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ABSTRACT

REFERENCE: Nordlin, E. F., W, H., Ames, and E. R. Post,
"Method to Determine the Axial Tensile Force in High
Strength Prestressing Strand", State of California,
Department of Public Works, Division of Highways, Materials
?ggsResearch Department, Research Report 646322, April

ABSTRACT: This is a report of the theoretical and practical.
development of an instrument which can be used to determine
the magnitude of the axial temnsile force existing at any’
point along a prestressing strand of the type commonly
employed in prestressed pretensioned concrete structural
units. The inmstrument, in addition, can be used to determine
(1) the friction losses that occur at intermediate alignment
and harping points, (2) the variation in strand force in
multiple strand structural units as the result of single
tensioning operations, and (3) the creep losses that occur.
The use of this instrument will aid in the elimination of
many of the differemtial camber problems currently encoun-
Ttered in comstruction due to non-uniform force in the
strands. This instrument may also be used to insure that
the stressing forces are in accord with the engineer's
design. From a statistical study of the instrument based

on five random test observations along a strand, it was
determined that the strand force within the design range

can be predicted to + 0.4 kips or 1.5 percent with 95 per-
cent confidence limits.

KEY WORDS: Prestressing, prestressed concrete, temsile
stress, tension, force, steel wire, testing equipment,
friction tests, creep, statistical analysis.
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1. INTRODUCTION AND BACKGROUND

In prestressed pretensioned concrete construction, there
is a need for a versatile instrument which can be utilized any
time prior to placement of the concrete to determine the magnitude
of axial tensile force existing in the high strength prestressing
strands in the areas of critical stress. By use of such an
instrument, it would be possible to eliminate many of the camber
problems currently encountered due to nom~uniform force in the
strands, and it would help to insure that the actual stressing
forces are in accord with the engineer's design.

Currently, a compressive load cell instrument is used to
determine the magnitude of axial temsile force in high strength
prestressing strands. This type instrument, which has a center
hole, is placed over the strand and located between the anchoring
strand bulkhead and a strand come friction anchor. The compressive
load cell instrument has many inherent shortcomings which include:
(1) the instrument can only be used to determine the magnitude of
the axial tensile force at an end of a strand and hence it is not
suitable to determine the friction losses that occur at inter=
mediate alignment or harping points, (2) once a strand is tensioned,
the instrument camnot be conveniently removed and used on other
strands, and unless other instruments are available it is not
practicable to obtain more than one measurement for any one struc-
tural unit, (3) the instrument is not reliable for cbatining

- measurements . during any extended period of time if the ambient

temperature is changing, because the initial no-~load reading point
of the instrument will drift, and (4) the instrument is not reliable
for obtaining measurements on harped strands because of the
eccentric loading conditions. ' S

= Therefore, the purpose of this project was to develop a
versatile instrument, which is called the STRAND STRESS BEAM, to
replace the ineffective compressive load cell instrument currently
being used. = ' _

: Figure 1 shows the original California Strand Stress
Beam which was developed in this laboratory to determine the
magnitude of the axial temsile force in prestressing strands in

the areas of critical stress. This instrument was developed by a
tedious trial and error process. Due to several factors, such as
an inefficient geometrical beam section, improper location of the
strain gages to obtain the maximum sensitivity, and failure to
utilize Mcross* strain gages to determine a definite strain reading
peint, the beam was only partially successful. :

. | Utilizing the‘beam.principle, an instrument was developed
(Ref. 1) as shown in Figure 2 for measuring the axial tensile force
in high strength prestressing wires. However, a study of this

. approach .indicated that such an instrument would not function if

it were to be used on high strength, prestressing strands in place
of wire, because it would be practically impossible by use of a
micrometer to apply a force of the magnitude necessary to deflect
the gtrand, S '
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II. SUMMARY AND CONCLUSIONS

The.Strand“Stfess_Beam was developéd_as.shown.in Figures
3 and 4. 1t is readily portable and operative by one man. Essen-
tially it functions as a beam simply supported upon the strand. A

. midspan concentrated force is applied by means of a screw through a

tectangular yoke to both the beam and strand. The midspan deflections
of the beam and strand move through a controlled distance. Strain
gages .are positioned on the beam so as to (1) always obtain a definite

- strain reading point at the imstant the beam.and strand come in

contact, and: (2) provide beam strain readings, at the location of
the strain gages, which can be correlated to the axial temsile force
existing in the strand.. . R

Within the design range of both the 1/2 and 7/16 inch

.1diameter 270 ksi prestressing strand, an extremely good correlation

wag obtained between the laboratory and field calibrated curves and
the theoretical curve as shown in Figures 25 and 26.. The theoretical
equation relating beam strain (£ ) to strand force (Te ) and the
values for the variables are shown in each Figure. The beam moment
of inertia (Ig) and the distance (y) from the beam's (Beam No. 1)
neutral axis to the two SR4 Baldwin Cross Strain Gages were accurately
determined by laboratory tests. The other variables are also readily

obtainable.

From a statistical study of the beam based on five random
test observations along a strand, it was determined that for any
magnification of beam strain (€ ) the strand force (T, ) within the
design range can be predicted to + 0.4 kips or 1.5 percent with 95
percent confidence limits. This error can be attributed primarily to
a varying moment of inertia (Ig) of the strand caused by (1) the lay
of the strand, (2) the individual wires of the strand not being
perfectly round, and (3) the diameter of the individual wires which
may vary from manufacturer to manufacturer and may vary with a given
manufacturer for strands made at different times and plants.

It was also determined from the statistical study that the
testing error of the beam, at the design range of strand force, was
less than 0.2 percent. This was possible because of the unique
design of the beam, which was of ‘such a geometrical shape that cross
strain gages were utilized to obtain a definite (maximum) strain
reading the instant the deflected beam and strand came in contact.

It is therefore concluded that a curve relating beam strain
(€ ) to strain force (To ) can be obtained from a theoretical solu-
tion and readily verified by several laboratory tests. By obtaining
the curve in this manner, it is estimated that 80 to 100 man hours
of calibration time per beam can be saved.

www . fastio.com
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III. DISCUSSION

The instrument developed, which can be utilized any time
prior to placement of the concrete, assuming forms. or other
obstructions do not prevent access to prestressing. tendons, to
determine the magnitude of axial tensile force in high strength .

prestressing strands in the areas of critical stress, is shown in

Figure 3. A disassembled view of the instrument is shown in
Figure 4. , : . ‘

The design of the Strand Stress Beam, herein outlined, is.
unique because of two features, (1) the geometrical shape of the
beam and (2) the utilization and location of two SR4 "cross" strain
gages to determine the strain in the beam at the imstant of.contact
between the beam and strand. :

A. Determination of a Definite Strain Reading Point.

' After an intensive study of the partially successful beam
design, it was concluded that a method had to be devised to obtain

..a definite strain reading point the instant the deflected beam and

strand come in contact. To achieve this, two SR4 Baldwin Cross
Strain Gages (Type AFX-7-S6) were recessed in a slot and symmetri-
cally located with respect to the midspan axis of the beam as shown
in Figure 5. ‘ _

The two "cross™ strain gages (two longitudinal and. two
transverse) are connected as the four arms of the Wheatstonme Bridge
which in turn is comnnected to a Budd Digital Strain Indicator
(Model P-350). As shown in Figure 5, the Wheatstone Bridge will
algebraically add the strain readings of the longitudinal and.
transverse strain gages when they are in tension and compression,
respectively. As a result, the out?ut of the Wheatstone Bridge will
increase in accordance with Poisson's Ratio to a value of 2.58
times as large as the strain output from a single longitudinal
strain gage¥*.,

A free~body diagram of the forces acting on the beam and
strand just prior to contact between the two units is shown in
Figure 6. The magnitude of strain (€ ) existing at the location of
the strain gages for this condition can be expressed as:

€=2(1+0.29) €
€=2.58 €, N

* Due to the effect of Poisson's Ratio (P,), the strain magnifi-
cation factor 2.58 is computed from the relationship
2 (1 +Py) =2 (1+0,29).
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A free-body diagram of the forces acting on the beam and
strand at the instant of contact between the two units is also shown
in Figure 6. The differential increase in the midspan concentrated
force (AF} ) required to obtain this condition will be distributed
between the point of contact (4 A /) and the end supports (_gAP;),
The forces (fL£/A/,) will induce bending moments (M) at the inter-
face of the two lower flanges and the web of the beam.cross section.
As a result, the strains in both the longitudinal and transverse
strain gages change in direction as opposed.to the condition prior
to contact. : - : Lo -

In alidition, the strain gages are influenced by the radial
tensile strain components which occur due to the compressive forces
(£ 7AR ). As a result, the longitudinal and transverse strain
gages are.subjected to: tensile strains. . :

Therefore9 the magnitude of the strain (€ ) existing at
the location of the strain gages- for this condition cam be expressed
a8 3 Co ’ : :

€ =258 €+{2.(.29€,,-12(1.29) €, +2(1.29) €, 1}
€=258€,-258L(€E+ €)—€12] (@)

P

Where: -

Ent ELNEp

S It is now apparent from Equation 2 that at the instant of
contact between the beam and strand the magnitude of the strain (€ )
at the location of the strain gages will become less positive.

