required at the bottom 

near midspan for the c:ase of live load 
plus 50 percent positive thermal gradi
ent. Additional prestressing may also 
be required at the top near midspan to 
accommodate the negative thermal 

gradient 
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APPENDIX- NOTATION 


o: = coefficient of thermal expansion 
A = secuon area 

b ty .1 = w1dth of section as a function of y 
E =modulus of elastici~· 

e,0 , = ec::enL'1clty of thermal stress component about top 
jty 1 = rnermal stress component as a funcuon of-' 

I= se::uon moment of mertia 
AJ = oendmg moment resistmg thermal stress component 

Mr: = pnma.r: bendm£ moment 
M, = secondary bendmg moment 
1\~ = pnmary axial force 

Ju1y-Augus: 1998 

S, = secondary ax1al force 
P = axial force resistmg thermal stress component 

Tao: = temperature at bonom of se::uon 
Tmu = linear gradient 
T10~ = temperature at top of section 

T""'-' = uniform temperature 
t ~~" 1 = thermal gradient as a function of y 

Y = distance measured from top of section 

Yoc: = dJstance from neutral axis to bonom of section 

Yror = distance from neutral ax1s to top of section 
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ABSTRACT 

This paper presents preliminary results of a long-term bridge monitoring program after three 
years of data collection. The North Halawa Valley Viaduct on the Hawaiian island of Oahu 
was extensively instrumented during the second half of 1994. The objective of the 
instrumentation program is to monitor the long-term behavior of the Viaduct. The 
instrumentation program was designed for an initial five year monitoring period. The primary 
instruments used for concrete strain and deflection monitoring are described, and their 
performance over the fl.rst three years is discussed. Results are presented for both short-term 
and long-term events to show the effectiveness of these instruments. These results are 
compared with analytical predictions using two flnite element computer programs. 

L'\1RODUCTION 

The North Halawa Valley Viaduct is a 1.5 km box-girder viaduct with span lengths up to 110 
m (Figure 9). It is part of the new H-3 highway on the island of Oahu in Hawaii. The viaduct 
was built by means of post-tensioned in-situ balanced cantilever construction as described by 
Banchi.k er al (1994) (Figure 10). Four spans of the box-girder viaduct (70 to 110m spans) 
were selected for instrumentation to provide an adequate representation of the long-term 
viaduct behavior. The instrumentation program was developed in conjunction with T.Y. Lin 
International. structural engineers for the viaduct. During construction. all instrUments were 
installed by personnel from the University of Hawaii (UH) and Construction Technology 
Laboratories (CfL) in Skokie, lllinois. 

The instrumentation used in this project was designed to provide long-term monitoring of the 
strucru.ral performance of the viaduct. The measurements required to achieve the project 



objectives include concrete strains, concrete and ambient temperarures. concrete creep and 
shrinkage strains, span shonening, tendon forces. span deflections. and suppon rotations. The 
following instrumentation was selected and installed to perform these measuremer·· 
vibrating wire gages, electrical resistance strain gages, demec strain gage pair~ 

thermocouples, extensometers, tendon load cells. base-line deflection systems, tiltmeters. and 
datalogger recording systems. 

This paper presents results from the concrete strain and deflection measurements and 
compares them with analytical predictions for both shan-term and long-term events. The 
fmite element computer programs used for the shan-term events is St\P2<X>O (1996), while 
the long-term events are modeled using SFRA..ME (Ketchum, 1986), a time-dependent step
wise analysis program \l,rrinen specifically for analysis of incrementally constructed bridges. 

DESCRIPTION OF INSTRUMENTATION 

A detailed description of all instrumentation and the installation procedures used in this 
project is given by Lee and Robertson ( 1995). The following is a brief description of the 
strain and deflection measurement systems pertaining to the results presented in this paper. 

Instrument L.ocations 

Seven sections were selected for instrumentation in order to provide an adequate 
representation of the viaduct behavior. Sections A. D, E and G are at, or close to midspan, 
while B, C and Fare close to the ends of the instrumented spans as shown in Figure 1. 

I~ !~ 
"-"' :. :- '-" :::~ 

• i 

Figure 1: Viaduct elevation showing instrumented sections, A toG 

Concrete Strain Measurements 

The primary instruments for measuring concrete strain are Vibrating Wire Strain Gages. 
These gages were embedded in the concrete to measure longitudinal strain. Eight to ten 
vibrating wire strain gages were placed around the box -girder cross-section at each 
instrumented section as shown in Figure 2 for section B. 
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Figure 2: Vibrating wire strain gage locations at section B 

At sections E and F, additional concrete strain measurements were made with electrical 
resistance strain gages attached to reinforcing bar coupons embedded in the concrete. In order 
to confmn the long-term stability of the electronic strain measurements, backup manual strain 
gage readings were made using Demec strain gage points attached to the concrete surface 
inside the box-girder. 

Span Shonening 

Extensometers were installed in the four instrumented spans to monitor the overall shonening 
of the box-girder. Each extensometer consists of a series of graphite rods (6mm diameter by 
6m long) spliced together to span from pier to pier inside the box girder. The rods are coupled 
together and insened into a 20mm diameter PVC pipe attached to the underside of the girder 
top slab. One end of the rod is flxed to the top slab soffit, while the other end is coupled to a 
linear Variable Displacement Transducer (LVDT). The relative displacement of the concrete 
at the two ends of the extensometer is measured by the L VDT. 

Bearing movements were also made at the sliding bearings, but these readings are distoned by 
any lateral deflection in the supporting piers due to temperature or bearing friction effects. 

Span Deflections 

A taut-wire base-line system was installed in each of the instrumented spans to monitor 
vertical deflection of the box-girders. This system consists of a high-strength piano wire 
strung at constant tension from one pier to the next inside the box girder, to act as a reference 
line as shovrn in Figure 3. A digital caliper is used to measure the distance between the base

http:S':":<.a.1r


line and plates attached to the underside of the top slab (Figure 12). Changes in the caliper 
readings indicate the venical deflection of the box girder relative to the ends of the span . 
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Figure 3: Taut-wire Deflection System 

SHORT·TE~\1 EVENT RESu"'LTS 

Initial Application ofPrestress 

The vibrating wire strain gages monitored the longitudinal strain around each instrumented 
section. A sample of the 6:00 A.\1 strain readings from the 8 gages at section E is shown in 
Figure 13. These readings represent the first two years of data collected at this section. 
Enlarging the first 30 days after pouring results in Figure 14. The sudden changes in the strain 
readings indicate either an application of prestress across this section, or the movement of the 
gantry truss reaction points on the top of the structure. 

The strain gradient across the depth of section E for one particular prestressing event on 
September 23, 1994 is shown in Figure 4. Both vibrating wire strain gages and electrical 
resistance gages provide a straight line strain gradient through the depth of the section. 
Analysis of this prestress event using the computer program SFRAME (Ketchum. 1986) 
yields slightly different results. This is attributed in part to the lack of precision in the field 
measurement of the applied prestress force. 
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Figure 4: Section E Stresses during Span Tendon Prestressing 

Deflection during load test on viaduct 

In August 1997, a load test was performed on the instrumented spans of the viaduct using four 
trucks loaded with sand (Figure 11 ). Each truck approximated an HS-20 design vehicle. 
Deflections were monitored using the base-line system and optical surveys of the top surface 
of the viaduct. 
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Figure 5: Comparison of Load Test Deflections. 



The structure was modeled using SAP2000 ( 1996) and subjected to the same truck loading. 
The resulting comparison between measured and analytical deflected shapes for spans P8 to 
PlO is shown in Figure 5. On the whole, there is excellent agreement between the base-linr 
system and the optical survey. However. because of the windy conditions and reading 
inaccuracies, the optical survey was somewhat less reliable than the base-line system as can be 
seen from some of the survey readings adjacent to Pier PIO. The SAP2000 analysis was 
performed with two values of modulus of elasticity for the concrete, Ec. Based on 
compressive strength tests at 28- and 90-days, extrapolated to a concrete age of 3 years, the 
modulus of elasticity was obtained from Eqn. 1. 

E, =4700fi' 

E, =4700fJ: =35.4MPa (1) 

Alternatively, using the modulus of elasticity tests performed at 28- and 90-days, the 3 year 
modulus of elasticity was extrapolated as Ec =28.4 MPa The analytical results from the 
SAP2000 model using the value of Ec =35.4 1\fPa show good agreement with the observed 
deflections. 

Strain readings during load test 

The Vibrating Wire Strain Gage readings taken every 5 minutes during the load test are shown 
in Figure 15. The trucks were located at four different positions on Span P8-P9, indicated by 
locations L 1 through U. The distinct steps in the strain readings indicate the movement of 
the trucks to the next loading location. Figure 6 shows the stress distribution through thr 
depth of Section A (at midspan) for each of the truck locations. Note the excellent linearity ol 
the stress gradients. and the consistent location of the neutral axis. Even at relatively small 
strain readings. the vibrating wire strain gages were extremely accurate and consistent. 
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Figure 6: Stress gradients at section A during load test 



The stress distributions obtained from SAP2000 analyses using Ec =35.4 MPa are added for 
comparison. As With the deflected shape, the analytical model provides good agreement with 
the observed stresses, panicularly for loading at midspan (1.3) when the stresses are highest. 

LONG-TERM R.ESt.i'LTS 

Long-term ariai strains 

Figure 13 shows the long-term strains measured by the 8 vibrating wire strain gages at section 
E. Similar results were recorded for the 10 gages at section F. These sections represent the 
midspan and endspan conditions respectively for span Pll to Pl2. An average of the strains 
at these sections should indicate the overall shonening of the entire span. This span 
shonening has also been monitored by an extensometer installed after the prestressing of this 
span. Figure 7 shows a comparison between the strains measured at sections E and F. the 
average of these two sections, and the extensometer results. The resulting plots indicate that 
the vibrating wire strain readings provide a very good indication of the overall span 
shonening. 

Long-tenn deflections 

For long-term strucrural behavior, the program SFRAME (Ketchum, 1986) is used to account 
for all material propenies, panicularly creep and shrinkage of the concrete. Based on the 
initial assumptions regarding material propenies, prestress and anticipated loading and 
construction sequence, this program was used to estimate the long-term deflection anticipated 
for the structure. 
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Figure 7: Span shonening strain comparison 



, - Base-Line ··O·· Optical Survey -- SFRAME 

Figure 8: Long-term deflections (1995-1997) 

In the field, deflections were monitored by means of the base-line system and optical surveys. 
The resulting deflections for the first two years after completion of construction are compared 
with the initial SFRAME predictions in Figure 8. As for the short-term events, there is 
excellent agreement between the base-line system and the optical survey. 

However. the S~\1E prediction substantially underestimates the actual deflection. This 
disagreement between the analytical and observed deflections is attributed to the assumptions 
made at the design phase regarding the anticipated concrete material properties. Work is 
currently in progress at the University of Hawaii and T.Y. Lin International to update the 
SFRA.ME model with the material behavior observed during the monitoring program. It is 
anticipated that this will lead to improved comparisons between analytical and observed 
deflections. 

CONCLUSIONS 

1. 	 The Vibrating Wire strain gages used in this instrumentation program proved extremely 
reliable for both short-term and long-term monitoring. The resulting strain distributions 
compare well with electrical resistance gages and with analytical modeling using fmite 
element computer analyses (SAP2000 and SFRAME). 

., 
The span extensometers were able to confirm the overall span shortening indicated by the 
strains measured at midspan and endspan sections. 

3. 	 The base-line system used for deflection measurements was extremely reliable and 
accurate, both for short-term and long-term events. Prediction of short-term deflections 
using SAP2000 agreed well with the observed results. Prediction of long-term deflections 
using SFRAME underestimated the observed deflections. This is attributed to increased 
creep and shrinkage compared with that anticipated during the design phase. 
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Figure 10: Viaduct under construction. Figure 9: Nonh Halawa Valley Viaduct. 

Figure 11: Viaduct load test . 
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Figure 13: Vibrating wire strain gage readings at section E 

Figure 12: Base-line caliper 

Sec::lion A· Strains during Load Test 

®© 
I' 

'==' 
·•... 

-Gage1 -TCOSII> -co-2-llaiS.. GIQI3·TcoNSiilm 

" ~ 4 • .._, N Sll!m - '"- 6 ·llal N Slim - c;.oe 1· Teo 5 Slim 
8·-SSII!ftl- 10-llaiSSII!m 

- Si:!q! , .,._ co.oo 2 G.aqo 3 Gaqe 4 - G!qe 6 Si:!q! 1 -Gage e - GaCl! , o· Figure 15: 	Section A strains dur" 
load test 

Figure 14: First month VW strain gage readings at section E 



Appendix C - Calibration and Verification of Load Cell Data - Russell & Hunter 
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CALIBRATION AND VERIFICATION OF LOAD CELL DATA 


by 

H G. Russell and S. Hunter* 

BACKGROUND 

As part of the instrumentation program ofthe H3 Halawa Valley Viaduct, load cells were installed 

on six span tendons to measure tendon forces. The purpose ofthe load cells was to monitor the 

change in tendon force over time in representative tendons. With these data, a more precise 

calculation ofthe variation ofstresses in the bridge superstructure with time will be possible. 

Thus, the instrumented tendons will remain ungrouted for five years. Span tendons were selected 

for instrumentation because they were accessible and well protected. The load cells were located 

at the fixed end on four tendons and at the stressing end on two tendons. The six tendons varied 

in length from 44 to 196 ft. 

