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A PRELIMINARY STUDY OF
ALUMINUM AS A CULVERT MATERIAL

By

Eric F., Nordlin
and
R. F. Stratfull*

Synopsis

This investigation was initiated because .there
appeared to be a possibility of an economic or engineering
advantage in the use of aluminum as a culvert material.

The project was sponsored by the Bureau of Public
Roads, and the investigation was performed by the Materials
and Research Department of the California Division of High-
ways starting in 1961.

On the basis of this accelerated investigation,
it is estimated that under favorable conditions, aluminum
'may have a service life up to an estimated 25 years. The
anticipated favorable conditions for the use of aluminum
are described with regard to the use of protective coatings,
limits for the hydrogen-ion and the resistivity of the soil
water, and the influence of abrasion on the durability of
the metal.

Because this was an accelerated investigation,
the durability of aluminum as a culvert material should be
continuously verified so as to confirm or modify the results
.with actual field experience.

* E. F. Nordlin, Assistant Materials and Research Engineer,
Structures

R, F. Stratfull, Corrosion Engineer | )
Materials and Research Department, California Division of

Highways
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A PRELIMINARY STUDY OF
ALUMINUM AS A CULVERT MATERIAL

I. Introduction

The possibility of an economic or engineering
advantage in the use of aluminum as a culvert material
has resulted in this investigation by the California
Division of Highways in co-operation with the Bureau of
Public Roads.

The investigation was initiated on March 31,
1961, under Laboratory Project Authorization 71-R-6244
and more recently, under R-53097. The cost of the inves-
tigation has been borne by the California Division of
Highways and the Bureau of Public Roads. The actual
investigation and associated tests were performed by the
Materials and Research Department of the California
Division of Highways. This work supplements previous
investigations of culvert materials.

This report not only contains information on
the field performance of test culverts, but also includes
the results of laboratory testing and presents recommenda-
tions for the use of corrugated aluminum pipe.
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I1. Summary and Conclusions

Field test sites and laboratory tests were selected
or designed to provide as much information as possible on the
probable corrosion and abrasion resistance of aluminum in the
short time available to reach early decision on usage.

Emperical equations for projecting data developed by
other investigators demonstrates the inconsistencies that are
possible in predicting corrosion rates (see Figure 29). For
this reason, all data obtained under this study were projected
on a straight line basis. The purpcose of this projection is to
assist in the selection of culvert materials in accordance with
California practice which only allows those materials that have
an anticipated maintenance-free service life of 25 or 50 years,
depending upon the highway design criteria. Straight line pro-
jections allow direct comparison of various materials. It is
recognized that the final maintenance-free life may be less or
greater than the straight line projection would indicate. For
these reasons, the projections of short-time laboratory test
results were only given qualitative consideration and were not
usgd alone in making recommendations or in anticipating service
life,

In general, the data obtained during this investiga-
tion agree with the published literature in that aluminum does
not seem to be chemically attacked when the pH of the solution
is near neutral (7.0). In addition, there is agreement that
within the limits of pH 6.0 to 8.0 aluminum should be chemically
stable providing there are no other contrclling factors such as:

1. Waters containing heavy metals.
2. Concentration-cell corrosion.

3. Stagnant or quiescent water.
4.

Waters containing large quantities of
dissolved chemicals.

1t is a conclusion of this study that these foregoing
factors can be successfully controlled by requiring an aluminurmn
culvert protected by means of a bituminous or other approved

organic type of coating.

At the pH ranges of 5.0 to 6.0, and 8.0 to 9.0, the
chemical stability of aluminum does not appear to be as
clearly defined as when the pH range 1S 6.0 to 8.0. There-
fore, whenever aluminum culverts are to be used in the
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environmental pH ranges of 5.0 toc 6.0, and at 8.0 to 9.0, they
should also be protectively coated on the basis of pH, alone.

Although this investigation did not determine any
direct relationship between the resistivity of a soil or water
and the corrosion rate of aluminum, it did indicate resisti-
vity values below which corrosion is more likely to occur.

Published data indicate that at those locations where
the in-place soil resistivities were less than 1500 ohm em, the
corrosion of an aluminum pipeline was controlled by the appli-
cation of cathodic protection. Alsc, published aluminum culvert
test results based on observations over a maximum of 3.5 years
of exposure indicated that corrosicn from the flow was observed
to be almost nil when the in-place soil or the water resistiviiy
had a mean value of approximately 3100 ohm cm. Other reports
have indicated that aluminum has been attacked when the water
contained more than 181 parts per million of calcium carbonate.

On the basis of the foregoing, it is apparent that a
resistivity limitation is required because it is a guide to the
relative chemical content ¢f the envircnment.

Because crossdrains are generally located in the more
critical locations, when aluminum is used, it should be pro-
tectively coated regardless of pH. 1In addition, the minimum
resistivity should not be less than 2000 chm cm, unless the
invert is also paved. This resistivity value implies that the
total dissolved solids in the water or soil is approximately
450 parts per million, which can include a total of approxi-
mately 125 parts per million of sulfates as 504 and chlorides

as Cl1 ions.