Referring to Figure 7, the magnitude of strain (€ ) in
microinches per inch, is read on the Budd' Indicator's Strain.Counter.
This is accomplished by use of the Rebalancing Knob to bring the
galvanometer needle to a zero ‘position-on the Null Meter. As the
beam is deflected under the midspan concentrated force (#), the
galvanometer needle rotates in a counterclockwise direction; whereas,
at the instant of contact between the beam and strand, the galvanom-
eter needle immediately responds to the strain (€ ) becoming less
positive by rotating in a clockwise direction. This is a definite
strain reading point. _ )

In addition to increasing the output of the Wheatstone
Bridge, the 2 transverse gages compensate for temperature changes
‘and are therefore independent of temperature changes as long as
these take place uniformly throughout the material.

The recessed slot in the bottom of the beam also serves
the purpose of protecting the twd SR-4 cross strain gages and their
connections with the lead out wire to the Wheatstone Bridge against
physical damage. After the strain gages have been placed and the
circuitry tested, the slot was filled with an elastic epoxy to
protect the gages against moisture.
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B. Theoretical Analysis

* The Strand Stress Beam Instrument functions as a beam
simply supported on the strand. A midspan concentrated force is
applied, by means of a screw, through a rectangular loading yoke
to both the Strand Stress Beam Instrument and strand.. The Strand
Stress Beam Instrument, hereinafter referred to as the "beam", is
Bubjected to transverse loading, whereas the strand is subjeected .
. simaltaneously to axial tension and transverse loading. In the
case of the strand, a solution is not possible by superposition
methods but must be arrived at by methods that take into account
the change in deflection produced by the axial temnsile forces.
Free-body diagrams of the loading yoke, beam, and strand are
shown in Figure 8. The following assumptions were employed:

(1) The deformations of the beam and strand are
-~ small, hence the approximate formula for
curvature :

| oo
"é’""EI W—-M(x)
will be used.

(2) Assuming small end rotations, the vertical

.. component of the strand tensile force and the
horizontal component of the end reaction wil
be neglected. -

{3) VNeglect any increase in the strand tensile
force due to the deflection of the strand.

(4) Neglect the effect of any frictional con-
- . straints that may develop at the end supports.

1. Beam

The midspan concentrated force { 2 ) and the midspan deflec-~
tion (5§ ) of the beam can be expressed as a function of the
strain occurring at a distance ( & ) below the neutral axis
of the beam at the.location of the strain gages as follows:

7 | 2-SR4 Baldwin Cross
**“"“Z“““*ﬁ@ /47¢/r—*~ Strain Gages

r . |i i 1 #

el f e 12

FREE-BODY DIAGRAM OF BEAM

www . fastio.com
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The" midspan concentrated forck (P ) as a function of the
strain is <

M (Strain Gages) () - ET€
P (L-20)(y)= 4EI €

p. LETE
g/z—za)
_ (3)
The midspan deflection ( d ) as a function of the strain is
48 £7
| Substitﬁtiﬁg into Equation (3), we obtain
‘ ,Af36‘ %)
/Z L-2a _
. Strand y / )

The midspan deflection ( /) of the strand can be expressed
as a function of the axial tensile force in the strand for

~various bour_ldary conditions as follows:

Inflection

Y - Point ) T

"S_ulb/aori f P

L. _75 !

‘ FREE*-BODY DIAGRAM OF STRAND
Summing forees equal, to zero, we obtain

(%)Hfaw-fx Mo

However, as stated in the assumpt:l?.'ons

M(x)=—ET am/z

[ro.com
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Therefore
A P Mo
/= Sy R )
Introducing the notation -
2 o _lo_
| K=z
Equation (5) becomes
dzﬂ/ 2 KZP KZMO
iz — K4l = T X+ E-a

(6)
Equatlon (6) can be classified as a second order, nonhomo-
geneous, linear, ordinary differential equation with
-constant coeffic:.ents° o _
The complete solution to the dlfferential equatlon is
AX -*kx Mo
w=ce"+C, € +275X 7 (7

The two arbitrary constants can be determlned for the
necessary boundary condltlons (BC)

BC 1. at X::O w:o

BC 2. at )(_._'g)a"?:f/ 0

Thus
0 = Po2kMpE™
'T 4 TokCosh 4

(8)
P+2K Mo 7 o
275 K Cosh A

Ca =

(9)
4 e
A=kZ

vww . fastio.com
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Substltutlngé,Equat:.ons (8) and (9) into Equatlon (7) and
letting X=2= , we obtain.the deflection of the strand at
midspan: ‘

2kMo (Cosh A-1)

w= ~ Cosh A (10)

y=
STA A—Tanh A-

If the strand is not. restrained at the supports and is free
to rotate ( Af,=¢ '), the midspan deflection will be

U=

75 -(A-Tank A ) ‘(11)

If the strand is completely restrained against rotation at
the supports, the erid restraining moment (Mo) can be found
- as follow5° . .

The necessary houndary condition for a fixed end is that
;‘7/— =0 , hence dlfferentiating Equation (7) and setting
X= O s we obtain

P €Cosh A-1)
2k~ Sink A (12)

Mg =

Suhstztuting Equation (12) into -Equation (10), we obtain the
midspan deflection of the.strand when the.supports are com-
pletely restrained against rotation

(Cosh A-1)?
[4 rTanh A - 3/17/7AC08/7A (13)

Beam Strain as a Function of Strand Force

The total m:l.dspan,r deflection that the beam and strand will
move through is a known controllable distance, say A, hence
the following relationship must hold true:

A= Midspan Beam Deflection (d ) + Midspan
Strand Deflect:l.on (&)

A= § +W | (14)

astio.com
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Substituting Equations (3), (4), (11), and (13) into Equation
(14) and rearranging terms, the following expressions relating
%eag strain ( € ) to the axial tensile force in the strands

To) are: o |

/2y //_—_Z'a)A
13/;7’- tfé’i égi@f(A—Tdnh 4)

(15)
SIMPLE
SUPPORTS

P2y (L-2a) A - |
3f,, 24 Eglp [, _ (Cosh ,4—/)2]
< /%/6‘3,53 EsIs Z;l Tanh 4 Sith A Cosh 4 }
| | (16)
FIXED
" SUPEORTS_
. AL L Ts
Where: A'/{T , /{2“5\9‘}3

C. Beam Design

In the development of the original beam it was deter-
mined that to obtain a reasonably good calibration curve (beam
strain versus strand force), the midspan deflections of the beam
and strand should be approximately 0.070 and 0.130 inches,
respectively, when the axial tensile force in a 1/2 inch diameter
prestressing strand was in the range of 30 to 35 kips. As men-
tioned previously, the midspan load ( 2 ) is applied to both the
beam and strand, by means of a screw, through a loading yoke.
Selecting a 5/8-inch diameter Number 8 Acme threaded screw, it
wag determined that the load ( 2 ) should not exceed 1600 pounds.
Using the classical beam formula )

Te Pe?
48 £f
and setting P = 1600 1bs.
£ = 16 in.
§ = 0.070 in,
E = 29.5 x 106 psi

a required moment of

- www.fastio.com
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- 1t was also determined from the sensitivity of the SR4
Baldwin Cross Strain Gages (Type AFX-7-56) that to obtain good :
results the longitudinal gtraiﬁ gages should have a range of approxi-
mately 1100 to 1300 x 10"° in/in. Therefore, using the Equation (4)

, y= ‘g.:?e .
o J2&(8-2a)
and upon settir £ = 16 in.
" e € = 1100 x 10°°

é = 0,070 in,
2a = 0.30 in. (distance between strain gages)

a required distance (y) from the neutfal axis of the beam to the
strain gages equal to 0.35 inches is obtained.