To gain confidence in the method, comparisons were made between the forces from the calibrated 

hydraulic rams, forces measured on the load cells, measured elongations, theoretical forces and 

theoretical elongations for the instrumented tendons. The four load cells on the fixed ends 

indicated forces that were 82 to 890/o ofthe theoretical values. The two load cells at the stressing 

end indicated forces after anchoring that generally agreed with the specified forces. Measured 

and theoretical elongations gave reasonable agreement. 

A seventh load cell was used at the jacking end during the stressing ofsome tendons and during 

several lift-off tests to compare the forces determined from load cell data and the calibrated 

hydraulic ram. In addition, forces from the two load cells at the stressing et:td were compared with 

forces from the calibrated ram. These comparisons indicated that the forces determined from the 

load cells varied between 90 and 95% ofthe forces determined from the calibrated ram. 

One final test was performed in which the seventh load cell was placed in series with the 

contractor's load cell and both were loaded using a calibrated ram and a 19 1/2-in. strand tendon. 

This test indicated that loads measured by the seventh load cell differed from the loads measured 

by the contractor's load cell by 5 to 13%. The contractor's load cell had been used since July 

*Respectively, Engineering Consultant, Hemy G. Russell, Inc. and Snuctural Engineer, T. Y. Lin 
International. 
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1994 to cahbrate the stressing rams. 

Based on the above data, it appeared that the load ce1ls were giving inconsistent data and that 

further evaluation was needed to verify the source ofthe differences in the forces. 

ORIGINAL CALIBRATION PROCEDURE 

Seven center hole load cells were custom designed and built by Construction Technology 

Laboratories, Inc. (CTL) for use in the instrumentation program. Six load cells were installed on 

tendons. One cell, identified as No.7, was retained as a spare. The load cells were designed to 

have a capacity in excess ofthe maximum tendon force and to fit the end anchorage details ofthe 

post-tensioning system with a center hole as small as possible. The load cells were also designed 

for high sensitivity. 

Prior to .in.stallation, each load cell was calibrated in CTL's one million pound capacity testing 

machine using the follo'Wi.ng procedure: 

I. 	 The load on the load cell was increased from zero to 700 kips and returned to zero. This 

was repeated three times to verify repeatability ofstrain output. 

2. 	 The load on the load cell was then increased from zero to 700 kips in increments of 100 

kips. The load was then reduced in increments of 100 kips to zero. Readings of strain 
/ 

were taken at each 100 kip increment using strain indicator No. 60343. 

3. 	 A linear regression analysis ofthe data was used to obtain the best fit straight line. The 

slope ofthe straight line was defined as the calibration factor. 

Shortly after the discrepancies were noticed, it was decided to recalibrate the contractors Geokon 

load cell and CTL load cell No. 7 using the above procedure. The new calibration factor for the 

CTL load cell was determined to be 102.2lb/microstrain compared to the original factor of101.9 

lb/microstrain. The Geokon load cell gave a factor of 157.4lb/digit over a range ofO to 1000 

kips compared to the manufacturer's supplied factor of 149.8 lb/digit. The Geokon load cell 

exlnbited noticeable non-linearity at the lower loads. 

In addition to the standard calibration ofthe CTL load cell, tests were made to distort the 

calibration by loading the load cell near its inside or outside edges rather than uniformly over the 

whole end. This was accomplished by placing sheet metal rings between the load cell and the 
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head ofthe testing machine. A variation of±1% in the calibration factor was obtained. Results 

from these tests did not yield information about the cause ofthe differences in the loads observed 

in the field. Consequently, it was decided to conduct verification tests. 

VERIFICATION TESTS 

A series ofverification tests was performed on March I, 1995, to identify the cause of differences 

in forces determined from the hydraulic rams, en. load cells and the contractor's load cell 


supplied by Geokon. 


Equipment 


The following equipment was used in the verification tests: 


1. 	 VSL Ram No. 5-4-20 with Gaee B which was cahorated v.ith VSL Load Cell No. 
' -

8068/83657 on February 18, 1995. 

2. 	 Geokon Load Cell with Readout Box GK 501, Serial No. 154 on Range xl. 

3. 	 CTL Load Cell No.7 with Strain IndicatorP3500, Serial No. 60343. 

4. 	 VSL Load Cell 8068/83657, which was cahorated at the University ofWashington on 

January 19, 1995. 

5. 	 Miscellaneous plates and anchor heads. 

6. Tendon consisting of 19 1/2-in.. dia. 7 -wire strands. 

Test Procedures 

A photograph of one test configuration is shown in Fig 1. A total of eight ~est configurations as 

defined in Table 1 and shown in Fig. 2 was used. 

The test procedure consisted ofpressurizing the VSL ram until a target reading on the CTL load 

cell was obtained. Readings from the other load cells and the hydraulic pressure in the ram were 

then recorded. The target readings from the CTL load cells were selected to provide increments 

of 100 kips as determined from the CTL load cell. The goal was to obtain all readings at the 


moment when the peak reading from the CTL load cell was reached. 


For each test configuration, two calibration runs were made with increasing pressure only. 
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Measured data were consistent between runs. For the first run ofTest No. 1, readings during 

decreasing pressure were also recorded. This procedure was not used again because ofdifT 

in controlling the load. 

Measured data at each load increment were averaged for the two runs. Data from the Geokon 

load cell. the VSL load cell and the hydraulic pressure were then convened to loads using linear 

interpolation between measured calibration points. This partially corrected for any non-linearity 

in the cahora.tion. For the Geokon load cell. the en cahora.tion data were used. Linear 

regression analyses ofthe data were performed to obtain relationships between the loads 

determined from the Geokon load cell, the VSL load cell and the hydraulic ram and the loads 

determined from the en load cell. 

Test Results 

The calculated loads for each test configuration are given in Table 2 together with the slope ofthe 

best fit straight line determined by linear regression. The slope gives the relationship between the 

load determined by the Geokon load cell, the VSL load cell or the ram and the load determined 

from the en load cell. The same data are shown graphically in Figs. 3 through 10. 
\ .. 

A comparison ofthe results from Tests 1 and 2 shows that the load determined from the GeoK.on 

load cell changed from 111.90/o to 93.1% ofthe load determined from the CTL load cells when 

additional plates were placed between the Geokon and eTL load cells. A comparison ofthe 

results from Tests 4 and 5 shows that the load determined from the Geokon load cell changed 

from 91.3% to 94.6% ofthe load determined from the eTL load cell when an additional plate was 

placed between the ram and the Geokon load cell. 

For all test configurations, the load determined from the hydraulic pressure varied from 101.'70/o to 

99.7% ofthe load determined from the eTL load cell. For the three test configurations with a 

VSL load cell, the load determined from the VSL load cell was 2.5% lower than the load 

determined from the hydraulic pressure even though the hydraulic ram had been previously 

calibrated against the load cell in a reaction frame. 

A comparison ofthe results from Tests 5 and 6 shows that loading the eTL load cell directly with 

an anchor lead produced a change in calibration ofless than 1%. A comparison ofthe results 

from Tests 6 and 7 shows that moving the head to a maximum eccentricity produced no chanf 
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the calibration ofthe en. load cell. A comparison ofthe results from Tests 6 and 8 shows that 

rotating the head changed the calibration factor by a maximum of I.00/o 

CONCLUSIONS 

Based on the above procedures and results, the follo'Wing conclusions are made. 

1. 	 Geokon load cell output is sensitive to the type of end plates through which the load is 

applied to the load cell. At low loads, the load cell output responds in a non-linear manner 

when compared to the applied loads. The calibration factor based on linear regression 

varies from +12% to -9%. 

2. 	 For all test conditions, the hydraulic ram and CTI.. load cell showed agreement within 0 to 

2% with the ram sho-wing the higher readings. 

3. 	 For all test conditions, the CTI..load cell and VSL load cell showed agreement within 0 to 

-3% with VSL load cell sho'Wing lower readings. 

4. 	 Loads determined by the en. load cell should be considered to be very reliable within 

±3% for all conditions similar to those in the tests including: 

a. 	 Use ofa 19 1/2-in. strand anchor bead bearing on the CTL load cell. 

b. 	 Conditions where strand might try to twist the load cell. 

5. 	 Data from the CTI..load cells on the Halawa Valley project should be reduced using the 

en. cahoration factors. 
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TABLE 1 SUMMARY OF TEST CONFIGURATIONS 

Plate Geokon Plate CTL Plate VSL Plate Anchor I 
Test No. Ram Thickness load Cell Thickness load Cell Thickness load Cell Thickness Type Notes 

ln. ln. in. ln. 

1 yes yes 1-1/2* yes Plate 

2 yes yes 1-1/2*,1-3/4,1-3/4 yes Plate 

3 yes yes 1-1/2*'1-112,1-3/4 yes 1-3/4,1-1/2 yes Plate 

4 yes yes 1-1/2"'1-1/2,1-3/4 yes 1-3/4,1-112 yes 2-1/4 Plate 

5 yes yes 1-1/2",1-1/2,1-3/4 yes 1-3/4,1-1/2 yes 2-114 Plate3 


6 yes yes 1-1/2"'1-1/2,1-3/4 yes Head
3 

7 yes yes 1-1/2" '1-1/2, 1-3/4 yes Head Anchor head at max. eccentricity 3 

8 yes yes 1-1/2*,1-1/2,1-3/4 yes Head Anchor head rotated by 1 ln.3 
- ---------------------- - ------------ --- ---------~ 

• Plate with Individual holes for strand. 

All other plates had one single hole for the bundle 
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TABLE 2 CALCULATED LOADS 

All Tesl1 Tesl2 Test3 Tesl4 TestS Testa Test 7 Testa 

CTL GEO. VSL RAM GEO. VSL RAM GEO. VSL RAM GEO. VSL RAM GEO. VSL RAM GEO. VSL RAM GEO. VSL RAM GEO. VSL RAM 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

100 100 85 85 00 64 97 83 97 83 82 62 

200 213 192 176 196 173 197 189 171 196 189 175 196 189 175 192 173 192 175 192 

:IX) :nJ ~ 272 :n3 2€5 294 297 264 293 294 273 293 296 273 200 273 297 278 :D) 

«X> 445 «l6 368 <OJ 300 :B) «X> 369 389 «X> 373 388 «X> 374 -m 371 «X> 375 406 

&XI 563 500 467 511 400 486 &XI 456 485 &XI 476 487 500 477 503 475 503 481 500 

ID1 678 611 568 611 566 562 002 562 583 002 561 583 003 583 006 580 006 566 613 

Slope 1.119 1.014 0.931 1.017 0.914 0.973 0.006 0.913 0.972 0.007 0.948 0.973 0.996 0.946 1.(Xl; 0.944 1.003 0.955 1.015 
--~ '------ L________ 

-~-·-- -

-...) 

", 



Fig. Test Configuration 
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Appendix D - CTL Creep and Shrinkage Data 





H3 Instrumentation Report TYLin International 

SECTION A- 3 DAYS I I 
Creep Of Concrete in Compression (ASTM C 512) j 

Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) 

I 
i 

I 

I I 
I Drying i 

Days I Shrinkage I 
Loaded I (millionths) I 

0 I 0 I 
1 I 21 I 
2 I 

I 41 i 
3 I 54 i 

4 i 91 I 
5 I 104 i 
6 i 138 I 
7 I 162 I 

14 I 361 ! 

21 I 492 I 

28 I 553 i 
59 I 752 i 
90 I 859 i 
122 I 928 I 
152 I 953 i 

182 I 979 I 
! 

214 I 985 i 

245 : 1015 I 

276 ! 1051 : 

307 I 1021 I 

339 I 1035 ! 
364 : 1054 I 

I I 

' 
Atloiied Stress = 1700 psi ' 
fc@ 3 days= 4260 psi I 

Modulus of Eiasticity @ 3 davs = 3.07 x 1OAS 

Load Induced 
Deformation 
(millionths) 

537 
838 
975 

1029 
1101 
1168 
1194 
1309 
1385 
1613 
1658 
1988 
2202 
2315 
2413 
2495 
2519 
2558 
2538 
2607 
2643 
2683 

i I 
! I 
I I 
I Condition I 
I ' Instantaneous Strain 
I Instantaneous Strain + Creec Strain 
i Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 

i Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
l Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creec Strain 
I Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 
; Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

I I 
i I 
I I 
I I 

H3CTL.XLS 7/30/97 



H3 InstrUmentation Report TYLin lnternatior 

SECTION A- 28 DAYS I I 
Creep Of Concrete in Compression (ASTM C 512) j 

Instantaneous and L.ong-Term Deformation (Adjusted for Drying Shrinkage) 

I 
I 

I 

l 

I I I I 

i Drying ! Load Induced I ! 


Days i Shrinkage I Deformation I I 

Loaded ! (millionths} I (milfionths) I Condition I 

0 I 0 I 670 I Instantaneous Strain 
1 I 24 I 879 i Instantaneous Strain + Creep Strain 
2 I 63 I 1035 i Instantaneous Strain + Creep Strain 
3 I 101 i 1089 i Instantaneous Strain + Creep Strain ' 
4 I 152 I 1130 I Instantaneous Strain + Creep Strain 
5 I 176 j 1192 I Instantaneous Strain + Creep Strain 

I6 185 ! 1213 I Instantaneous Strain + Creep Strain ' 
7 I 206 I 1210 I Instantaneous Strain + Creep Strain 

14 ' 338 ! 1458 I Instantaneous Strain + Creep Strain ' 
21 I 391 I 1574 I Instantaneous Strain + Creep Strain I 

28 I 556 I 
I 1745 ! Instantaneous Strain + Creep Strain 

59 I 743 I 2081 I Instantaneous Strain + Creep Strain 
90 i 827 I 2237 I Instantaneous Strain + Creep Strain 

121 I 862 I 2388 I Instantaneous Strain + Creep Strain 
153 I 884 I 2528 ! Instantaneous Strain + Creep Strain 
183 I 899 I 2643 I Instantaneous Strain + Creep Strain 
213 I 959 I 2674 I Instantaneous Strain + Creep Strain ' 
245 I 958 I 2744 ! Instantaneous Straio + Creep Strain 
276 ! 981 I 2n5 ! Instantaneous Strain + Creep Strain 
307 I 983 ! 2823 I Instantaneous Strain + Creep Strain .·~ 

338 I 993 i 2874 ! 
I Instantaneous Strain + Creep Strain I"'-' 

365 'I 1005 i 2873 1 Instantaneous Strain+ Creep Strain 
I ! II / 

Aooiied Stress= 2500 psi I I I 
fc @ 28 days = 6140 psi I i I 
Modulus of ElasticitY @ 28 davs =3.51 x 1 0"6 ! I 

H3CTL.XLS 7/30/97 
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SECTION A- 90 DAYS ! I 
Creep Of Concrete in Compression (ASTM C 512) I 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) 

I 
I 

I 
I j I ! 
I Drying ! Load Induced I I 

' 
Days I Shrinkage I Deformation I ; 


Loaded I (millionths) : (millionths) I Concfrtion 
 ' 
I 	 I0 ! 0 623 I Instantaneous Strain 

1 I 11 ' 793 I Instantaneous Strain + Creep Strain I 

2 ' 18 ' 868 1 Instantaneous Strain + Creep Strain I 

I3 i 32 936 I Instantaneous Strain + Creeo Strain 
4 ! 55 i 991 i Instantaneous Strain + Creep Strain 
5 i 66 I 1017 I Instantaneous Strain + Creep Strain I 

I6 I 40 I 1078 I Instantaneous Strain + Creep Strain 

7 I 87 ! 1108 I Instantaneous Strain + Creep Strain 
14 I 151 I 1181 I Instantaneous Strain + Creep Strain 

:21 268 i 1203 I Instantaneous Strain + Creep Strain 
28 I 313 1243 i Instantaneous Strain + Creep Strain 
56 ! 428 1480 Instantaneous Strain + Creep Strain ' 
90 	 ! 538 : 1551 I Instantaneous Strain + Creep Strain 

I120 ! 568 1658 ! Instantaneous Strain + Creep Strain 
150 I 599 ' 1780 ! Instantaneous Strain + Creep Strain 

I180 I 628 I 1822 i Instantaneous Strain + Creep Strain 
210 i 676 ; 1867 I 

I Instantaneous Strain + Creep Strain 

240 'I 685 1900 ; Instantaneous Strain + Creep Strain 

270 I 693 1948 Instantaneous Strain + Creep Strain 
300 j 703 1983 I 

I Instantaneous Strain + Creep Strain ' 
330 	 : 708 I 1993 I Instantaneous Strain + Creep Strain 
365 	 i 714 I 2047 i Instantaneous Strain + Creep Strain 

i I I I 
I 
IApoiied Stress= 2500 psi II ' 

Ifc @ 90 days = noo psi I t I 
Moduius of Eiasticity @ 90 davs = 3.93 x 1 0"6 I I 

H3CTL.XLS 	 7/30/97 
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,SECTION B- 3 DAYS I I I 

Creec Of Concrete in Comcression (ASTM C 512) I I 

Instantaneous and Long-ierm Deformation (Adjusted for Drying Shrinkage) -
 I -

II II I 
! Drying I Load Induced I I 

Days I Shrinkage I Deformation I I 
Loaded I (millionths) I (millionths) I Condition I 

0 j 0 I 540 I Instantaneous Strain 
1 I 40 I 748 I Instantaneous Strain + Creep S1rain 
2 j n I 

i 839 i Instantaneous Strain + Creep Strain 
3 i 81 i 883 I Instantaneous Strain + Creep S1rain 
4 ! 

I 98 I 907 I 
! Instantaneous Strain + Creep Strain 

5 i 112 I 941 I Instantaneous Strain + Creep Strain 
6 I 128 I 986 I Instantaneous Strain + Creep S1rain 
7 I 141 ! 1021 ! Instantaneous Strain + Creep Strain 

14 i 304 i 1191 I Instantaneous Strain + Creep Strain 
!21 391 ! 1293 I Instantaneous Strain + Creep Strain ' 

28 I 487 ! 1412 I Instantaneous Strain + Creep S:train 
56 I 655 i 1643 I Instantaneous Strain + Creep S1rain 
90 i 813 I 1833 I Instantaneous Strain + Creep Strain 

122 I 867 i 1943 I Instantaneous Strain + Creep Strain 
152 j 910 I 

I 1987 I Instantaneous Strain + Creep S1rain' 
182 i 934 I 2093 I Instantaneous Strain + Creep S1rain 
213 j 956 I 2115 I 

I Instantaneous Strain + Creep Strain 
243 ! 983 I 2160 I Instantaneous Strain + Creep S1rain 
273 I 993 ! 2166 I Instantaneous Strain + Creep Strain 
305 I 998 i 

I 

2169 I Instantaneous Strain + Creep S1rain f 
333 I 1002 I 2230 I Instantaneous Strain + Creep S1rain ~ II 

365 i 1005 I 2263 ! Instantaneous Strain + Creep S1rain 
I! I : I 


Aocfied Stress= 151 0 psi I I 
I I 


fc@ 3 days= 3780 psi I I I 

Modulus of Elasticitv @ 3 davs =3.23 x 1 QA6 I I 
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SeCTION B - 28 OAYS I j 

Creep Of Concrete in Compression (ASTM C 512) I 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) 

I 
I 
I 

i i 

i Drying I 
Days I 

I Shrinkage i 
Loaded ! (millionths) i 

0 I 0 i 

1 i 19 
2 ! 46 I 

3 i 56 : 

4 ; 81 I 
5 I 87 I 
6 I 88 I 
7 i 111 i 

14 I 
I 166 I 

21 : 279 i 
28 I 319 i 

59 I 509 i 
90 I 

I 619 i 
121 I 612 i 
153 I 692 I 

I 

183 I 710 I 
213 I 725 i 

245 I 

' n6 i 
276 : ns I 
307 I 790 I 

338 I 792 I 
365 I 

I 810 I 

i I 
I 

Appiied Stress= 2500 psi i 
!fc@ 28 days= sno psi I 

Modulus of ciasticitv@ 28 days= 3.98 x 10"6 

Load Induced 
Deformation 
(millionths) 

585 
841 
8n 
975 
1002 
1037 
1070 
1095 
1217 
1333 
1431 
1714 
1889 
2016 
2060 
2197 
2273 
2292 
2329 
2406 
2416 
2483 

I I 
I I 

t 

I 
t i 
i Conc-rtion I 
I Instantaneous Strain 
i Instantaneous Strain + Creep Strain 
: Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
: Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
! Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain I 

: Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
I Instantaneous Strain+ Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
i ,jI 

i I 
I I 
I I 
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H3 InstrUmentation Report TYL.in lntematior 

SECTION B - 90 DAYS I I I 
CreeD Of Concrete in Compression (ASTM C 512) I 

I I 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) - I 

I 

I I I I 

I Drying I Loadlndueed I r 


Days I Shrinkage I Deformation I I 

Loaded ! (millionths) ! (millionths) I Condition I 

0 I 0 I 705 1 Instantaneous Strain 
1 ! 29 I 996 I Instantaneous Strain + Creep Strain 
2 I 58 ! 1035 I Instantaneous Strain + Creep Strain 
3 I 107 I 1068 r Instantaneous Strain + Creep Strain 

i4 i 117 1127 I Instantaneous Strain + Creep Strain 
5 I 128 I 1164 I Instantaneous Strain + Creep Strain 
6 t 138 I 1188 I Instantaneous Strain + Creep Strain 
7 I 157 I 1193 ! Instantaneous Strain + Creep Strain 

14 I 226 I 1380 ! Instantaneous Strain + Creep Strain 
21 I 278 1461 I Instantaneous Strain + Creep Strain 
28 i 345 I 1586 I Instantaneous Strain + Creep Strain ' 
59 I 415 ! 1959 ' Instantaneous Strain + Creep Strain ' 
91 I 468 I 2168 I Instantaneous Strain + Creep Strain 
121 ! 542 I 2272 I Instantaneous Strain + Creep Strain 
151 I 593 I 2342 i Instantaneous Strain + Creep Strain 
183 I 641 ! 2437 I Instantaneous Strain + Creep Strain 

' 
214 i 651 i 2467 I Instantaneous Strain + Creep Strain 
245 I 663 I 2564 i Instantaneous Strain + Creep Strain 
276 I 666 I 2629 ! Instantaneous Strain + Creep Strain 

:fi!: '308 ! 678 I 2664 I Instantaneous Strain + Creep Strain 
~· 

338 I 684 I 2691 I Instantaneous Strain + Creep Strain ~ 
365 I 698 I 2690 i 

I Instantaneous Strain + Creep Strain 
' I I I I 

Applied Stress= 2500 psi I I I 
fc@ 90 days= 7910 psi I I J 
Modulus of Elasticity@ 90 days= 3.93 x 1 0"5 I I 
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H3 Instrumentation Report TYUn lnternat;onal 

SECTION C • 3 DAYS I I I 

Creep Of Concrete in Comcression (ASiM C 512) I I
I 

Instantaneous and Long-ienn Oefonnaticn (Adjusted fer Drying Shrinkage) • l 

I i I I 


I Drying I ' Loadlnduced I i 


Days I 
j Shrinkage i Defonnation i I 


Loaded (milfionths) i (milfionths) : Condition i
' 0 i 0 i 518 Instantaneous Strain 
1 16 I 750 lns-.antaneous Strain + Creep Strain ' 
2 I 56 i 837 i Instantaneous Strain + Creep Strain 
3 I 71 I 900 Instantaneous Strain + Creep Strain 
4 i 107 I 956 i Instantaneous Strain + Creep Strain 

I5 137 I 990 i Instantaneous Strain + Creep Strain j 

6 i 170 l 1038 ' Instantaneous Strain + Creep Strain I 

7 ! 212 i 1092 i Instantaneous Strain + Creep Strain 
14 i 375 I 1264 I Instantaneous Strain + Creep Strain 

j21 I 478 ! 1416 Instantaneous Strain + Creep Strain 
28 ! 553 I 1581 I 

I Instantaneous Strain + Creep Strain 
56 i 688 : 1984 I Instantaneous Strain + Creeo Strain 
91 I 852 I 2214 1 Instantaneous Strain + CreeP Strain 

I120 i 909 2370 l Instantaneous Strain + Creeo Strain ' 
151 I 919 ! 2438 1 Instantaneous Strain + Creep Strain 
181 I 989 ! 2554 i Instantaneous Strain + Creep Strain 
212 I 1021 i 2801 i Instantaneous Strain + Creep Strain 
242 I 1043 2647 i Instantaneous Strain + Creep Strain 
273 I 

I 1043 2sn I Instantaneous Strain + Creep Strain ' 
304 I 1045 27'37 I Instantaneous Strain + Creep Strain ' 
335 I 1049 2757 i Instantaneous Strain + Creep Strain ' 
365 i 1053 ! 2782 i Instantaneous Strain + Creep Strain ' 
396 i 1069 i 2865 i lns-.antaneous Strain + Creep Strain 

I j I I 
Appfled Stress= 1880 psi I ! I 
fc @ 3 days = 3780 psi I I I 
Modulus of Elasticity@ 3 davs = 3.23 x 10"6 I' 
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H3 Instrumentation Report TYLin lnterna 

SECTION C - 28 DAYS I I ! 


Creep Of Concrete in Comcression (ASTM C 5 12) I ! .·. 


Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) · I 

I I 
I Drying I 

Days I Shrinkage ! 
Loaded ! (miiiionths) I 

I 
I0 i 0 

I1 26 ! 
2 ! 57 I 
3 I 

I 73 I 
4 I 86 ! 

5 I 88 I 
6 ! 97 I 
7 I 99 I 
14 I 283 I 

I21 352 I
' 

28 ! 396 ' ' 
60 ! 609 I 

90 I 680 I 
120 : 763 I 
152 I 770 1 

183 I 
I 808 I 

214 I 813 I 
245 I 868 I 
277 i 868 I 
307 I 875 I 
337 i 880 I 
365 901 I 

j i 
:A;loiied Stress= 2500 psi 

fc@ 28 days= 6740 psi I 
Modulus of Elasticitv@ 28 davs =3.54 x 1 0"5 

Load Induced 
Deformation 
(millionths) 

693 
1029 
1114 
1172 
1220 
1260 
1330 
1377 
1592 
1802 
1787 
2169 
2422 
2579 
2725 
2825 
2871 
2919 
2973 
3023 
3086 
3101 

I I 
I I 
I I 
I 
I Condition I 
' Instantaneous Strain 
1 Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
! 
I Instantaneous Strain + Creep Strain 
! Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain ' 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
! Instantaneous Strain+ Creep StraDr.r 

f) 

i Instantaneous Strain + Creep Strain~,,~ 
I Instantaneous Strain + Creep Strain 
i I 
I I 
I I 
I I 
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H3 Instrumentation Report TYUn International 

SECTION C - 90 DAYS I I I 
Creep Of Concrete in Compression (ASTM C 512) I I 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) i 

I I 
I 

I Drying i 
I 

Days I Shrinkage ! 
Loaded I (milfionths) ! 

0 0 ! , ' 
' 

28 

' 83 ! 