To satisfy all the conditions previously outlined, in
addition to providing a minimum size siot to accommodate the cross
strain geges and their lead out wire to the Wheatstone Bridge, a
beam of geometrical shape of dimensions as shown in Figure 9 was
determined by a trial and error process. The maximum fiber stress
(¥) in the beam is calculated using the formula

_ Pl
: : 7= 4I é/ Lo
and upon setting . P = 1600: 1lbs. -
£ =16 in,

y = 0,547 ih. |,
I = 0.0585 in®

a fiber stress (f) equal to 44,880 psi is obtained. Therefore, to
keep the stress level in the beam below the proportional limit of
the material, a high strength, heat treated AISI 4140 (leaded) allo
steel, which has a yield strength of 130 ksi as determined by-the 2%
offset method and a tensile strength of 150 ksi, was selected.

Other advantages in using this type of steel are its excellent
fatigue life and good machinability.

To check that the beam strain (€ ) is within the desired
range of the strain gages, Equations_(15) and (16) are used. Beam
strain values aof 1080 and 1240 x 10~° in/in, respectively, are
obtained with the following values:

To = 35 kips
£ =10 in.
y = 0:347 in.
2a = 030 in,
A = 0.200 in. |
1Ip = 0.0585 in*, .
Is = 0.00217 in (1/2=inch diameter strand)
EB=29a5K10pS’i :
ES = 26,5 x 100 psi

Therefore, with d;menSions'aé shown in Figure 9, the beam (Beam
No. 1) mgets all the requirements specified. .

www fastio.com
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The beam length of approximately 16 inches center to
center between the simple supports was selected both for ease of
handling and to facilitate its use between the vertical stirrups
of prestressed pretensioned concrete beams. The stirrups in the

-areas of critical bending stress are commonly spaced at 24-inch

www . fastio.com

centers in California practice.
D. Beam Calibration

: The strand stress beam (Beam No. 1) was calibrated in both
the laboratory and field on 1/2-inch diameter 270 ksi prestressing
strand of various lengths and manufacture. 1In addition, Beam No. 1
was calibrated in the laboratory on 7/l6-inch diameter 270 ksi pre-
stressing strand of various manufacture, These two diameters of
strand were selected because they represent a large percentage of
strand used, particularly in highway structures.

The laboratory test setup for calibrating the beam is shown
in Figure 10. The axial tensile force in the strand was accurately
determined by the two tensile splice load cells. The two tensile
load cells were calibrated in series against a National Bureau of
Standards (NBS) load cell which has an accuracy of 0.1 percent. The
compressive load cell which has an indicator counter that can be
read directly in kips, was used only during the tensioning of the
gtrand as a rapid method of obtaining the approximate desired strand

orce., o 2

The field test setup was similar to that used in the
laboratory except that the strand length was increased from 13 to
71 feet. To minimize the effects of a varying ambient temperature
on the strand force, the field tests were conducted at night when
the temperature was essentially constant.

Tensile load cells were used at each end to determine ten~
sioning forces. After obtaining a desired strand force, test
observations were made with the beam at 5 random points along the
strand. This procedure was repeated for various magnitudes of strand
force until sufficient data were available to plot a calibration
curve of beam strain versus strand force*. For purposes of this
report only, the actual strain in the beam was used to facilitate-
direct correlation between the calibrated and theoretical curves.

1. 1/2-inch Diameter 270 ksi Prestressing Strand

The test data obtained by use of Beam No. 1 is shown in
Table 1. The laboratory and field calibration curves of
beam strain versus strand force for various brands of
1/2-inch strands are shown in Figures 11 through 14. The

* Beam Strain = Strain Reading (GF Set on Budd Ind.)
- 2 (1 4+ 0.29) (GF of Strain Gages)-

GF = Gage Factor
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strand manufacturers, Bethlehem (Beth.), Union,; United States
Steel (USS), and Coloxado Fuel and Iron. (CF&I), were selected
to be tested because they represent.the bulk.of the strand used
in prestressed pretensioned structural units in Galifornia
highway work., =~ ' '

It is apparent from Figures 11 through 14 that the beam cali-
bration curve for any strand manufacture is independent af "the
length of the strand. A comparison of the beam calibration
curves for the four different brands of strand is shown in
Figure 15, For all practical purposes, the calibration curves
for Beth. and Union strand are idemtical, and those for USS and

CF&I strand are essentially identical. 4The minor difference

that exists between.the paired beam calibration curves can be
attributed to the moment of Imertia (Ig) and the lay lenmgth -
(pitch) of the strand. It is apparent from Equation (15) that
(1) as Ig increases the beam strain (€ ) will increase and (2)
as "the lay length of the strand increases the bending stiffness
Eglg of the strand increases, and hence the beam strain (€)

will increase, ‘ -

The moment of inertia, for each brand, calculated about the two
axes 1«1 and 2-2 is shown in Table 2. Beth. strand has a
moment of inertia nearly equal to CF&I strand; however, it has
the shortest lay length of any of the four different brands
considered which is most likely the reason for the beam calibra
tion curve lying to the left of the USS and CF&I curves. Union
has a lay length approximately equal to CF&I strand; however,
it has the smallest moment of inertia of any of the four brands
which is most likely the reason for the beam calibration curve
being nearly the same as the Beth. curve. Finally, the USS
strand has a smaller moment of inertia but a slightly longer
lay length than CF&I strand which explains why these two beam
calibration curves are nearly identical.

A field study was also conducted on harped prestressing strands
to determine if the beam's calibration would be affected if
readings were taken near a harped strand point. As shown in
Table 3, the variation between the arithmetic mean of five
repeat beam test observations at four points along the strand
15 92 x 1079 infin. This variation can be attributed to the
varying moment of inertia of the strand. From the statistical
study it was determined that the strain readings could be
expected to vary + 110 x 1070 in/in for a gage factor of 0.55
set on the Budd Strain Indicator. Therefore, it is concluded

 that the Strand Stress Beam reading is not affected for test

observations as close as 12 inches to a harping point.
7/16-inch Diameter 270 ksi Prestressing Strand

The test data obtained by use of Beam No. 1 is shown in Table 4.
The laboratory calibration curves of beam strain versus strand
force for various brands of 7/16-inch strand are shown in
Figure 16. As apparent, the curves of the three manufacturers
exhibit the same pattern obtained for the 1/2-inch diameter

www fastio.com
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strand., It is therefore reasonable to assume that the mechanical
properties of the 1/2 and 7/l6-inch strand are the same.

E. ‘Statistical‘Study

"A statistical study was conducted to determine the inher-
ent testing error of the Strand Stress Beam and the sampling error
along prestressing strands made by various manufacturers when o
subjected to design axial tensile forces.

The sampling error along a strand can be attributed to a
varying moment of inertia caused by (1) the lay of the strand, (2)
. the individual wires of the strand not:being perfectly round, and.
(3) the diameter of the individual wires which may vary from manu-
facturer to manufacturer and also may vary within a given manufacturer
for strands made at different times and plants. -

It was previously hypothesized that the sensitivity of the
Strand Stress Beam, to indicate the instant the beam and strand come
in contact, was dependent om the geometrical shape of the beam. To
quantitatively verify that an optimum beam design had been achieved,
a second beam (Beam No. 2) of slightly different geometrical shape
as shown in Figure 20 was statistically compared to Beam No. 1,

To perform the laboratory tests, a strand was subjected
to an axial tensile force and then allowed to stand until the creep ..
losses became negligible. The strand was then marked off in 20-
l-inch increments and five (n) repeat observations were made with
each beam (Beam No. 1 and Beam No. 2) at ten (k) alternate marks,
each mark being referred to as a sample. To eliminate operatér
error,” all tests were performed by one individual.

Denoting an observation by Y, the means of the sample and
the strand to which it belongs by Y; and Y}, respectively, the
standard deviation ( s ) of a beam between repeat tests about sample
means, and the standard deviation ( s ) between means of samples
about the mean of a strand were determined from the following two
formulas (Ref. 2): . -

Beam Tésting Error
y 0;____ Z(Yn?&')z
K(h-1)
Sémpling Error Along A Strand
[ O , E(Vs-14)?
. ‘ v 7 ) '(/("/)_
‘Where: n =5, k= 10

The tesﬁing error of each beam and the sampling error
along a strand for each of the various brands and for the extreme
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linits of strand force encountered in field applications, as deter-
mined by the standard deviation, are shown in Table 5. This Table
18" a’  summary of Table 6 which contains all the data for each beam
and the calculated standard deviations for both type errors.

: : It is appareit frolh Table 5 that the sampling error (Ts)
along a strand is “indepetidenit of the strand manufacture and the
strand force. - Thereforé, the arithmetic mean of the standard '
deviation (Us) of all the teésts conducted, which is equal to 10.0,
is -considered to be répresentative of any 1/2 inch dia. 270 ksi
prestressing strand

i Data. from the statistical study was then utilized to
determine the precision of the Strand Stress Beam Instrument (Beam
No, 1) to yield 95 percent confidence limits by use of formula.

(Ref°.3) _ o
o
Where:

= tPrecision of the strain reading

< =
1}

Arithmetic mean beam strain of (n) random
observations along the strand . .

2,776 (studemt's "t")

-5 s C

Sampling error along a strand

(03) (N) (Gage factor of strain gages)

(Gage factor set on Budd Indicator)
N = (1 +-0 29) (No. of cross strain gages) -

Q § B o
0

Applying this statistical formula to the calibration
~ecurves obtalned, and recalling that the actual beam strain was
~used ‘in plotting the curves, the precision of the beam strain (Y)

of random obsetrvations along the strands is equal to:

[yv‘ 2776(/00)]/0 $in/im
V= f yz--/z] 10°8infin

Now comblning the calibration curves obtained with Beam No. 1 (as

shovm in Figuré 15) into two curves, one of Beth. and Union strand
and the other of USS and CF&I strand, the precision of the strain

(Y) will 95 out of 100 times lie withln the limits (dashed lines)

as. shown 1n Figures 17 and 18.
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This facilitates relatlvéiy accurate estimation of the
unknown strand forces. For example, a strand that has in reality
a force of 28.0 kips will 95 out of 100 times be determined to be

within the limits of 28.0 £+ 0.4 kips Which is 1.5 percent.

This variation of + 0.4 kips in determining the strand
force in the design range (Zg'to 30 kips) of 1/2-inch diameter 270.
ksi prestressing strand will hold true for -any magnification of the
beam strain. For example, using two "cross™ strain gages with a
gage factor of 1.94 and a gage factorgof 0. 55 on the Budd Indicator,
the prec1310n of the straxn reading (Y) is equal to:

y* \2/.3'_7_76 (10.0)(2.58) 55 (gﬁf)} /0'51‘)7/}'7

Y=(Y % 110) 10" € Jn/in

Now magnifying the beam strain to the strain readings* that would be
obtained on the Budd Indicator Straim Counter, the calibration curve .
for the Beth.~Union strand as shown in Figure 19 will be obtained,
Thus it is apparent that the unknown strand force at 28.0 kips will
95 out of 100 times be within the limits (dashed lines) of + 0.4
kips or 1.5 percent.

‘ “<i|

Returning now to the discussion on the sensitivity of the
Strand Stress Beam, Beam No. 2 was designed to increase the sensi~
tivity of the beam by increasing the bending stresses (see Figure 6)
at the interface of the two lower flanges and web. This was v
accomplished as shown in Figure 20 by reducing the 1nterface area
approximately 24 percent.

it is apparent from Table 5 that the testing error for
each beam (Beam No. 1 or Beam No. 2) is approximately of the same
order of magnitude. This indicates.that either (1) the response of
the individual operating the beam instrument and.Budd Indicator was
too slow to detect any change in the sensitivity of the transverse
strain gages which existed between the two beams of slightly differ~
ent geometrical shape, or (2) the sensitivities of the two SR-4
Baldwin Cross Strain Gages (Type AFX-7-S56) and the beam {Beam No. 1)
were already or nearly compatible. It seems reasonable to assume .
that the beam could be designed to be too sensitive as well as being
too insensitive for any ome type of Meross™ strain gage.

After completion of the tests for ‘the statistical study,
the two transverse strain gages of Beam No. 2 were disconnected from

m or oo o8 MM e e @ @ G D W G M M n o oy B O A W am o wm ok o a0 o W o oo

% Strain Reading = (Beam Strain) (2.58) %%&%%%.

= (Beam Strain) (9.10)
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the strain gage circuitry. It was then demonstrated that without
the transverse strain gages a definite strain reading point no longer
existed at the instant of contact between the beam and strand. At a
strand force of 29.0 kips, five repeat beam test observations were
made at two random points along the strand by two individuals. The
beam strain readings obtained for a "soft touch™ and a ™hard' touch®
are shown in Table 7. The soft touch is that point when one- just
feels the initial contact between the beam and strand. After the
beam and strand are in contact, it is still possible to apply a firm
additional load which will then deform the beam and strand. This
load is refeired to as the hard touch, As previously discussed, the
two longitudinal strain gages are elongated.from the radial temsile
strain components which occur. due to the compressive forces. _As
shown in Table 7, a beam strain difference of 50 and 68 x 10~6 in/in
was obtained by two operators between a soft and hard touch. In the
design rgnge'of the strand, a beam strain difference of 50 and

68 x 10-6 in/in is approximately a difference in strand force of 2
and 3 kips respectively. The primary reason why the original stress
beam could not be relied upon for any degree of accuracy was because
ne provision was made to obtain a definite strain reading point
which as demonstrated varies significantly from a soft touch to a
hard touch and from operator to operator.

It is therefore concluded that the basic principle of
utilizing cross strain gages to determine a definite strain reading
point the instant the deflected beam and strand come in contact is
quite sound. '

" F. Correlation

A correlation was obtained between the calibrated and
theoretical curves of the strain in the Strand Stress Beam (Beam
No. 1) versus the axial tensile force in 1/2 and 7/16-inch diameter
270 ksi prestressing strands.

The theoretical equations, previously derived, for the
solution to the Strand Stress Beam are as follows:

) 12y (L-24)4 | k
3 24 531_3 _ ]

< Lﬁ *RE B 1. (ATTanh A (15)

‘ | SIMPLE

€= lZ,y(.Z-_-Zcz)A SUPPORTS
3. , 24 EBIB /—_ , __(CO.Sﬁ A"‘/)‘i/}

/;+k€53 EsIs LA T/ A Sink ACosh A

L F.*E:l{gi))'_

SUPPORTS
KZ... o

Where: ,4,___/(.5 = g2
s £Ls

b
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T Due to the number and combinations of variables lnvolved
an IBM 360 Computer was used to facilitate obtaining the data needed
to construct the theoretical curves. The Fortran flow diagram and
program that were used are shown in Figures 21 and 22, - .

A strand modulus of elasticity (Eg) of 26.5 x 10° psi was
used in the theoretical solutions. This vaiue was determined from

a statistical study conducted on three strand manufactures as shown
in Table 8. . . _ o

The beam moment of inertia (Ig) and the distance (y) from
the beam's neutral axis to the cross straln gages was determined
theoretically and by laboratory tests as. shown in Figure 9 and
Table 9 respectively. :

THEORETICAL LABORATORY
Iz = 0.0585 in® Ip = 0.0560 in%
Ep = 29.5 x 100 psi
y = 0,347 in y = 0,352 in

As apparent, a difference of 4.3 percent for the moment
of inertia and 1.9 percent for the distance (y) exist between the
two methods. However, this difference can be attributed to (1) the
three small holes at the midspan of the beam needed to maintain the
top and bottom bearing blocks in position and alignment, (2) the
beam dimensions, measured by a micrometer, may vary + 0.00l.of an
inch, (3) the cross section of the beam may vary along its length
due to the quality of machining finish, and (4) the end constraints
are not accurately known.

In the first group of theoretical curves relating beam
strain to strand force, Figure 23, the strand moment of inertia
(Ig) was treated as a variable w1th the other parameters listed
being held constant. The points taken from the two combined cali-
brated curves (Beth.-Union and USS-CF&I strand) are shown to
demonstrate the relative agreement between the.theoretical curves
and the calibration points. It is apparent that the strand cannot
be considered to be fixed at the beam supports (Equation 16), as
the theoretical curves, shown as dashed lines, indicate much higher
strains than those determined from the actual stress beam calibra-
tions. However, a good correlation was obtained when the strand
was considered as being simply supported (Equation 15). Therefore,
it is hypothesized that a point of contraflexure occurs in the
strand at or near each support. This condition was verified by
visual observation in the laboratory.