2 ! 103 I 

3 ! 128 ! 
4 ' 137 ! 

5 I 144 I 

s i 148 I 

7 I 199 I 
14 I 262 I 
21 I 308 I 

I 
I 355 ! 

58 I 521 I 
90 ! 578 ! 

121 ! 629 I 

152 i 653 I 

183 I ' 703 i 
215 ! 707 ! 
245 I 722 
275 i 723 I 
307 : 731 I 
338 I 738 i 
365 I 

I 748 I 

I I 
Applied Stress= 2500 psi I 

fc @ 90 days =7650 csi ! 
Modulus of Elasticity@ 90 davs =3.95 x 1 0"6 

Load Induced 

Deformation 

(millionths) 


732 

1015 

1068 

1160 

1178 

1243 

1283 

1370 

1465 

1607 

1721 
2028 
2228 
2379 
2467 
2543 
2618 
2710 
2766 
2818 
2845 
2862 

I ! 


! I 


I i 


I Condition ! 

I Instantaneous Strain 
I Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
! Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
I Instantaneous Strain+ Creep Strain 
1 Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep S1rain 
1 Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 

I I 
I i 
I I 

I i 
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H3 Instrumentation Report TYUn lnternatio 

SECTION 0 - 3 DAYS i I 
Creeo Of Concrete in Compression (ASTM C 512) I 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) 

i 

I 
! 

1 

I I I I 
I Drying ! Load induced I i 

Days I Shrinkage I Deformation I I 
Loaded i (millionths) I (millionths) I Condition I 

0 I 0 I 612 ! Instantaneous Strain 
1 ! 68 I 889 I Instantaneous Strain + Creep Strain 
2 i 128 I 985 1 Instantaneous Strain + Creeo Strain 
3 I 153 I 1083 i 

I Instantaneous Strain + Creep Strain 
4 I 191 I 1141 I Instantaneous Strain + Creep Strain 
5 i 213 I 1173 I Instantaneous Strain + Creeo Strain 
6 I 236 I 1216 I Instantaneous Strain + Creep Strain 
7 ! 273 I 1235 I Instantaneous Strain + Creep Strain 
14 I 427 j 1400 I Instantaneous Strain + Creep Strain 
21 i 500 i 1628 I Instantaneous Strain + Creep Strain 
28 I 608 I 1710 I Instantaneous Strain + Creep Strain 
56 I 818 ' ' 1985 I Instantaneous Strain + Creep Strain 
90 I 931 i 2163 I Instantaneous Strain + Creep Strain 

120 I 983 i 2318 1 Instantaneous Strain + Creep Strain 
150 1010 I 2422 1 Instantaneous Strain + Creep Strain 
180 I 1036 I 2516 i Instantaneous Strain + Creep Strain 
210 I 1051 i 2533 i Instantaneous Strain + Creep Strain 
240 I 1087 j 2562 I Instantaneous Strain + Creep Strain 
270 I 1098 ! 2619 I Instantaneous Strain + Creep Strain 
300 I 1113 I 2650 I Instantaneous Strain + Creep Strain l 
330 I 1113 I 2690 i Instantaneous Strain + Creep Strain '', 
365 I 1118 I 2726 I Instantaneous Strain + Creep Strain 
396 i 1134 I 2732 I Instantaneous Strain + Creep Strain / 

427 I 1149 I 2740 I Instantaneous Strain + Creep Strain 
457 I 1165 I 2748 I Instantaneous Strain + Creep Strain 
488 i 1182 I 2753 I Instantaneous Strain + Creep Strain 
518 I 1189 I 2755 I Instantaneous Strain + Creep Strain 
549 I 1187 I 2760 ! Instantaneous Strain + Creep Strain 
580 I 1191 : :2787 i Instantaneous Strain + Creep Strain 
609 I 1191 ! 2802 ! Instantaneous Strain + Creep Strain 
640 i 1193 I 2868 I 

I Instantaneous Strain + Creep Strain 
670 l 1193 ' ' 2868 i Instantaneous Strain + Creep Strain 
701 I 1194. i 2873 I Instantaneous Strain + Creep Strain 
731 ' 1199 ' 2880 I Instantaneous Strain + Creep Strain 
762 i 1210 I 2888 ! Instantaneous Strain + Creep Strain 
793 ! 1210 i 2888 I 

' Instantaneous Strain + Creep Strain 
823 I 1213 2888 1 Instantaneous Strain + Creep Strain 
854 I 1215 2888 i Instantaneous Strain + Creep Strain 
884 : 1215 I 2888 1 InstantaneoUs Strain + Creep Strain 
915 I 1215 i 2898 1 Instantaneous Strain + Creep Strain 

I I I 
I I 

ADofled Stress= 1720 psi I I I 
fc@ 3 days= 4290 psi i I I 
Modulus of Eiasticitv @ 3 davs = 3.21 x 10"6 I I 
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H3 Instrumentation Report TYUn International 

SECTION D - 28 DAYS i I : 
Creep Of Concrete in Compression (ASTM C 512} I ! 
Instantaneous and Long. Term Deformation (Adjusted for Drying Shrinkage) I 

I 

Days 
Loaded 

0 
1 
2 
3 
4 
5 
6 
7 


14 

21 

28 

56 

90 


120 

152 

183 

214 

245 

277 

307 

337 

355 

396 

424 

454 

485 

515 

549 

580 

609 

640 
670 
701 
731 
762 
793 
823 
854 
884 
915 

I 
I 
I 

' I 

i 

I 
i 

I 
I 

i 

! 

I 
I 
I 

i 

I 
I 
I 

I 

i 
I 

f 

I 

I 

! 

I 

! 

! 
I 
I 

i 

I 

I 
I 
I 
I 

i 
! 
I 
I 
I 
I 
I 

I 
: 
I 

' 
Applied Stress= 2480 psi 
f c @ 28 days = 6640 psi 

Drying 
Shrinkage 
(milfionths) 

0 
13 
25 
33 
39 
41 
80· 

108 
231 
247 
320 
517 
593 
678 
699 
729 
733 
747 
759 
no 
788 

797 

806 

815 

828 

844 

852 

854 

854 

857 

857 

858 

862 

871 

876 

878 

888 

876 

883 

883 


I 
I 

I 
I 
; 

! 
I 

i 
! 
i 
I 

I 
I 

I 
i 
! 
! 
I 
I 
! 

I 

I 

I 
I 

I 

i 
1 

I 
I 
I 

i 
i 

! 
I 
I 

' ! 

! 
i 
I 
! 

i 

i 
! 

i 
i 

I 

i 
i 

Load Induced 
Deformation 
(millionths) 

6i3 
1028 
1072 
1119 
1163 
1218 
1263 
1332 
1532 
1630 
1748 
2028 
2237 
2358 
2453 
2579 
2526 
2692 
2726 
2782 
2821 
2839 
2863 
2888 
2908 
2936 
2958 
2989 
2994 
3021 
3034 
3038 
3043 
3050 
3054 
3061 
3074 
3087 
3087 
3118 

: 
i ; 

I 

I I 
I 

I Concfrtion ' 
I 
I Instantaneous Strain 
I Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain I 

Instantaneous Strain + Creep Strain 
! Instantaneous Strain + Creep Strain 
: Instantaneous Strain + Creep Strain 
; Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
! Instantaneous Strain + Creep Strain 
: Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 
I Instantaneous Strain+ Creep Strain I 

! Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 
l Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain I 

I Instantaneous Strain + Creep Strain / 

! Instantaneous Strain + Creep Strain 
! Instantaneous Strain + Creep Strain 

i Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain I 

I Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
! Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 

1 Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 

I 
I 

i I 
Modulus of Elasticity @ 28 davs =3.59 x 1 0"5 I 
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H3 Instrumentation Report TYLin lnternatic 

SECTION 0 - 90 CAYS I I 
Creep Of Concrete in Compression (ASTM C 512) I 
Instantaneous and Long-Term Deformation (Adjusted for Crying Shrinkage) 

I 
I 
l 

f i ! I 

I Crying I Load Induced I I 


Cays I Shrinkage I Deformation I I 

Loaded I (millionths) I (million1hs) I 

I Concfrtion ! 
0 I 0 I 663 i Instantaneous Strain 
1 I 50 i 848 ; Instantaneous Strain + Creep Strain 

I2 I 85 I 903 ; Instantaneous Strain + Creep Strain 

3 I 
I 108 I 948 I Instantaneous Strain + Creep Strain 

I4 I 112 ! 983 Instantaneous Strain + Creep Strain I 

I5 ! 129 I 999· ! Instantaneous Strain + Creep Strain 
6 i 140 I 1014 I Instantaneous Strain + Creep Strain 
7 i 143 I 1019 I Instantaneous Strain + Creep Strain 
14 I 240 I 1103 I Instantaneous Strain + Creep Strain 
21 I 290 ! 1184 I Instantaneous Strain + Creep Strain 
28 ! 343 I 

I 1248 I Instantaneous Strain + Creep Strain 
56 I 478 ! 1451 Instantaneous Strain + Creep Strain I 

90 I 618 I 1539 i Instantaneous Strain + Creep Strain 
120 I 666 I 1630 ! Instantaneous Strain + Crees:~ Strain 
150 I 690 I 1705 i Instantaneous Strain + Creep Strain 
180 I 731 I 1791 ! Instantaneous Strain + Creep Strain 
210 I 735 I 1837 i Instantaneous Strain + Creep Strain 
240 I 747 ! 1928 i Instantaneous Strain + Creep Strain 
270 775 i 1947 ! Instantaneous Strain + Creep Strain 
300 793 I 1940 I Instantaneous Strain + Creep Strain ~-
330 808 I 1962 ! Instantaneous Strain + Creep Strain 

~~~ 

365 814 I 1996 l Instantaneous Strain + Creep Strain 
395 833 I / 2022 l Instantaneous Strain + Creep Strain 
426 855 I 

I 2045 ! Instantaneous Strain + Creep Strain 
456 873 I 2076 I Instantaneous Strain + Creep Strain 
487 879 ! 2106 r Instantaneous Strain + Creep Strain 
516 879 I 2108 I Instantaneous Strain + Creep Strain 
547 882 ! 2118 i Instantaneous Strain + Creep Strain 
578 882 I 2144 ! Instantaneous Strain + Creep Strain 
608 I 885 I 2151 : Instantaneous Strain + Creep Strain 
639 I 892 I 2156 I Instantaneous $train + Creep Strain 
569 ! 899 I 2171 ! Instantaneous Strain + Creep S1rain 
700 I 903 I 2178 I Instantaneous Strain + Creep S1rain 
731 i 906 ! 2227 1 Instantaneous Strain + Creep S1rain 
761 I 

I 913 I 2222 Instantaneous Strain + Creep Strain I 

,792 j 913 I 2227 Instantaneous Strain + Creep Strain 
822 I 916 I 2243 i Instantaneous Strain + Creep Strain 
853 I 916 I 2252 I Instantaneous Strain + Creep S1rain 

I I I I 
IApplied Stress= 2500 psi I I I 

fc @ 90 days = 7630 psi I : I 
Modulus of Elasticitv@ 90 days = 4.12 x 10"'6 I 

H3CTL.XLS 7/30197 



H3 Instrumentation Report TYLin International 

SECTION E- 3 DAYS I ! 
Creep Of Concrete in Compression (ASTM C 512) j 

lns+.antaneous and Long-Term Deformation (Adjt.:sted for Drying Shrinkage) 

; 

I 

I 
I I I I 
I Drying I Load Induced I I 

Days I Shrinkage I Deformation I I 
Loaded I (miDionths) I (millionths) I Condition ! 

0 I 0 I 539 I Instantaneous Strain 
1 ! 52 I 755 I instantaneous Strain + Creeo Strain 

2 I 104 I 813 : instantaneous Strain + Creeo Strain 
3 I 127 I 887 • Instantaneous Strain + Creep Strain 
4 ! 137 ! 889 : Instantaneous Strain + Creep Strain 
5 : 170 I 892 I Instantaneous Strain + Creep Strain 
6 i 184 I 934 I Instantaneous Strain + Creep Strain 
7 I 

I 191 I 994 I Instantaneous Strain + Creep Strain 
14 I 343 i 1183 I Instantaneous Strain + Creep Strain 
21 i 455 I 1275 I instantaneous Strain + Creep Strain 
28 657 I 1217 1 instantaneous Strain + Creep Strain i 

56 I 702 i 1594 1 Instantaneous Strain + Creep Strain 
90 I 832 I 1767 i Instantaneous Strain + Creep Strain 

120 i 888 1908 ; Instantaneous Strain + Creep Strain 
150 964 1926 I 

I Instantaneous Strain + Creep Strain I 

180 ; 993 I 1984 I Instantaneous Strain + Creep Strain 
210 ! 1012 I 2063 i Instantaneous Strain + Creep Strain 
240 ' I 1058 I 

I 2051 I instantaneous Strain + Creep Strain 
270 ; 1063 I ' 2118 1 lns+.antaneous Strain +.Creep Strain 
300 I 1074 I 2158 ! ' instantaneous Strain + CreeD Strain 
330 I 1080 i 2188 I Instantaneous Strain + Creep Strain 
365 1084 2208 I 

I Instantaneous Strain + Creep Strain ' ' 
395 I 1135 i 2175 i Instantaneous Straitt + Creep Strain 
426 I 

I 1151 i 2180 I Instantaneous Strain + Creep Strain 
456 i 1130 I 2217 i Instantaneous Strain + Creep Strain 
487 I 1133 i 2219 I Instantaneous Strain + Creep Strain I 

518 I 
I 1141 i 2244 I ' Instantaneous Strain + Creep Strain 

547 I 1143 I 2247 I Instantaneous Strain + Creep Strain 
578 ! 

I 1149 I 
I 2255 I Instantaneous Strain + Creep Strain 

608 I 1150 ' 2263 l lns+.antaneous Strain + Creep Strain ' 
I639 I 1155 2264 I Instantaneous Strain + Creep Strain I 

I669 i 1157 2266 i Instantaneous Strain + Creep Strain 
700 I 1175 i 2281 i ' Instantaneous Strain + Creep Strain 

I731 1179 2311 i Instantaneous Strain + Creep Strain 
761 ! 1187 2307 : Instantaneous Strain + Creep Strain ' 
792 I 1187 I 2307 I Instantaneous Strain + Creep Strain 
822 I 1188 i 2307 i Instantaneous Strain + Creep Strain 
853 I ,94 I 2307 I Instantaneous Strain + Creep Strain 

Ii I I' 
Appfied Stress= 1660 csi I I 
fc@ 3 days= 4210 psi I I I 

' 
Modulus of Eiasticity @ 3 davs = 327 x 10"6 I 
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H3 Instrumentation Report TYLin lnternatior 

SECTION E - 28 DAYS i I I 


Creep Of Concrete in Compression (ASTM C 512) I i 

Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinlcage) i 


I 

I I I I 

t Drying I Load Induced I I 


Days ! Shrinlcage Deformation I I 

Loaded I (millionths) I (millionths) I Condition I
' 

0 ! 0 I 713 I Instantaneous Strain 
1 i 77 ! 888 1 Instantaneous Strain + Creep Strain 
2 I 128 ! 975 ! Instantaneous Strain+ Creep Strain 
3 ! 146 I 1010 I Instantaneous Strain + Creep Strain 
4 I 158 I 1123 I Instantaneous Strain + Creep Strain 
5 I 181 I 1189 I Instantaneous Strain + Creep Strain 
6 I 206 I 1176 I Instantaneous Strain + Creep Strain 
7 j 210 I 1228 ! Instantaneous Strain + Creep Strain 
14 ! 342 I 1509 I Instantaneous Strain + Creep Strain 
21 i 418 I 1606 I Instantaneous Strain + Creep Strain 
28 I 493 I 1783 I Instantaneous Strain + Creep Strain 
56 I 643 ! 2102 ! Instantaneous Strain + Creep Strain 
90 I 780 ! 2377 I Instantaneous Strain + Creep Strain 

120 i 828 I 2511 I Instantaneous Strain + Creep Strain 
150 : 893 I 2609 ' Instantaneous Strain + Creep Strain 
180 ! 936 i 2635 i Instantaneous Strain + Creep Strain 
210 i 947 ! 2i33 I Instantaneous Strain + Creep Strain 
240 I 970 i 2784 I Instantaneous Strain + Creep Strain 
27-D 997 I 2807 1 Instantaneous Strain+ Creep Strain 
300 I 1005 ! 2871 i Instantaneous Strain + Creep Strain I ' 
330 ' 1010 I 3008 I Instantaneous Strain + Creep Strain ~~ I 

365 I 1034 I 3039 ! 
I Instantaneous Strain + Creep Strain 

,396 i 1041 ! 2933 I Instantaneous Strain + Creep Strain 
I i426 1041 2965 I Instantaneous Strain + Creep Strain I ' 

457 I 1041 I 2969 I Instantaneous Strain + Creep Strain 
489 I 1042 ! 3020 I Instantaneous Strain + Creep Strain 
518 I 1054 I 3044 I Instantaneous Strain + Creep Strain 
549 I 1068 I 3058 I Instantaneous Strain + Creep Strain 
579 I 1068 I 3058 I Instantaneous Strain + Creep Strain 
610 I 1073 I 3067 I Instantaneous Strain + Creep Strain 
640 I 1084 I 3066 I Instantaneous Strain + Creep Strain 
671 i 1085 I 3079 I Instantaneous Strain + Creep Strain 
702 I 1087 I 3088 I Instantaneous Strain + Creep Strain 
732 I 1088 ! 3095 I Instantaneous Strain + Creep Strain 
763 I 1088 i 3096 I Instantaneous Strain + Creep Strain 
793 I 1091 I 3112 I Instantaneous Strain + Creep Strain 
824 I

I 1108 I 3120 I Instantaneous Strain + Creep Strain 

I I Ii 

Applied Stress= 2480 psi ! I I' 

fc@ 28 days= 6530 psi I i I 
Modulus of Elasticitv@ 28 davs = 3.81 x 10"6 I i 
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H3 Instrumentation Re;;~ort TYLin International 

SECTION e - 90 DAYS I I 
Creep Of Concrete in Compression (ASTM C 512) I 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) 

j 

I 
I 

I 
I I 
I Drying I 

Days 
Loaded ' I 

Shrinkage 
(millionths) 

I 
: 

0 I 0 i 
1 I 4 I 

2 i 6 I 
3 ! 8 I 
4 I 11 I 

5 I 14 i 
6 i 15 I 

7 ' I 23 I 

14 I 63 I 
I 

21 ' 108 ! 
28 ; 159 I 
56 ' 210 I 
90 i 267 i 

120 I 331 ! 
150 i 340 I 
180 i 3n i 
210 : 387 I 
240 I 413 ! 

270 I 427 I 

300 I 443 : 
330 I 443 ; 

365 I 452 I 

396 I 455 i 
427 I 

I 456 I 
456 I 457 i 

487 I 467 I 

517 I 468 I 
I 

548 I 479 I 
I 

578 I 491 I 
609 ! 501 I 

I 

640 I 512 I 
670 i 504 ! 
701 i 504 i 

731 I 517 
762 I 517 

I j 

Applied Stress = 2480 psi 
Ifc@ 90 Days= 7430 psi I 

Modulus of Elasticity @ 90 days = 3.54 x 1 0"6 

Load Induced 
Deformation 
(millionths) 

687 
946 

1033 
1076 
1128 
1144 
1153 
1216 
1383 
1532 
1588 
1805 
1935 
2on 
2108 
2175 
2252 
2280 
2300 
2361 
2386 
2420 
2423 
2478 
2483 
2490 
2510 
2524 
2545 
2569 
2559 
2573 
25i3 
2581 
2608 

I i 
I I 

I i 
I Concfltion ; 

I Instantaneous Strain 
; Instantaneous Strain + Creec Strain 
i Instantaneous Strain + Creec Strain 

I Instantaneous Strain + Creep Strain 

i Instantaneous Strain + Creeo Strain 

I Instantaneous Strain + Creep Strain 

l Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

: Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
I 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 

i Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

I 
I Instantaneous Strain + Creep Strain 
I 
I Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 

i Instantaneous Strain + Creep Strain 

i Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

I Instantaneous ~train + Creep Strain 

I' Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 

i Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

i I 
I 

I I 
I i 

I 
I 
I 
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SECTION F - 3 DAYS i I 
Creep Of Concrete in Comcression (ASTM C 512} I 
Instantaneous and Long-Term Deformation (Adjusted tor Drying Shrinkage) 

i 

I 

! -
I I I i 
! Drying I Load induced ! i 

Days ! Shrinkage I Deformation I I 
:Loaded I (millionths) i (millionths) I Condition I 

0 I 0 I 542 r Instantaneous Strain 
1 I 4 I 754 ! Instantaneous Strain + Creep Strain 
2 I 

I 44 I 826 I Instantaneous Strain + Creep Strain I 

3 ! 49 I 899 I Instantaneous Strain + Creep Strain 
4 i 85 ! 924 I Instantaneous Strain + Creep Strain 
5 I 103 I 982 I Instantaneous Strain + Creep Strain 
6 I 119 ! 999 ! Instantaneous Strain + Creep. Strain 
7 I 127 I 1030 I Instantaneous Strain + Creep Strain 
14 I 251 r 1153 I Instantaneous Strain + Creep· Strain 

I !21 I 385 1280 r Instantaneous Strain + Creep Strain 
28 I 446 i 1381 I Instantaneous Strain + Creep Strain I 

56 i 587 1660 I Instantaneous Strain + Creep Strain I 

90 I 735 I 1783 1 Instantaneous Strain + Creep Strain .120 I 833 1883 I Instantaneous Strain + Creep Strain 
152 I . 858 I 1938 ! Instantaneous Strain + Creep Strain 
180 I 910 I 1994 ! Instantaneous Strain + Creep Strain 
212 I 933 i 2036 I Instantaneous Strain + Creep Strain 
243 ' I 960 I 2078 I Instantaneous Strain+ Creep Strain 
273 I 973 i 2078 ! Instantaneous Strain + Creep Strain 
304 ! 1008 I 2101 I 

I Instantaneous Strain + Creep Straf 
334 ! 998 ! 2124 I Instantaneous Strain + Creep Stral'L 
365 I 1014 I 2165 I Instantaneous Strain + Creep Strain 
396 I 1019 I 2180 ! Instantaneous Strain + Creep Strain r 

426 i 1026 I 2199 ! Instantaneous Strain + Creep Strain 
457 I 1028 I 2221 I Instantaneous Strain + Creep Strain 
487 I 1039 i 2219 ! Instantaneous Strain + Creep Strain 
518 I 1042 I 2266 I Instantaneous Strain + Creep Strain 
549 I 1043 I 2283 I Instantaneous Strain + Creep Strain 
578 I 1045 I 2296 I Instantaneous Strain + Creep Strain 
609 I 1057 I 2292 I Instantaneous Strain + Creep Strain 
639 i 1058 I 2298 I Instantaneous Strain + Creep Strain 
670 ; 1067 I 2304 ! Instantaneous Strain + Creep Strain 
700 I 1067 I 2307 I Instantaneous Strain + Creep Strain 
731 I 1079 I 2310 I Instantaneous Strain + Creep Strain 
762 i 1081 2311 I Instantaneous Strain + Creep Strain 
792 i 1089 i 2315 I Instantaneous Strain + Creep Strain 
823 I 1089 I 2312 j Instantaneous Strain + Creep Strain 
853 I 1091 I 2330 I Instantaneous Strain + Creep Strain I 

884 i 1093 i 2342 l Instantaneous Strain + Creep Strain 
I II I 

Applied Stress= 1550 psi I I I 
fc @ 3 days = 3880 psi I i i 

Modulus of Elasticity @ 3 davs = 3.48 x 1 0"6 i i 
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SECTION F - 28 DAYS I I 

Creeo Of Concrete in Compression (ASTM C 512) I 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) 

I 
I 
j 

! I 
I Drying ! 

Days i Shrinkage ! 
Loaded I ( million'ttls) I 

0 I 0 I 

1 I 29 I 

2 i 43 i 

3 I 51 I 

4 i 68 i 
5 ! 88 ! 
6 I 98 I 
7 I 108 I 

14 r 178 I 

21 i 310 I 

28 I 372 I 
.c;
~o ! 502 I 
90 I 648 ! 
120 6i7 i 

150 : 732 ! 

180 I 754 I 
210 ! 811 ! 
240 I 822 I 

270 I 828 i 

300 I 843 I 

330 I 873 i 
365 i 891 i 
395 I 899 I 