In the second group of theoretical curves relating beam
strain to strand force, Figure 24, the beam moment of inertia (IB)
was treated as the varlzbl the moment of inertia of the strand .
was taken as 0.00217 in%?, and.the other parameters are listed.

The Ip's of 0.0585 in%. andwﬁmgééﬂ inf are, as previously - "~
mentioned, the#theonatacal -arld laboratory- determlned védlues,
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respectively. As apparent, a good correlation was obtained between
~the calibrated curves and the theoretical curve for the laboratory
determined value of Ig. '

Finally, as shown in Figure 25, an excellent correlation
was obtained between the calibrated and theoretical curves for the
1/2-inch diameter 270 ksi prestressing strand in the design range
of'25'to.32 kips. The value of the strand moment of inertia (Ig =
0.00215 in*) used was the theoretical arithmetic mean of the four
strand manufacturers taken about the l-1 axis as shown in Table 2.
As previously mentioned, the beam moment of inertia (Ig = 0.0560 in4)
and the distance (y = 0.352 in) from the beam's neutral axis to the .
.strain gages were determined from laboratory tests. The calibrated
curve was that curve which falls approximately on the lower limits
0f the Beth.-Union strand and the upper limits of the USS~CF&I
strand as discussed in the Statistical Study Section and shown in
Figures 17 and 18. Therefore, the calibrated curve will still be
accurate within + 1.5 percent with 95 percent confidence limits.,

An excellent correlation was also obtained between the
calibrated and theoretical curves for 7/16=inch diameter 270 ksi
prestressing strands in the design range of 16 to 20 kips as shown
in Figure 26. ‘ R —

It is therefore concluded that if the moment of inertia
of the beam (Ip) and the distance (y) from the beam's neutral axis
to the "cross™ strain gages are first determined by laboratory tests
the theoretical curve established by using those values will be as
accurate as a laboratory calibrated curve within the design range
of the strand. Thereby an instrument is provided that can be
readily used as an accurate inspection tool on most pretensioning
operations that utilize high strength strand as the stressing
medium, o
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Figure 9
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Figure 14

CALIBRATION CURVE
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Figure 15

CALIBRATION CURVE
i/2~INCH DlA 270 KSI PRESTRESSING STRAND

BEAM NO.1I
35 | T i T T I
30}
25
’; B —
o
¥ B —
w B )
g B —_
Fo) 20
u- B —
D B —
=
< B —
[t
- ™ _
9 s
B ——— BETHLEHEM STRAND -
I —--— UNION STRAND -
'0 UNITED STATES — ]
B STEEL STRAND ~
/S COLORADO FUEL AND ]
B IRON STRAND —
5 . ! ! | | 1 I |
200 400 600 - 800 1000 1200 1400

BEAM STRAIN (10 8in/in)

ChihPDF - www.fastio.com


http://www.fastio.com/

Figure 16
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Figure 20

STRAND BEAM NO. 2

. NEUTRAL AXIS AND MOMENT OF INERTIA
( THEORETICAL CALCULATIONS)

BEAM DIMENSIONS
+ y
o

1.021 | 0.508 ! 2;% \ n.a._{r_
i | 19-359 | o0.559
ALE N £ ‘ 1 0.200 1 .
0.203 —— ~—1 [~ 0.203

0,909 ~»
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Section vy A ya

(in) . (in®) (1n3)
1 0.156 0.,1266  0.0198
2 0.611 0.4130 0.2523
3 0.921 0.0820 0,0756 Y = 0.559 in,,
0.6216 Oe 34771 A= 0,622 in.?
MOMENT of INERTIA
: 2 2
Section I A d Ad
(1oH) (in2)  (in2) (ind)

0.00102 0.1266 0.162l 0.02056
0.02319 0.4130 0.0027 0.00112

0.00028  0.0820  0.1310 0.010ﬁg
0.024}9 0.0321;2

T = 0.0569 inlt

W N

ClihPDF - www .fastio.com


http://www.fastio.com/

Figure 21

IBM360 FORTRAN FLOW CHART FOR
STRAND STRESS BEAM THEORETICAL EQUATIONS
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Figure 22 (Continued)
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Figure 23

THEORETICAL CURVES
172" DIA. 270 KSI PRESTRESSING STRAND
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Figure 24

THEORETICAL CURVES
1/2-INCH DIA. 270 KSI PRESTRESSING STRAND
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Figure 25

CORRELATION OF

CALIBRATED AND THEORETICAL CURVES

172 INCH DIA. 270 KSI PRESTRESSING STRAND
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Figure 26

CORRELATION OF |
CALIBRATED AND THEORETICAL CURVES
7/16 INCH DIA. 270 KSI PRESTRESSING STRAND
BEAM NO. |
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TABLE 1

LABORATORY AND FIELD CALIERATION DATA FOR BEAM NO.1
- 1/2" DIA. 270 KSI PRESTRESSING STRAND

US3 STRAND

Leboratory Test ®

—

Strend Lgth 13' Lay Lgth _7"

Strand Strain Reading

Force (10'61n/1n)

(kips) GF=0.55 Besm
5.8 2839 - 312
10. L 86 Lyo3
15.6 5951 654
20.3 71513 786
2.3 8172 898
27.8 8863 97h

30,7 9455 1039

Laboratory Test -

Strend Lgth 13' Lay Lgth 7-1/8"

Strand Strein Reading

Force (10“61n/1n}
{kips) GF=0,55 Beam
TSR~ S
.2 2697 626
16,2 - 6265 689
20.1 7251 797
. 23.8 8102 890
26.4 8688 955
28.7 9183 1009
31,2 9699 1066

ClihPDF - www .fastio.com

Laboratory Test O

Strand Lgth 13' Lay Lgth 7-1/8"
Strand Strain Resding

Force (10~%1n/1n)

(kips) GF=0.,55 DBeanm
5.l 2712 298
10. L4565 502
15.3 6027 662
19.7 7178 789
23.9 8192 500
27.3 8896 978

30.0 9,8} o042

Field Test X
Strand Lgth 71' Lay Lgth 7"

Strand - Strain Reading
| FOI‘CS (10-6in/1n)
(kips) @F=0.55 Beam

10.6 L5534 198

.7 5777 635
19.0 6910 763
22.6 7921 871
26.5 8777 961,

29.3 9276 1019
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TABLE 1

LABORATORY AND FIELD CALIBRATION DATA FOR BEAM NO.1
1/2" DIA. 270 KSI PRESTRESSING STRAND

EETHLEHEM STRAND

Laboratory Test o : Laboratory Test O
Strand Lgth 13! Lay Lgth 6=1/4" Strand Lgth 13' Lay Lgth 6-1/8"
Strand Straig Reading Strand Straig Reading
Force (10 "in/in) Force (10" in/in)
(kips) GF=0.55 Beam (kips) GF=0.55 Beam
h.6 2321 255 5.8 269l 296
10.9 32 87 11, hlios ol
15.1 5633 619 15.6 5769 34
19,7 - 6919 760 20,2 7189 790
2hel 7963 875 23.2 7708 8L7
27 8681 95, 26.3 8563 9%1
130.0 9218 1013 29,5 8991 988
Laboratory Test X Field Test _4
Strand Lgth 13' Lay Lgth 6-1/2" Strand Lgth T1' Ley Lgth 6-1/4"
Strand  Strain Reading Strand Strain Reading
Force (10"%1in/1n) Force (10~®1n/in)
(kips) GF=0.55 Beam (kips) @F=0.55 Beam
6.6 3060 336 10.5 hh33 87
10.8 29 1486 1%.8 5636 19
15.4 5815 638 18.9 6773 Thly
20.1 6923 760 22.6 7703 8l7
2.9 8131 893 26.5 8571 9%2
27.9 8768 963 29.3 8993 968
29.6 9098 1000 '
22.8 770k . 8hy7
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TABLE 1

LABORATORY AND FIELD CALIERATION DATA FOR BEAM NO.1
~1/2" DIA. 270 KSI PRESTRESSING STRAND

. A UNION STRAND

Laboratory Test _®

Strand Lgth 13! Lay Lgth 7"

Strand Straln Reading

Laboratory Test O
Strand Lgth 13' Lay Lgth _7"
- Strand Strain Resadling

Force (20"1n/1n) Force (10~%4n/1n)
(kips) GF=0.55 Beam (kips) GF=0.55 Beam
4.5 2366 260 7.1 3355 369
10.1 hatt L70 10,1 4370 80
1.2 5460 600 13.7 5188 03
19.4 6907 759 - 18,8 6876 756
23,6 7853 863 23.2 7870 865
27.1 8700 956 26.3 8506 935
29.1 9037 993 28.8 206l 996
30.7 ol1l 1035