426 I 903 i 
456 I 905 I 
487 I 908 I 

518 I 915 i 
547 I 916 I 
578 I 918 I 

608 I 918 I 
639 I 919 i 
669 ! 932 I 

700 I 
I 950 I 

731 ! 950 ; 

761 l 9J:;~::l I 

792 ! gJ::~::l I 
I 

822 I 958 i 
853 I 963 i 

I i 
Aooiied Stress= 2290 psi i 

;fc @ 28 days = 5850 psi 
Modulus of :iasticrtv @ 28 davs = 3.57 X 10"6 

Load Induced 
Deformation 
(millionths) 

658 
1042 
1208 
1283 
1324 
1370 
1402 
1439 
1668 
1828 
1886 
2253 
2452 
2595 
2693 
2i73 
2831 
2880 
2929 
2987 
3020 
3041 
3068 
3103 
3105 
3122 
3138 
3168 
3170 
3181 
3191 
3210 
3208 
3222 
3228 

3228 

3251 

3274 


I I 

I I 
I I 
i Condition ! 
1 instantaneous Strain 
' Instantaneous Strain ~ Creep Strain 
1 Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
! Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
! Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
; Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
i instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 

i Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
I i 
I I 

I: 
I 

; I 

H3CTL.XLS 7/30/97 



H3 Instrumentation Report TYLin lnternatior 

SECTION F- 90 DAYS I I 
Creep Of Concrete in Compression (ASTM C 512) I 
Instantaneous and Long-Term Defonnation (Adjusted for Drying Shrinkage) 

I 
I 
I 

l 

I i I I 
I Drying I Load Induced I I 

Days i Shrinkage I Defonnation I I 
Loaded I (millionths) j (millionths) ! Concfrtion I 

0 I 0 I 818 I Instantaneous Strain 
1 I 8 ! 995 I Instantaneous Strain + Creep Strain 
2 I 24 I 1058 I 

I Instantaneous Strain + Creep Strain 
3 i 48 i 1087 I Instantaneous Strain + CreeD Strain 
4 I 76 I 1116 I Instantaneous Strain + Creep Strain 
5 I 93 I 1126 I Instantaneous Strain + Creep Strain 
6 I 115 I 1178 i Instantaneous Strain + Creep Strain 
7 I 129 ! 1179 I Instantaneous Strain + Creep Strain 
14 I 214 I 1293 I Instantaneous Strain + Creep Strain 
21 I 226 I 1396 ! Instantaneous Strain + Creep Strain 
28 I 328 I 1476 I Instantaneous Strain + Creep Strain 
56 I 468 I 1644 ! Instantaneous Strain + Creep Strain 
90 ! 554 I 1848 I 

I Instantaneous Strain + Creep Strain 
120 ! 614 I 1905 I Instantaneous Strain + Creep Strain 
150 ' 654 I 1987 I Instantaneous Strain + Creep Strain 
180 ! 679 I 2071 I Instantaneous Strain + Creep Strain 
210 i 712 I 2108 i Instantaneous Strain + Creep Strain 
240 I 744 ! 2179 i Instantaneous Strain + Creep Strain 
270 I 

; 768 ' ! 2210 I Instantaneous Strain + Creep Strain 
300 I 774 ! 2243 I Instantaneous Strain + Creep Strain .l 
330 j 794 I 2256 I Instantaneous Strain + Creep Strain j,~ · 
365 ! 808 I 2302 I Instantaneous Strain + Creep Strain 
395 I 817 ! 2318 I Instantaneous Strain + Creep Strain
426 I 

I 824 I 2313 I Instantaneous Strain + Creep Strain 
457 I 832 I 2362 ! Instantaneous Strain + Creep Strain 
486 I 832 i 2370 I Instantaneous Strain + Creep Strain 
517 I 833 ! 2392 I Instantaneous Strain + Creep Strain 
547 I 834 I 2411 i Instantaneous Strain + Creep Strain 
578 I 845 I 2423 I Instantaneous Strain + Creep Strain 
608 I 853 I 2431 I Instantaneous Strain + Creep Strain 
639 j 862 I 2436 I Instantaneous Strain + Creep Strain 
670 I 866 I 2436 I Instantaneous Strain + Creep Strain 
700 I 868 I 2441 I Instantaneous Strain + Creep Strain 
731 I 868 I 2452 I Instantaneous Strain + Creep Strain 
761 i 870 ! 2482 ! Instantaneous Strain + Creep Strain 
792 I 879 I 2500 1 Instantaneous Strain + Creep Strain 

I I I i 
Applied Stress= 2480 psi I i I 

fc@ 90 days= 7060 psi I I I 
Modulus of Elasticity @ 90 davs =3.88 X 10"6 I I 
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SECTION G - 3 DAYS ! I 

Creep Of Concrete in Compression (ASTM C 512) ' I 

Instantaneous and l..ong-Term Deformation (Adjusted for Drying Shrinkage) 

' 
I 
I 

' 

I I I i 
I Drying I Load induced i 

Days I Shrinkage ' Deformation i I' 

Loaded I (millionths) : (milfionths) i Condition ; 

0 : 0 I 449 I Instantaneous Strain 
I1 21 691 Instantaneous Strain + CreeP Strain 

2 : 38 : 794 1 Instantaneous Strain + Creep Strain 
3 I 88 i 832 Instantaneous Strain + Creep Strain 

I4 I 102 i 886 1 Instantaneous Strain + Creep Strain 
5 I 109 905 i Instantaneous Strain + Creep Strain ' 
6 I 158 I 975 i Instantaneous Strain + Creep Strain I 

I7 168 i 994 I Instantaneous Strain + Creep Strain I 

I14 I 289 I 1103 i Instantaneous Strain + Creep Strain 
21 ! 411 i 1210 i Instantaneous Strain + Creep Strain 

I28 449 i 1358 1 Instantaneous Strain + Creep Strain 
56 I 662 i 1595 i Instantaneous Strain + CreeP Strain 

I I90 ~ 785 I 1767 Instantaneous Strain + Creep Strain ' 
120 i 820 I 1854 I Instantaneous Strain + Creep Strain 

I150 859 : 1896 1 Instantaneous Strain + Creep Strain ' 
180 I 886 I 2025 i Instantaneous Strain + CreeP Strain 
210 I 928 I 2043 ; Instantaneous Strain + Creep Strain 
240 i 929 2096 Instantaneous Strain + Creep Strain ' ' 
270 ! 951 ; 2107 Instantaneous Strain + Creep Strain 1 

300 I 967 i 
; 2129 Instantaneous Strain + Creep Strain 

330 I 9n I 2179 ; Instantaneous Strain + Creep Strain 
365 I 984 2198 i Instantaneous Strain + Creep Strain 

I I I i 
iAoplied Stress= 1530 psi I' 

lfc@ 3 days= 3830 psi : ' I I 
IModulus of Elasticity@ 3 davs = 3.05 x 10"6 I I 
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SECTION G - 28 CAYS I I 

Creep Of Concrete in Compression (ASTM C 512) I 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage} 

! 

i 
l 

I 
I 

Drying I' Load Induced i 
I 

IDays Shrinkage I Deformation i I 


Loaded t (miDionths) (millionths) ' Concfrtion ! 
' 
0 I 0 I 713 : Instantaneous Strain I I ' 
1 46 ! 780 ! Instantaneous Strain + Creep Strain 
2 I n I 964 1 Instantaneous Strain + Creep Strain ' 
3 ! 78 i 1092 1 Instantaneous Strain + Creeo Strain 
4 ! 123 I 1151 I Instantaneous Strain + Creer;~ Strain 
5 I 138 I 1219 ; Instantaneous Strain + Creep Strain 
6 I 145 I 1237 I Instantaneous Strain + Creep Strain 
7 I 183 I 1325 i Instantaneous Strain + Creep Strain 

14 I 
I 258 I 1543 Instantaneous Strain + Creep Strain 

21 I 378 I 1663 I Instantaneous Strain + Creep Strain I ' 
28 i 458 i 1795 I Instantaneous Strain + Creep Strain 
56 ! 589 I 2108 I Instantaneous Strain + Creep Strain 
90 I 703 i 2411 ! Instantaneous Strain + Creep Strain 

120 I 749 ! 2560 . 
' Instantaneous Strain + Creep Strain 

150 I 
I 800 ! 2676 I 

i Instantaneous Strain + Creep Strain 
180 I 870 ! 2739 I Instantaneous Strain + Creep Strain 
210 i 878 i 2798 I Instantaneous Strain + Creep Strain 
240 I 889 ! 2868 ! Instantaneous Strain + Creer;~ Strain 
270 ! 908 I 2933 I Instantaneous Strain + Creep Strain 

' 300 I 922 I 2965 ! Instantaneous Strain + Creep Strain[. 
330 i 929 I 2973 ; Instantaneous Strain + Creep Strain\k. 
365 I 953 I 3001 I Instantaneous Strain + Creep Strain ,, I I I 

Applied Stress= 2380 psi I I II 

f'c @ 28 days = 5990 psi I i I 
Modulus of Elasticity @ 28 days = 3.45 x 1 0"'6 I 
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SECTION G - 90 DAYS ' I 
Creeo Of Concrete in Compression (ASTM C 512) ! 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) 

I 

! 
i 

I 
I DryingI 

Days l Shrinkage 
Loaded ; (milfionths) 

0 ; 0 
' 8 

2 18 
1 

I 

3 33 
4 51 
5 I 58 
6 i 63 
7 I 7:3 

14 ! 78 
21 143I 

28 I 153 
56 : 206 
90 i 282 
120 297' 
150 298 
180 I 306 
210 328 
240 366 
270 ' 382 
300 I 398 
330 ; 403 

:365 413 
i 

Apoiied Stress =2480 osi 
fc@ 90 days= 6510 psi 

I 
I 
I 
: 

' 
I 

I 

i 

i 
I 

! 
I 

I 
I 
I 

i 

! 

i 

i 

I 

I 
: 
I 

i 

i 

Load induced 
Deformation 
(millionths) 

i73 
1069 
1192 
1236 
1283 
1321 
1363 
1463 
1618 
1638 
1732 
1975 
2162 
2263 
23:26 
2465 
2535 
2516 
2511 
2563 
2612 
2656 

I I ' 

I I 

I I 
I 

Condition 
! Instantaneous Strain 
· Instantaneous Strain + Creep Strain 

Instantaneous Strain .,. Creep Strain 
Instantaneous Strain + Creep Strain 

! Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
' Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creep Strain 
; Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 
! Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain ' 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 

I Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creep Strain 
i Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 
1 Instantaneous Strain + Creeo Strain 
1 Instantaneous Strain + Creep Strain 
I Instantaneous Strain + Creec Strain 
I ,/ 

' 
I 

Moduius of Elasticity@ 90 davs =3.58 x 1 0"5 
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Appendix E - Field Creep and Shrinkage Data 





SECTION E - 4 DAYS 
CREEP FRAME E1 INSIDE BOX GIRDER 
Creep Of Concrete in Compression 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) 

Drying 
Days Shrinkage 

Loaded (millionths) 

0 0 
3 -3 
5 -25 
10 65 
20 39 
40 110 
59 212 
89 246 
114 285 
121 363 
147 312 
181 437 
200 420 
233 462 
264 504 
306 546 
339 604 
396 558 
510 581 
635 589 
699 647 

Applied Stress = 2000 psi 
fe@ 3 days= 4210 psi 

Load Induced 
Deformation 
(millionths) 

619 
858 
1031 
1077 
1285 
1452 
1502 
1685 
1677 
1681 
1804 
1817 
1840 
1896 
1967 
2004 
2035 
2131 
2148 
2258 
2258 

Condition 

Instantaneous strain 
Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain+ Creep Strain 

Instantaneous Strain+ Creep Strain 

Instantaneous Strain+ Creep Strain 

Instantaneous Strain+ Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 

Instantaneous Strain + Creep Strain 


Modulus of Elasticity @ 3 days = 3.27 x 1 0° 



SECTION E - 4 DAYS 
CREEP FRAME E2 INSIDE BOX GIRDER 
Creep Of Concrete in Compression 
Instantaneous and Long-Tenn Deformation (Adjusted for Drying Shrinkage) 

Drying Load Induced 

Days Shrinkage Defonnation 


Loaded (millionths) (millionths) Condition 


0 0 442 Instantaneous strain 
3 31 581 Instantaneous Strain + Creep Strain 
5 102 600 Instantaneous Strain + Creep Strain 
10 63 706 Instantaneous Strain + Creep Strain 
20 169 854 Instantaneous Strain + Creep Strain 
40 168 981 Instantaneous Strain+ Creep Strain 
59 356 977 Instantaneous Strain+ Creep Strain 
89 392 1052 Instantaneous Strain + Creep Strain 

114 394 1102 Instantaneous Strain+ Creep Strain 
121 515 1088 Instantaneous Strain+ Creep Strain 
147 481 1129 Instantaneous Strain+ Creep Strain 
181 623 1146 Instantaneous Strain+ Creep Strain 
200 599 1154 Instantaneous Strain + Creep Strain 
233 645 1238 Instantaneous Strain+ Creep Strain 
264 648 1329 Instantaneous Strain+ Creep Strain 
306 733 1302 Instantaneous Strain + Creep Strain 
339 763 1333 Instantaneous Strain + Creep Strain 
396 738 1379 Instantaneous Strain+ Creep Strain 
510 718 1415 Instantaneous Strain + Creep Strain 
635 775 1448 Instantaneous Strain+ Creep Strain 
699 801 1490 Instantaneous Strain + Creep Strain 

Applied Stress = 1550 psi 
fc@ 3 days= 4210 psi 

Modulus of Elasticity @ 3 days = 3.27 x 1 0" 



SECTION E - 4 DAYS 
CREEP FRAME E3 OUTSIDE BOX GIRDER 
Creep Of Concrete in Compression 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) 

Drying 
Days Shrinkage 

Loaded (millionths) 

0 0 
3 0 
5 0 
10 58 
20 53 
40 72 
59 78 
89 123 
114 69 
121 148 
146 138 
181 83 
200 148 
242 277 
277 241 
306 304 
339 170 
396 160 
510 137 
635 204 
699 267 

Applied Stress =1550 psi 
f c @ 3 days =421 0 psi 

Load Induced 
Deformation 
(millionths) 

602 
1137 
1144 
1215 
1369 
1475 
1481 
1527 
1563 
1648 
1629 
1717 
1650 
1700 
1754 
1783 
1840 
1850 
1877 
1979 
1956 

Condition 

Instantaneous strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 

Modulus of Elasticity @ 3 days =3.27 x 1 0" 



SECTION F- 3 DAYS 
CREEP FRAME F2 INSIDE BOX GIRDER- STANDARD TEST 
Creep Of Concrete in Compression 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) 

Drying Load Induced 

Days Shrinkage Deformation 


Loaded (millionths) (millionths) Condition 


0 0 0 
0 0 558 Instantaneous strain 
1 -28 921 Instantaneous Strain + Creep Strain 
3 32 1029 Instantaneous Strain + Creep Strain 
5 148 1083 Instantaneous Strain + Creep Strain 
7 132 1104 Instantaneous Strain + Creep Strain 
10 134 1169 Instantaneous Strain+ Creep Strain 
14 150 1254 Instantaneous Strain+ Creep Strain 
14 150 1242 Instantaneous Strain+ Creep Strain 
24 182 1331 Instantaneous Strain+ Creep Strain 
26 107 1290 Instantaneous Strain+ Creep Strain 
45 182 1367 Instantaneous Strain+ Creep Strain 
55 197 1388 Instantaneous Strain + Creep Strain 
75 317 1388 Instantaneous Strain + Creep Strain 
94 200 1523 Instantaneous Strain + Creep Strain 
124 290 1527 Instantaneous Strain + Creep Strain 
149 388 1513 Instantaneous Strain+ Creep Strain 
177 473 1510 Instantaneous Strain+ Creep Strain 
182 420 1594 Instantaneous Strain+ Creep Strain 
216 530 1550 Instantaneous Strain + Creep Strain 
235 477 1571 Instantaneous Strain + Creep Strain 
265 544 1621 Instantaneous Strain+ Creep Strain 
268 578 1606 Instantaneous Strain + Creep Strain 
299 589 1688 Instantaneous Strain + Creep Strain 
341 671 1658 Instantaneous Strain + Creep Strain 
374 666 1710 Instantaneous Strain + Creep Strain 
431 702 1677 Instantaneous Strain.+ Creep Strain 
545 655 1758 Instantaneous Strain+ Creep Strain 
670 756 1790 Instantaneous Strain + Creep Strain 
734 782 1800 Instantaneous Strain + Creep Strain 

Applied Stress = 1556 psi 
fc@ 3 days= 3880 psi 

Modulus of Elasticity @ 3 days = 3.48 X 1o= 



SECTION F - 4 DAYS 
CREEP FRAME F3 OUTSIDE BOX GIRDER - STANDARD TEST 
Creep Of Concrete in Compression 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) 

Drying 
Days Shrinkage 

Loaded (millionths) 

0 0 
0 0 
2 -1 
2 -1 
4 84 
6 133 
9 195 
13 151 
21 78 
23 74 
23 74 
25 179 
44 254 
54 198 
74 206 
93 199 
123 335 
148 276 
176 443 
180 297 
215 306 
234 346 
276 415 
311 424 
340 442 
373 380 
430 413 
544 348 
669 444 
733 533 

Applied Stress = 1556 psi 
fc@ 3 days= 3880 psi 

Load Induced 
Deformation 
(millionths) 

0 
535 
9n 
992 
1135 
1167 
1231 
1319 
1502 
1483 
1431 
1425 
1546 
1594 
1542 
1542 
1579 
1592 
1590 
1613 
1690 
1646 
1731 
1823 
1800 
1831 
1800 
1858 
1890 
1883 

Condition 

Instantaneous strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain+ Creep Strain 
Instantaneous Strain + Creep Strain 
Instantaneous Strain + Creep Strain 

Modulus of Elasticity @ 3 days = 3.48 x 1oo 



SECTION G - 1 DAYS 
CREEP FRAME G1 INSIDE BOX GIRDER 
Creep Of Concrete in Compression 
Instantaneous and Long-Term Deformation (Adjusted for Drying Shrinkage) 

Drying Load Induced 
Days Shrinkage Deformation 

Loaded (millionths) (millionths) Condition 

0 0 73 Instantaneous strain 
2 53 87 Instantaneous Strain + Creep Strain 
2 53 87 Instantaneous Strain + Creep Strain 
4 46 117 Instantaneous Strain + Creep Strain 
6 175 121 Instantaneous Strain+ Creep Strain 
17 157 163 Instantaneous Strain + Creep Strain 
17 157 277 Instantaneous Strain + Creep Strain 
23 168 327 Instantaneous Strain+ Creep Strain 
27 235 321 Instantaneous Strain+ Creep Strain 
33 170 377 Instantaneous Strain+ Creep Strain 
53 337 390 Instantaneous Strain+ Creep Strain 
72 230 456 Instantaneous Strain + Creep Strain 
102 329 460 Instantaneous Strain+ Creep Strain 
127 405 456 Instantaneous Strain + Creep Strain 
155 564 437 Instantaneous Strain+ Creep Strain 
160 451 471 Instantaneous Strain + Creep Strain 
194 582 444 Instantaneous Strain+ Creep Strain 
213 521 ,498 Instantaneous Strain + Creep Strain 
236 579 529 Instantaneous Strain + Creep Strain 
277 574 613 Instantaneous Strain+ Creep Strain 
319 636 546 Instantaneous Strain+ Creep Strain 
352 638 585 :nstantaneous Strain + Creep Strain 
409 699 525 Instantaneous Strain+ Creep Strain 
523 642 606 Instantaneous Strain + Creep Strain 
648 732 604 Instantaneous Strain + Creep Strain 
712 822 548 Instantaneous Strail'} + Creep Strain 

Applied Stress = 805 psi 
fc@ 3 days= 3830 psi 

Modulus of Elasticity@ 3 days= 3.05 x 10c 
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1. 	 GENERAL 

The bridge shall be designed in accordance with "Caltrans Bridge Design 
Specifications Manual" updated April 1995, modified or augmented as detailed 
in this document. 
In addition to bridge and site specific criteria, pertinent sections of the 
following standards or codes have been employed for such modifications or 
augmentations. 

• 	 "AASHTO Guide Specifications for Design and Construction of 
Segmental Concrete Bridges", 1989 Edition. 

• 	 "Proposed LRFD Guide Specifications for Design of Segmental Concrete 
Bridges," S. I. Units, 1997. 

• 	 "AASHTO Standard Specifications for Highway Bridges", 1992 Edition. 
• 	 "San Francisco Bay Area Rapid Transit District Design Criteria." 

Updated 12/27/91. 
• 	 "Guide Specifications and Commentary for Vessel Collision Design of 

Highway Bridges." Volume I: Final Report. February, 1991. 
• 	 "Improved Seismic Design Criteria for California Bridges: Provisional 

Recommendations." ATC-32 Report, June 30, 1996. 

2. DESIGN LOADS 

This section covers all design loads except for seismic forces discussed in 
Section 6. 

2.1 	 Structural Dead Loads- DL 

The in-service air dry unit weight of sand light weight concrete including 
reinforcement will be 2005 kglm3. 

2.2 	 Other Permanent Loads- SDL 

Permanent Loads are assumed to be applied at the time of construction except 
for utilities and dead load of BART appurtenances. 

2.3 	 Live Loads - LL+I 

Live loads shall be based on: 
I. Highway Traffic on the entire roadway. 
2. Highway traffic on the roadway plus one track of standard BART train 
loading. The BART track will be placed adjacent to the West barrier on the 
bridge deck. 

2.3.1 Load reductions factor for multiple lane loading 
Load reduction factors for multiple lane loading shall be applied to highway 
lanes only. Full BART Train Loading shall be combined with the combination 
of highway lanes to produce the largest stresses in the member. 

2.4 	 Thermal Effects - T 

2.4.1 Coefficient of thermal expansion 
normal weight concrete l0.8x10·6 /°C 
sand-lightweight concrete 9.0xlo·6 1°C 

References 

Prepared by T. Y. Lin lntemational/CH2MHill, A Joint Venture 	 Page 1 



Caltrans/Division of Structures 

New Benicia Martinez Bridge- Design Criteria May 17,2000 
Contract 59S742 

2.4.2 	 Temperature gradient - DT 
Positive and negative temperature gradients shall correspond to the values 
listed below. 

Positive Gradient Negative Gradient 

Tt= 30.0°C Tt= -15.0 °C 
T2= 7.8 oc Tz= -3.9 °C 
T3= 0°C T3= ooc 
A= 300mm A= 300mm 

2.5 	 Ship Collision - SC 

"AASHTO Guide Specifications and Commentary for Vessel Collision 
Design," Volume I, Final Report, February 1991 will be used to determine 
the ship impact force. 
The bridge is classified as "critical bridge" and the acceptable annual frequency 
of collapse shall be equal to or less than 0.01 in 100 years. The design vessel 
shall be selected based on Method II. 

2.6 Combination of Loads 

2.6.1 Service and Ultimate Limit States 
Loading combinations shall be in accordance with Caltrans BDS Table 
3.22.1A and 3.22.1B, AASHTO "Guide Specifications for Design and 
Construction of Segmental Concrete Bridges" and "San Francisco Bay Area 
Rapid Transit District Design Criteria". 

Table 2.7.1A and 2.7.1B show the applicable load combination for Service 
Load Design and Load Factor Design. 

Dead Load - D - includes structural dead loads (DL), other permanent loads 
(SDL) and erection loads (EL) when applicable. 

Permanent effects of creep and shrinkage are added to all Service Load Design 
combinations with a load factor of 1.0. 

When checking tensile stresses for Service Load Design the variable load 
effects shall be divided by the allowable stress increases. 

One half of the temperature gradient is used for load combinations which 
include full live load plus impact. 

Group Loading Combinations for Service Load Design and Load Factor 
Design are given by: 

Group (N) = y { [ 13ct D + flL (L+I) +flc CF +flEE +13a B +13s SF +flw W +flps PS 
+ 13wr. WL + PL LF + 13R (R+S+T+DT) + 13EQ EQ]+ 

aa[I3La (La+ I a) +Pea CFa + PL LFa+tlwr.a WLa]} 


where 
N Group No. 
y Load Factor, see Table 2.7.1A and 2.7.1B 

13 Coefficient, see Table 2.7.1A and 2.7.1B 
D Dead Load 

L Live Load 


Reference~ 

AASHTO Seg 1997 6.4.4 

AASHTO 

,Vessel Collision Design of 


Highway Bridges 


AASHTO Seg 8.0 

AASHTO Seg 8.2 

AASHTO Seg 8.1 

AASHTO Seg 8.0 
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I 
E 
B 
w 
WL 
LF 
CF 
R 
s 
T 
DT 
EQ 
SF 
PS 

Reference~ 

Live Load Impact 
Earth Pressure 
Buoyancy 
Wind Load on Structure 
Wind on Live Load. 100 pounds per linear ft. 
Longitudinal Force form Live Load 
Centrifugal Force 
Rib Shortening 
Shrinkage 
Temperature 
Thermal Gradient 
Earthquake 
Stream flow pressure 
Prestress 

1 or 0 corresponding to presence or otherwise of Bart Train 
Bart Live Load 
Impact from Bart Live Load 
Centrifugal Force from Bart Train 
Longitudinal Force, Bart 
Wind on Bart Train 
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2.6.2 Additional Thennal Loading Combination 
In addition to Service Load Design Combinations defined in Table 2.7.1A, the 
following load combination shall apply: 
(DL + SDL + EL) + PEE + B + SF + R + S + T + DT 
where DL is the dead load, SDL is the superimposed dead load and EL is the 
erection load in the final state. 

2.6.3 Construction Load Combinations 
Allowable tensile stresses for construction load combinations shall be checked 
according to AASHTO "Guide Specifications for Design and Construction of 
Segmental Concrete Bridge," 1989. 

2.6.4 Construction Load Combinations, Load Factor Design Check 
The strength provided shall not be less than required by the following 

combinations: 

For maximum forces and moments: 

1.1 ( DL + DIFF) + 1.3 CE + 2 A 
For minimum forces and moments: 
DL+CE+2A 
where DIFF is the 2% differential dead load applied to one cantilever, CE is 
the load from specialized construction equipment and A is the sudden impact 
from an otherwise static load. 

2.6.5 Ship Impact Load Combination 
The vessel collision impact forces are combined with other loads. The group 
loading combination has the same format as that used in the current BDS for 
seismic design (Group VII) with all gamma and beta factors equal to 1.0 and 
the ship impact force replacing the earthquake load. 

The ship impact load combination is given by the following expression: 
Group Load = y (1.0 D + 1.0 P + 1.0 B + 1.0 SF+ 1.0 E) 

where 

y = 1.0 for all design methods 

D=DeadLoad 

P = vessel collison impact force 

B =Buoyancy 

SF = stream flow pressure 

E = earth pressure 


3. 	 ALLOWABLE STRESSES 

Allowable Stresses are to follow the AASHTO Guide Specifications for Design 
and Construction of Segmental Concrete Bridges, as modified below for sand
lightweight concrete: 

3.1 Prestressing Steel 

3.2 Prestressed Concrete 

3.2.1 Temporary stresses before losses at time ofapplication ofprestress 
3.2.1.1 	 Compression 


Normal and Sand-Light Weight Concrete 0.55 f ci 


3.2.1.2 	 Tension 
Longitudinal and transverse stresses in the precompressed tensile zone, with 
minimum bonded auxiliary reinforcement through the joints sufficient to carry 
the calculated tensile force at a stress of0.5 f,y; internal tendons: 

Prepared by T.Y. Lin fnternationaVCH2MHill, A Joint Venture 

Reference_s 

AASHTO Seg 1996 
8.2.2 

AASHTO Seg 1996 

8.4 


Table 8-1 


AASHTO Seg 1996 
8.4.1 
8.4.3 

AASHTO 

Vessel Collision Design of 


Highway Bridges 

3.14 


AASHTO Seg 9.1 


AASHTO Seg 9 .2.1.1 


P&gc4 



Caltrans/Division of Structures 

New Benicia Martinez Bridge- Design Criteria May 17,2000 
Contract 595742 

Normal Weight Concrete 	 0.25 ~f'c; (MPa) 

Sand-Light Weight Concrete 0.21..{i; (MPa) 

Temporary tension in the precompressed tensile zone during construction: 

Normal Weight Concrete 0.50 ..{i; (MPa) 

Sand-Light Weight Concrete 	 0.42 ~f'ci (MPa) 

3.2.2 Stresses at service level after losses -fully prestressed components 