30.1 9194 1010

Laboratory Test 5

Strand Lgth 13' Lay Lgth 7%"

Strand  Strain Reading

Field Test X
Strand Lgth_71' Lay Lgth 7"
| Strand  Strain Reading

Force (10®1n/1n) Force (10~01n/1n)
(kips) GPF=0.55 Beam (kips) GF=0,55 Beam
6.7 3115 3h2 10.5 W22 80
120 5033 553 .7 5641 20
17.1 6356 699 18.9 6767 Ll
21,9 7533 828 22.7 7627 8,5
25.7 8400 923 26. 8603 qli5
’ 28.0 8876 975 29,3 9096 1000
29.9 9250 1017

29.7 9273 1019
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TABLE 1

LABORATORY AND FIELD CALIBRATION DATA FOR BEAM NO.1
"~ 1/2" DIA. 270 KSI PRESTRESSING STRAND

CF&I STRAND
Laboratory Test *_ Laborstory Test O
Strand Lgth 13! Lay'Lgth7-1{8" Strand Lgth 13' Lay Lgth 7'
Strand Str&ig Reading Strand Strain Reading
Foree (107 1n/1n) Force (20™%1n/1n)
 (kips)  GF=0.55 Beam (kips) (F=0.55 Beam
5.0 2630 289 6.6 3362 369
10.5 %61& 507 10.2 L5l 505
i5.6 12l 673 i5.1 6149 676
20.8 W71 821 20.3 7529 827
2L .7 8399 923 .5 8L70 931
27.7 8991 988 28.4 9337 1026
31.2 9619 1057
26.6 8800 967
Laboratory Test © Field Test X
Strend.Lgth 13' Lay Lgth 7" Strand Lgth 71! Lay Lgth 7"
Strand  Strain Reading Strand Straig Reading
Force (10~®1n/1n) Force (10" in/in)
(kips) GF=0,55 Beam (kips) GF=0.55 Beanm
- 5.2 2662 293 10.6 L1599 505
11.4 923 5%1 L7 5802 638
16.1 252 687 18.9 6918 760
20.k - 7528 827 22.7 7959 875
23.9 8230 904 26.1 8836 971
28.0 919l 1005 | 29,3 9319 102l

30.6 9551 1050
29.9 oL27 1036
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TABLE 2

MOMENT OF INERTIA
1/2 INCH DIAMETER 270 KSI PRESTRESSING STRAND

{ THEORETIC AL )

Manufacturer d, d, I I,

.o | (in) (1n) (1077 1ol
Beth. 0.1717 0.1667 217 205
. | 0.1722 0.1667 215 205
Union 0.1710 0,1658 210 201
‘ 0.1713 0.1656 210 200
Uss 0.1732 0.1657 21l 203
- 0.1737 0.1657 21l 2ol
CF&I 0.1732 0.1675 219 207
0.1728 0.1661 218 205

d. 1s an average of 12 measurements (2 per wire)

d, is an average of 2 meassurements
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TABLE 3

BEAM (NO. 1) TEST ON HARPED
‘1/2" DIA, 270 KSI PRESTRESSING STRAND

BETHLEHEM STRAND

STRAND FORCE 27.4 %IPS
STRAND ANGLE &

Distance From Strain Reading
Harping Point (GF = 0.55)

(££) (107%1n/1in)

1 8710
8730
8720
8730
8810
8740

2 8700
8720
8650
8690
8680
8688

3 8720
8810
8810
8810
8750
8780

4 8720
8700
8720
8690
8690
BT04
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TABLE 4

LABORATORY CALIBRATION DATA FOR BEAM NO. 1
7/16™ DIA. 270 KSI PRESTRESSING STRAND

C.F.& I. STRAND

Strand Strain Reading
Force (1076 in/1in)
(kips) GF=0.55  Beam
5.2 2513 276
8.0 3513 386
10,2 4306 473
12.8 5087 559
15.5 5850 043
18.2 6635 729
20.5 7263 798

C.F.& I, STRAND

Strand Strain Reading
Force (106 in/in)
(kips) GF=0.55 Beam
5.6 2691 296
7.6 3433 377
10.4 4318 475
12.7 5140 565
15.4 5931 - 652
18.8 6735 740
20.5 7233 795

www . fastio.com

C.F.& 1. STRAND

Sﬁrand
Force

Strain Reading
(10~8 in/in)
(kips GF=0.55 Beam

5.5 2597 - 285
10.3 4253 467
12,7 5008 550
15.3 3770 634
18,8 6728 739
21.5 7313 804

U.S.S5. STRAND

Strand Strain Reading
Force (107% in/in)
(kips) GF=0.55 Beam
5.5 2701 297
10.2 4331 476
12,7 5100 560
15.1 3860 644
17.1 6360 699
18.8 6838 751
20.8 7337 806
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. TABLE &

LABORATORY CALIBRATION DATA FOR BEAM No. 1
7/16" DIA. 270 KSI PRESTRESSING STRAND

BETHLEHEM STRAND

Strand Strain Reading

Force (107 in/in)

(kips) GF=0.55 Beam
5.3 2465 271
7.6 3200 352
10.0 4064 447
12.9 4890 537
15.9 5846 642
18.8 6610 726

20.9 7235 795

W fastio.com:

BETHLEHEM STRAND

Strand Strain Reading
Foxce (1076 in/in)
(kips) GF=0.55  Beam

5.1 2335 257
7.4 3164 348
10.4 4180 459
12.9 4960 545
14.8 3541 609
17.4 6285 691
20.3 7023 772
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Strand Strand
S Manufacturer = Force
(kips)

Uss 22.8
Uss 29.5
Uss 30,1
BETH. 26.5
CF&I 24.9
CPF&I 29.9
UNION 22.2
UNION 29.2
UNION 29.4

ClihPDF - www .fastio.com

TABLE

5

STATISTICAL STUDY
1/2" DIA. 270 KSI PRESTRESSING STRAND

Standard Deviation (‘].()'6 in/in)

Testing Error

Beam
No.

1.8
1.8

1.8

1.9
2.0
1.8
1.2
1.5

1.9

1

Beam

No.

1.9
1.8
2.0
2.1
1.9

2

Sampling Error

Beam

No.

17.3
15.4
6.2
7.7
8.7
5.9
3.7

1

14.3

4.6

Beam
No. 2
17.3
16.5
6.4
10.6
4‘3
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Page 1 of 14

TABLE _6_

“STATISTICAL ANALYSIS OF BEAM.L.
z DIA 270 KS| STRAND ‘FORCE _22.8 KIPS

STRAND MANUFACTURER UsSs _

. . = - - . . = = = .2
Yi (vi-¥s)? | (¥s-Yb)° Yi | vi-¥s)% | (Ys-Yb)
849 4 867 4
849 4 872 9
846 1 871 4
845 4 869 0
844 -9 0 867 4 484
850 1 855 4
849 4 852 1
849 4 853 0
851 0 _ 853 0
856 25 16 854 1 36
847 0 871 Q
846 1 871 0
845 4 869 4
847 0 872 1
848 1 ¢] 871 0 576
818 4 845 43
820 0 843 0
822 4 843. 0
821 1 | 844 1
8§21 1 729 729 1 16
848 1 819 1
848 1 819 1
846 1 820 4
346 1 317 1
845 4 0 817 1 841

2126 22698
'\ -2
i-Ys -6 . .
O geam = JZ(Y4O ) = +1.8 XI0 S in/in
_ - e ———
o Y (Ys-¥b) ..,
-] = BEAM 4 . = . X10 " in/in
TsampLE 'JS 9 * 17.3
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Page 2 of 14

| TABLE 6
STATISTICAL ANALYSIS OF BEAM_L
3+ DIA 270 KSI STRAND FORCE _29.5 KIPS

~ STRAND MANUFACTURER USS
. . R v Y - = = . . Tzl S, Surl
Yi (Yi-¥s)? | (Ys-¥b)° Yi | (Yi-¥s)? | (Ys-Tb)
1000 1 981 1
- 1000 1 280 Q
1000 1 978 4
999 . 0 980 Q-
998 1 0 980 0 361
1010 1 1008 1
1010 1 1009 4
1010 1 1011 16
1008 1 _ 1002 25
1007 4 100 1006 1 64
974 . 0 1013 0
975 1 1013 0
975 1 1015 4
974 0 1012 1
974 (0] 625 1013 0] 196
1005 1 995 9
1007 1 998 0
1007 1 998 . 0
1004 4 998 0
1006 0 49 998 0 1
1026 16 983 9
1024 4 982 | 4
1022 0 980 Q
1021 1 : 978 4
. 1019 9 525 979 1 361
. 2135 Z 2282