3.2.2.1 	 Compression 

Compressive stress due to effective prestress plus permanent (dead) loads shall 
not exceed: 
Normal and Sand-Light Weight Concrete 0.40 f c 

3.2.2.2 	 Tension in the precompressed tensile zone 
Longitudinal and transverse stresses, with minimum bonded auxiliary 
reinforcement through the joints sufficient to carry the calculated tensile force 
at a stress of 0.5 f,y; internal tendons: 

Normal Weight Concrete 	 0.25 .{f; (MPa) 

Sand-Light Weight Concrete 	 0.21 .{f; (MPa) 

Under dead load only: 

Normal and Sand-Light Weight Concrete 0.0 


3.2.2.3 	 Tension in other areas 
Bonded reinforcement shall be provided to carry the calculated tensile force at 
a stress of 0.5 f,y: 

Normal Weight Concrete 	 0.50 .{f; (MPa) 

Sand-Light Weight Concrete 	 0.42 .{f; (MPa) 

3.2.3 Cracking stress 
Modulus of rupture 


Normal Weight Concrete 0.63 .{f; (MPa) 


Sand-Light Weight Concrete 	 0.52 .{f; (MPa) 

3.2.4 Bearing stress 

3.2.5 Shear 
Shear design shall follow the 1989 Guide Specifications for Design and 
Construction of Segmental Concrete Bridges. Shear stress must not exceed the 
limits in Section 12.3.1 
For Sand-Light Weight Concrete the torsional cracking moment (Tc) and the 
nominal shear strength provided by concrete (Vc) must be taken as 0.85 times 
the formulas specified in Sections 12.2.10 and 12.2.12, respectively, of the 
1989 Guide Specifications for Design and Construction of Segmental Concrete 
Bridges. 

4. STRENGTH REDUCTION FACTORS 

4.1 Superstructure 

Superstructure Strength Reduction Factors, ~. shall be taken from the 1989 
Guide Specifications for Design and Construction of Segmental Concrete 
Bridges, and amended as follows: 

- Referenc_es 

AASHTO Seg 9.2.1.2 

AASHTO Seg Table 8.1 

AASHTO Seg 9.2.2.1 

AASHTO Seg 9.2.2.2 

BDS 9.15.2.2 

AASHTO Seg 9.2.2.2 

BDS 9.15.2.3 

BDS 9.15.2.3 

AASHTO Seg 1989 
9.2.3 

AASHTO Seg 1989 
12.0 
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4.1.1 Normal and Sand-Light Weight Concrete 
Fully Bonded Tendons, Type A Joint 
Flexure ~f = 0.95 
Shear and torsion ~v =0.85 
Unbonded Tendons, Type A Joint 
Flexure ~f = 0.90 
Shear and torsion 	 ~v = 0.80 

4.1.2 Bearing 
(all types of construction) 	 ~b = 0.70 

4.2 Substructure 

Design using Ultimate Load Factor Design, based on Caltrans BDS 8.16.1.2.2 
except for Seismic Load Combinations. 

5. MATERIALS 

Per 1989 AASHTO Guide Specifications for Construction and Design of 
Segmental Bridges, and the following: 

5.1 Concrete 

5.1.1 Superstructure 
5.1.1.1 	 Normal weight concrete 

28-day minimum strength j'c = 45 MPa 
at time of stressing fci = 25 MPa 

5.1.1.2 	 Sand-lightweight concrete 
28-day minimum strength j'c = 45 MPa 
at time of stressing fci=25 MPa 

5.1.2 Substructure 
5.1.2.1 	 Drilled shafts 

28-day minimum strength f'c = 25 MPa 
5.1.2.2 	 Pier shafts and footings 

28-day minimum strength f'c = 35 MPa 
5.1.3 Creep and shrinkage 

Evaluated in accordance with the provisions of the 1978 CEB-FIP Model 
Code 

5.2 Prestressing Steel 

AASHTO M203 (ASTM A416), Uncoated Seven-Wire Stress-Relieved Strand 
Grade 270 low-relaxation 
Tensile strength fr,u = 1860 MPa 
Yield strength /py = 1674 MPa 
Modulus of Elasticity E= 197,000 MPa 

5.3 	 Reinforcement 

Yield strength /y =415 MPa 

Reference_s 

AASHTO Seg 1989 
7.5 
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Table 2.7.1A Service Load Design 

y au au au as % 
Group factor D L+l CF E B SF w WL LF PS RS T DT Lu+lo CFu LFu (WLu) Allow. 

I 1.0 I I I I 1 I 0 0 0 I I 0 0 I I 1 0 100 

II 1.0 I 0 0 I I I 1 0 0 I I 0 0 0 0 0 0 125 

III 1.0 I I I I I I Pwl I I I 1 0 0 I 1 I I 125 

IV 1.0 I I I I I I 13w2 0 0 I 1 I 0.5 I I I 0.5 125 

v 1.0 I 0 0 I I 1 1 0 0 I 1 1 1 0 0 0 0 140 
VI 1.0 I I 1 I 1 I 0.3 I I 1 I I 0.5 I I I I 140 
A 1.0 I 0 0 I I 1 0 0 0 1 1 0 I 0 0 0 0 100 AASTHO Seg 

8.2.2 

where 
D Dead Load Pwl = 0.3 for highway loads only 
L Highway Live Load Pwl = 1.0 for highway and Bart loads 

Highway Live Load Impact Pw2 = 0.0 for highway loads only 
E Earth Pressure Pw2 = 0.5 for highway and Bart loads 
B Buoyancy 
w Wind Load on Structure 
WL Wind on Live Load. 100 pounds per linear ft. 
LF Longitudinal Force form Live Load 
CF Centrifugal Force 
R Rib Shortening 
s Shrinkage 
T Temperature 
DT Thermal Gradient 
EQ Earthquake 
SF Stream flow pressure 
PS Prestress 

ao I or 0 corresponding to presence or otherwise of Bart Train 
Lo Bart Live Load 
Ia Impact from Bart Live Load 
CFa Centrifugal Force from Bart Train 
LFo Longitudinal Force, Bart 
WLo Wind on Bart Train 

Prepared by T.Y. Lin lnternationaiiCH2MHill, A Joint Venture Page7 



Callrans/Division of Structures 

New Benicia Martinez Bridge- Design Criteria May 17,2000 
Contract 59S742 References 

Table 2.7.1B Load Factor Design 

y as as as an 
Group factor D (L+l)H (L+I)P CF E B SF w WL LF PS RS T DT EQ La+In CFs LFa WLs 

I 1.30 flo 1.67 0 I J3E I I 0 0 0 0.77 0 0 0 0 I.67 1.67 1.67 0 

lpw 1.30 I 1.15 I 1 1 0 0 0 0.77 0 0 0 0 1.67 1.67 1.67 0 

lpJI) 1.30 J3n I 1.25 I l3E I I 0 0 0 0.77 0 0 0 0 1.67 1.67 1.67 0 


II 1.30 flo 0 0 0 l3E 1 I I 0 0 0.77 0 0 0 0 0 0 0 0 i 


Ill 1.30 fln 1 0 I flE 1 I flwl I I 0.77 0 0 0 0 I I 1 I 


fln flE flw2 

~0 lk 

IV 1.30 I 0 I I I 0 0 0.77 I 1 0.5 0 I I 1 0.5 

v 1.25 0 0 0 I 1 1 0 0 0.80 I 1 I 0 0 0 0 0
Pn PE 

VI 1.25 fln I 0 1 PE 1 1 0.3 1 1 0.80 1 1 0.5 0 I 1 I 0 

VII 1.00 1.0 0 0 0 flE I 1 0 0 0 1 0 0 0 1 1 1 1 0 


Po = 0.75 when checking columns for maximum moment or maximum eccentricities and associated axial load; and when Dead Load effects arc of opposite sign to the net effects of other 
loads in a Group. 
J3o = 1.00 when checking columns for maximum axia11oad and associated moment. 
l3E =0.5 for checking positive moments in rigid frames. 
l3E = 1.00 for vertical earth pressure. 
l3E = I.30 for lateral earth pressure 
Pwl = 0.3 for highway loads only 
f3wl =1.0 for Bart+highway loads only 
Pw2 =0.0 for highway loads only 
l3w2 = 0.5 for Bart+highway loads only 

D Dead Load T Temperature 
L Highway Live Load DT Thermal Gradient 
I Highway Live Load Impact EQ Earthquake 
E Earth Pressure SF Stream flow pressure 
B Buoyancy PS Prestress 
w Wind Load on Structure as I or 0 conesponding to presence or otherwise of Bart Train 
WL Wind on Live Load. 100 pounds per linear ft. La Bart Live Load 
LF Longitudinal Force form Live Load Ia Impact from Bart Live Load 
CF Centrifugal Force CFs Centrifugal Force from Bart Train 

R Rib Shortening LFa Longitudinal Force, Bart 

s Shrinkage WLs Wind on Bart Train 
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6. SEISMIC DESIGN 

Seismic design will be performed in accordance with BDS, augmented with 

pertinent provisions of ATC-32 and project specific criteria as detailed in this 

document. 


6.1 Performance Criteria 
ATC-32 3.21.2 The Benicia-Martinez Bridge is classified in the important bridge category. 


Functional Evaluation: Service Level Immediate, Minimal Damage 

Safety Evaluation: Service Level Immediate, Repairable Damage 

The intended structural action under seismic loading is that of a Limited ATC-32 3.21.3 

Ductility Structure with potential plastic mechanisms in pier shafts. 

The performance of piles shall be essentially elastic. 


6.2 Seismic Loading 

Five-percent-damped site-specific elastic response spectra will be provided by 

Caltrans for both the safety evaluation and functional evaluation earthquakes. 

The depth and characteristics of the soil deposits surrounding the piles shall be 

taken into consideration. 

Three sets of time histories will also be provided by Caltrans for the inelastic 

dynamic analysis. 


6.2.1 Seismic Loading During Construction 
During normally scheduled construction, the sections of the bridge under 

construction at that time, shall be designed to withstand a lateral seismic force 

ofO.lg. 

If the construction schedule is interrupted, the structure shall be stabilized 

against seismic loads. 


6.3 Seismic Analysis 
6.3.1 Elastic dynamic analysis 

ATC-32 3.21.6 
6.3.2 Inelastic static analysis 

ATC-32 3.21.7 
6.3.3 Inelastic dynamic analysis 

ATC-32 3.21.8 

6.4 Combination of Effects 
Seismic effects from elastic dynamic analysis shall be combined in accordance 

with the BDS 3.21.1.1. 

No highway live load shall be considered on the bridge during the seismic 

event. 

The effect of vertical ground accelerations shall be considered on the 

superstructure only. These effects shall be based on the site specific vertical 

response spectrum truncated at spectral acceleration of 0.5g. 

For reponse spectrum analysis the vertical effects shall not be combined with 

lateral effects. 


6.5 Design Displacements 

ATC-32 3.21.10.3 
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6.6 Design Forces 

The force reduction coefficient Z shall be taken as 3 for well confined concrete 
pier shafts when the structural period is greater than the predominant ground 
motion period. The force reduction factor for piles would be as follows: 

Steel encased portion: 1.5 

Rock Socket: 1.0 


The method utilizing the Z factor will be used for preliminary design only. 
Final reinforcement will be designed such that strain demands from elastic or 
inelastic time history analyses do not exceed the allowable values of section 
6.13. 

6.7 Capacity Design 

6.8 Restraining Features 

6.9 P-D. Effects 

P-delta moments may be ignored where the following relation is satisfied: 

W ou :::; 0.25 MP 
where: 

W = Weight of the frame 

8u = maximum displacement of the top of the frame 

Mp = plastic capacity of the pier 


6.10 Strength Reduction Factors for Columns 

6.11 Material Properties for Ductile Columns 

6.11.1 Design flexural strength 

6.1 I .2 Maximum plastic moment 

6.11.3 Steel strain hardening strains 
For A 706 steel: 

Esh =.0150 #8 and smaller (25M and smaller) 

Esh = .DIOO #10 and #11 (30M and 35M) 

Esh =.0075 #14 (45M) 

Esh =.0050 #18 (55M) 

Assumed upper bound steel strength, considering the effects of strain 

hardening: fuo = 1.4 fyo 


6.12 Displacement Capacity 

The displacement capacity shall be assessed from the plastic hinge length 
calculated according to ATC-32 8.18.2.4.2 and the plastic rotations 
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ATC-32 3.21.11.1 


ATC-32 Fig. R3-13 


ATC-32 3.21.14 


ATC-32 3.21.12 


ATC-32 8.16.1.2.2 


ATC-32 8.16.2.4 


ATC-32 8.16.4.4 
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corresponding to the allowable material strains 

6.13 Allowable Strains 

6.13.1 Normal Weight Concrete 
Functional evaluation e/unc :::; 0.004 

Safety evaluation &cSafety :::; 2/ 3 &cu 

Where &cu is the ultimate concrete strain according to the Mander model 
 (Mander et. al. J. Struct. 

Engineering, ASCE, 1988 
114(8), p 1804-1849) 

6.13.2 Sand Light Weight Concrete 
Functional evaluation e/unc :::; 0.003 

Safety evaluation e.Safety :::; 2/ 3 &cu 

Where &cu is the ultimate concrete strain according to the Mander model 


6.13.3 Reinforcing steel 
Functional evaluation e,Func = 0.015 ATC-32 C3.21.11.1 
Safety evaluation e,safery = 2/ 3 &su 
Where &su is the ultimate steel strain. For Grade 60 (A706) reinforcement &su 
maybe taken as: 
Main reinforcing steel Bar No. 9 - 18 (30M- 55M) &su = 0.09 
Confinement reinforcing steel Bar No.3- 8 (10M -25M) &su = 0.12 

6.13.4 Pile casing 
Safety evaluation 	 &,safety= 0.015 

7. 	 GEOTECHNICAL AND FOUNDATION DESIGN 

See Foundation Report 

8. EXPANSION JOINTS 

The expansion joint assembly will be selected based on the hinge movement 

rating, MR. MR is defined as follows: 


MR=l.5x8C + 1.5x as+ aFEE 

Where, 

8C= expected creep movement from the time of installation of expansion joint. 

as =expected shrinkage movement from the time of installation of expansion 

joint. 

aFEE =sum of opening and closing movement due to a functional level 

earthquake. 
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