. = .2
O geam = \/Z W;BYS) = + 1.8 X 10°8 in/in

- g ) (Vs-Vb)2_ 6
TsameLE =\/5'35AM+ 5 =+ 15.4 XI10 " in/in
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Page 3 of 14

PDF -

TABLE 6_
STATISTICAL ANALYSIS OF BEAM_L
3 DIA 270 . KSI STRAND ‘FORCE _._30.1__KIPS
STRAND MANUFACTURER EES '
Yi (Yi-¥5)2 | (Ys-¥b)? Yi | (vi-¥s)? | (Ys-Yb)?
1032 16 1044 A
1029 1 1042 0
1028 0 1042 0
1028 0 1040 4
1025 9 100 1040 4 16
1037 1 1044 1
1037 1 1043 0
1035 1 1043 0
1037 1 1043 0
1034 A 4 1040 9 25
1044 0 1044 0
1045 1 1049 25
1045 1 1043 1
1045 1 1042 4
1043 1 36 1041 9 36
— 1028 0 1037 1
1029. 1 1036 0
1028 0 1037 . 1
1028 0 1033 9
1028 0 100 1035 1 4
1042 0 1042 1
1043 1 1041 0
1042 0 1040 1
1042 0 1039 4
1040 A 16 1038 9 0
2:132 2: 337
T aeam = ‘/ 2 (Y' Y“‘) =+ 1.8 X10"° in/in
¥s -Yb)? -
J—BEAM-I- Z( . ) = + 6.2 XIOSin/in
OsampLeE = 9 -

wvvwfastio.com
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7 "DIA 270 Ksli STRAND 'FORCE

TABLE 6.
STATlSTICAL ANALYSIS OF BEAM_Z.

Page 4 of 14

—22.8 KIPS

STRAND MANUFACTURER USs
. . = - - o . == —_ - D

Yi | (¥i-e) | (%s-Vb)° Yi | (vi-¥s)® | (Ys-Vb)

920 9 872 9

914 9 875 0

917 0 376 1

916 1 877 4 |

917 0 484 873 A 400

901 9 901 1

900 4 901 1

899 1 902 0

896 4 | 902 0

896 4 ) 902 0 49

561 T 904 1

863 1 902 1

861 1 905 4

864 /, 903 0

863 1 961 903 0 64

907 9 875 1

912 - 4 877 1

913 9 877 1

913 9 \ 877 1

907 9 225 878 4 361

906 9 903 1

903" 0 906 4

902 1 905 1

901 4 903 1 |

902 1 64 904 0 3L
2145 22698

O-BEAM

1 BEAM -+
SAMPLE

STIo.com

2 (Vs ---7b)2=

9

+ 17.3

Jz (Yi - Ys) + 1.9 X 10~ in/in.

X 1078

in/in
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TABLE 6
STATISTICAL ANALYSIS OF BEAM _2
£ DIA 270 KS| STRAND FORCE _29.5 _KIPS

STRAND MANUFACTURER Uss _
Yi (Yi-¥s)® | (Ys-¥b)? Yi | (vi-¥6)? | (Ys-Vb)

1083 A 1067 0

1079 4 1069 4

1081 0 1069 4

1079 /, 1069 _ 4

1082 1 361 1064 9 25

1053 1 1066 1

1053 1 1066 1

1054 /, 1066 1

1050 Z, | 1064 1

1050 4 100 1064 1 9

1034 9 1078 16

1031 0 1074 0

1028 9 1071 9

1030 1 1073 1

1031 0 961 1073 1 144

1071 0 1038 0

1071 0 1038 0

1072 1 1038 0

1071 0 1038 0

1070 1 81 1036 4 576

1073 1 1075 9

1073 1 1070 2

1073 1 1072 0

1070 4 1072 0

1071 1 100 1070 4 100
E: 130 }E 2457

T geam = Z (Y' YS) =4+ 1.8 X 107% in/in

T o2
o \/_ BEAM + Z(YS Yb) = + 16.5 XIO'B in/in
SAMPLE 9

ClibPD www . fastio.com
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TABLE 6.

. Page 6 of 1%

“STATIST|CAL ANALYSIS OF BEAM_1.
3 DIA 270 KS| STRAND ‘FORCE _26.5

KIPS

STRAND MANUFACTURER . BETHLEHEM

- Yi (vi-¥%)? | (Ys-¥0)° Yi | (vi-¥s)? | (V=)
944 0 947 9
. 944 0 950 0
944 0 1950 0
944 0 951 1
‘ 944 0 36 951 1 0_
538 i 949 0
937 0 549 0
938 1 549 0
935 4 ‘ 949 0
936 1 169 949 0 1
951 0 962 L
953 4 958 4
951 0 962 4
950 1 _ 959 1
950 1 1 961 1 100
953 9 940 1
949; 1 939 4
947 9 938 9
949 1 943 %
951 i 0| [943 % 81
963 4 956 4
959 4 956 %
‘ 959 4 952 4
" 962 1 952 4
964 4 121 952 4 16
h 5: 118 2: 525
. —
[ B -8 . .
. O-BEAM = JZ ri-Ysl . + 1.7 XIO 6_ in/in
¥s-Yb)? -
o- --BEAM+ Z( A ) =4 7.7 XIOsin/in
SAMPLE 9 - '
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| TABLE 6.
STATISTICAL. ANALYSIS OF BEAM 2
3 DIA 270 KSI STRAND FORCE _26.5  KIPS
STRAND MANUFACTURER . BETHLEHEM '
Yi | (i-¥6) [ (%s-T0)° Yi  |tvi-¥s)? | (Ys-Vb)°
1009 1 1015 1
1008 4 1016 0
1011 1 1017 16
1013 9 1020 1
1008 A 4 1012 16 16
1009 . 1 1010 16
1011 9 1015 1
1009 1 1015 1
1007 1 . 1014 0
1006 4 16 1014 0 4
1019 1 1006 1
1020 0 1005 4
1019 1 1008 1
1021 1 1007 0
1019 1 64 1010 9 25
1001 1 1005 16
1001 1 1010 1
1002 0 1010 1
1001 1 , 1010 1
1004 4 100 1010 1 9
1022 ] 0 1006 1
1022 _ 0 1005 4
1024 4 1008 1
1024 4 1007 0
1019 9 100 1010 9 25
2: 165 §: 363
Ys -6 .,
O'BEAM Z (Yt ) =+ 2.0 X {10 6 in/in
¥s-Yb)2 .
o- ‘/ 'BEAM + Z( ) sS4 6.4 X10°® in/in
SAMPLE ~

wwvwfas

fio.com
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* 4] 01 0 $001
T gZ0T T 9001
T 9201 7 L00T
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0 ~GCOT 0 966
T Y201 T 166
T G201 T 166
6% 3 0101 7% T 086
1 Z101 0 <86
0 €101 0 526
T 10T 0 G86
6 9101 3 886
T T 5001 68¢ 7 786
7 9001 T 066
] 900T 0 686
T 600T 0 686
. T 600T T 066
‘ 001 T C101 6% i 166
: 17 10T 0 666
. T G101 0 666
7 8101 0 666
| T 7101 0 566
. ‘ - -1 1 -S ~1 o
SAA=SAY [ (SA-1A) 1A A=SA) [ (SA-IA) {1 1A
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TABLE 6.

Page 10 of 14

STATISTICAL ANALYSIS OF BEAM_L

4"DIA 270 KS! STRAND FORCE

STRAND\MANUFACTURER' UNION

—23.4 Kkips

: Yi | vi-¥)? | (Ye-V0)? Yi  |(vi-¥s)? | (Ys-T0)2
1013 49 1015 ' 4
Coy 1007 1 1014 1
1006 0 1015 4
1004 4 1012 1
1004 4 4 1009 16 25
1002 1 1008 9
1002 1 1004 1
1000 1 1004 1
1000 1 | 1005 0
1001 Q 49 1005 0 9
1008 4 1010 1]
1008 4 1012 1
1002 16 1011 0
1006 0 1010 1
1004 4 A 1010 1 9
1008 0 1017 0
1008 0 1017 0
1007 1 1017 1
1008 0 1018 1,
1008 0 0 1017 0 81
1009 0 1005 )
1009 0 1007 4
1008 1 1007 1
1009 0 1005 0
) 1008 1 i 1004 1 9
. E: 142 E: 191
O-BEAM Z (Yl Ys) = +1.9 XI0™® inin
Ys-Yb)2 -6 . .
o- BEA + Z( - ) S+ 4.6 Xi0 6 in/Zin
UsampLE T b - ,

ClihPDF - www .fastio.com
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Page 11 of 14

’

| TABLE6.
STATISTICAL ANALYSIS OF BEAM .1,

# DIA 270 KSI STRAND FORCE __24.9 _KIPS
STRAND MANUFACTURER CF&I ’

Yi | (Yi-%)? | (Ys-Yb)° Yi | (Yi-¥s)? [ (Ys-¥b)?
241 1 951 9
943 9 954 0
938 A 954 0
940 0 | 956 A
239 1 25 953 1 81
931 0 951 1
933 4 952 0
931 0 954 4
930 1 . 951 1
928 9 196 954 4 49
952 % 941 5
954 0 947 1
951 9 940 1
237 9 939 4
954 0 81 944 9 16
947 0 932 1
943 16 932 B
248 1 934 1
947 0 933 0 |
949 4 4 933 Q 144
954 0 947 2
949 25 947 0
954 0 950 9
953 1 947 0
951 9 81 946 1 4

| Y 159 |) es1

| o2
T seam © \/Z (YLOYS) =+ 2.0 XI107® in/in
¥s -Yb)2 -6 .
Z( ) -b’ =4 8.7 x10°® in/in

‘ g
| TsampLE =\/5 BEAM F

ClibPD www . fastio.com
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. TABLE 6
STATISTICAL ANALYSIS OF BEAM_L

£ DIA 270 KSI STRAND FORCE __22.9  KIPS
STRAND MANUFACTURER . CF&I |

Yi | (vi-Y6)? | (Ys-¥b)? Yi | (Yi-¥s)? | (Ys-Tb)?
1051 1 1061 16
L 1048 4 1058 1
1051 1 1054 9
1048 4 1057 0
1 1051 1 - 36 1057 0 1
1050 9 1060 1
1048 1 1062 1
1046 1 1064 9
1047 1 1060 1
1045 4 81 1063 4 25
1063 4 1062 9
1061 0 1059 0
1061 0 1058 1
1061 0 1059 0
1059 4 2.0 1060 1 9
1053 1 1049 1
1053: 1 1048 0
1052 0 1048 . 0
1050 4 1048 0
1053 1 16 1050 4 64
1054 9 1064 1
1058 1 1065 4
1059 4 1064 1
1058 1 1064 1
1057 0 1 1062 1 49
‘ E: 123 }E 307

. = 2
7 geam ""JZ(YLOYS) =+ 1.8 X110 in/in

e Y (s -Yb)°_ .,
OsamPLE =‘/55EAM+ g ° + 5.9 - XI0 " in/in

ClihPDF - www .fastio.com
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TABLE &
STATISTICAL ANALYSIS OF BEAM_Z
£ DIA 270 KSI STRAND FORCE _24.3 KIPS
STRAND MANUFACTURER . CE&L _

Yi | ti-¥6)? | (V-0 vi | (vi-¥e)? | (¥s-Vb)®
996 9 1000 0
998 1 999 1
999 0 1000 0
999 0 1000 0
999 0 49 999 1 64
994 1 993 _ 0
994 1 994 1
993 4 993 0
996 1 993 0
999 16 9 991 4 1
1006 1 991 %
1008 1 989 0
1008 1 987 4
1009 4 | 989 0
1013 36 225 989 0 9
996 1 970 4
996 1 972 0
995 0 974 4
994 1 975 9
996 1 9 971 1 400
999 4 973 16
996 1 981 16
995 . 4 977 0
1000 9 975 4
997 0 25 979 4 225

| | Z 171 Z 1016

= \2
_ D {Yi-Ys) - -6 .,
O-BEAM- J 40 hat i 2'1 XlO |n/ln

_ - _
- TsampLE =J5 BEAM -

www fastio.com

Y (Vs —7b)2=

9

+ 10.6. XI10™® in/in
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TABLE 6

STATISTICAL ANALYSIS OF BEAM _Z
+ DIA 270 KS| STRAND ‘FORCE __29.8 Kips
STRAND MANUFACTURER CE&L

. . w22 - = . g = = =
Yi (Yi-¥s)? | (Ys-¥b)? Yi | (Yi-¥s)? | (Ys-Vb)?
1108 0] 1119 4
. 1107 1 1118 1
1109 1 1116 1
1110 4 1116 1 .
1 1107 1 64 . 1116 1 1
1124 4 1110 1
1119 9 1111 0
1124 /, 1109 Z,
1121 1 1110 1
1122 0 36 1114 9 25
1118 0 1116 0
1119 1 1115 1
1115 9 1115 1
1119 1 1120 16
1118 0 4 1114 4 0
1122 9 1117 0
1119 0 1117 0
1120 1 1115 . 4
1120 1 1117 0
1116 9 9 ' 1119 4 1
1112 0 1115 4
1110 4 1114 1
¢ 1110 4 1110 9
1112 0 1112 1
1114 4 16 1115 4 9
f
. z 149 Z 164
Y 6. .
, T aeam © 2 (Y' ¥s)® =+ 1.9  X107% in/in
(Vs -Yb)2 -
\/ BEAM + Z( ; =+ 4.3 XI10 & in/in
SAMPLE 9

ClihPDF - www .fastio.com
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TABLE _7_

LABORATORY TEST ON BEAM NO. 2
WITH TRANSVERSE STRAIN GAGES DISCONNECTED

USS STRAND
STRAND FORCE 29.

Operator No. 1

Hard Touch

(10-6in/in)

106l
1070
1071
1065
1061}

1073
1063
1073
1078
1073

1113
1115
1113

1112
1125

1130
1113
1120
113L
1118

0 KIPS

. Operator No., 2

Soft Touch

Hard Touch

(10-6in/in)

1063
1063
1065
1071
1078

1063
1073
1063
1072
106l

1129
1127

1146
11hh
1149

1132
1129
1139
1126
1130
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TABLE 8
MODULUS OF ELASTICITY
1/2" DIA. 7-WIRE 270 KSI PRESTRESSING STRAND
{LABORATORY TESTS) '

Manufacturer Heat No. Dsate Tested Modulus Standard

] ' . Deviation
(Eg) (07)
(10%ps1)  (1bs.)
Uss L7286 8-22-67 26,9
L7287 8-28-67 26,5
147033 9-13-67 27.2
L2l Qu25=6T 26,1
7370 9-28-67 25.8
260 ,F 003
BETH. 516 8~30-67 27.2
548 8-30-67 26,6
570 8-30-67 26,1
R =<
: -30-67 .
26.7 0.1
CP&I 7ETK 8-08-67 26.6
B8D7K 8=-18-67 25.6
8D7X - B-18-67 25.2
8CT7K 9-1-67 27.5
7D7K 10-02-67 26,6
' 3.3 0.8
4
where:

_‘ o o = \/20@
N (7=1)

Sx

X =

ClihPDF - www .fastio.com
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P
(1bs)

Loo
600
800

1000

1200
00
1600

P
{1bs)

00
00
800
1000
1200

11,00

1580

TABLE 9

( LABORATORY CALIBRATION)

A
(in)

0.0212
0.0310
0.0
0.051
0.0620
0.0722
0.0826

E
(10 psi)

29.0

29.5
30.0

(10 psi)

29.0
29.5
30.0

BEAM NO.

=
(10=6
in/in)
343
509
681
853
1027
1202
1378

1

I
(1oH)

0.0569
0.0560
0.0550

BEAM NO.

2

EI
(1b=in?)

T
165217%
1223332
1 3
1657899

%6%81%6

ET
{1b-1n%)

1612148
16338147
16132110
1625220
1623077
1630756

%6%&220

NEUTRAL AXTS AND MOMENT OF INERTIA

QOO0 00
L] . &
(VELVIAULAVIIVY

oo
[ ]

w
n
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