In culvert locations which are not as economically
critical as crossdrains, changes in the pH, resistivity limits,
and coating requirements could be made so as to gather further

experience with this material.

The test results of this investigation indicate that
aluminum is sensitive to abrasion. 1In fact, the corrosion-
inhibiting cladding on the aluminum specimens was penetrated
in all of the laboratory corrosion-abrasion tests as would hav
been the case with zinc coatings on steel. The specimens in
this test had a veleccity of 5 fps, and the abrading material
was Ottawa sand. The field data agree with the laboratory
tests that aluminum is not as abrasion resistant as a steel
culvert. Therefore, at this time, it appears necessary to
restrict aluminum from indiscriminate use in streams of high
flow velocities containinmg an abrasive bed load.

This investigation alsc indicates that flow velocity
per se may not be a controlling factor in the abrasion process.

ClibPD
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It appears that the degree of abrasion suffered by a culvert
will not only be a function of the velocity, but also of the
size, quantity, and shape of the bed materlal. Severe abrasion
was observed in the test culvert where the bed contained
shattered and angular rocks. Conversely, at another culvert
site with similar calculated flow velocities, a minor amount

of abrasive destruction was observed where the material con-
sisted of rounded boulders.

On the basis of this accelerated investigation, it
is estimated that under favorable conditions, aluminum may
have an anticipated maintenance-free service life of 25 years.
However, the durability of the material should be continuously
verified so as to confirm or modify the recommendations since
they are partically based upon laboratory data.

7C_\_\:)PD
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11I¥. Recommendations

It is recommended that the durability of aluminum
culvert material be continuously monitored so as to confirm or
modify, through added field experience, the culvert use
recommendations that are shown in the following table, "Recom-
mended Use of Minimum Gage Thickness of Corrugated Aluminum
Pipe for Anticipated 25-Year Maintenance-~free Service'.

_ Current practice of the California Division of Highways
establishes the following minimum design service lives for
culvert materials:

A. Crossdrains under high type 50 years
pavements

B. Crossdrains under intermediate
and low type pavements

1. With less than 10 feet of 25 years
cover

2. With more than 10 feet of 50 yeérs
cover

C. Crossdrains under highways on 25 years
temporary alignment

D. Side drains on all projects 25 years
except under street connections
surfaced with high type
pavement

A high type pavement is defined as either asphalt
concrete of 0.15-foot or more in thickness, or portland cement
concrete pavement. An intermediate cor low type pavement is
defined as asphalt concrete less than 0.15-foot thick, or
other pavement of any thickness mixed with liquid asphalt.

The recommended use of aluminum as a culvert material
is predicated on analysis of all available data and a judgment
to eliminate those envirommental factors which could result in
earlier maintenance contrary to the established minimum design
service lives. Furthermore, because of the lack of long term
field data and the acknowledged umcertainties of the short term
laboratory data and current field experience, no recommendations
are made at this time for an anticipated 50-year maintenance-
free service life for corrugated aluminum pipe.

ClibPD wwwvy fastio.com
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IV, Factors that Influence the Corrosion
of Aluminum in Scils or Waters

A. Hydrogen-ion Concentration, pH

It has been reported that barring an actual test,
aluminum alloys are unsatisfactory for use when the pH of the
solution is greater than 10 or less than 3.(1) other reports
have indicated that aluminum is generally inert or inhibited
from accelefiged corro %on when the pH range of the environment
is: & to 9(2), 6 to 8(3,4), 5.5 to 7.8(5), 4 to 8(6), and 4.5

to 9(4).

Based upon the standard free energies of the con-
stituents, and the deduced electrochmeical behavior of aluminum,
the oxide of the metal (hydragillite, A1203.H20) is theoretically
chemically stable within a pH range of 4 to 8.6, providin the
solution is free of substances w%%gh can form soluble complexes
or insoluble salts of the metal.

As indicated by the foregeing, it is apparent that
aluminum is chemically stable in the near-neutral range of pH
(7.0). However, it has been emphasized in the literature that
the pH of a solution or scoil is not the primary control, or a
completely riﬁigbye gasis for predicting the chemical stability
of aluminum.{(Z,3,7,8

From the preceding, it is apparent that the knowledge
of the pH of a solution or soil can be a valuable tool in pre-
dicting the durability of aluminum, but other factors must be
considered.

Because of the relatively long service of steel cul-
verts and pipe, the relative influence of the pH of the environ-
ment to the rate of corrosion of this metal has been determined.

(References 10, 11, 12, 13.)

B. Chemicals

1t has been reported that in scdium carbonate
solutions of greater than 0.001 normal concentrations (approxi-
mately &0 rts per million), aluminum 1is Signi._ficantly
attackedg(ss When the mineral acid eoncentration i8 lesS than
0.001 normal, aluminum is resistant o corrosion. In acid

ClibPD www fastio.com T T
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solutions containing only one anion, the rate of corrosion
increases in the following order: 1, acetate, 2. phosphate,
3. sulfate, 4. nitrate, 5. chloride.(9) :

The presence of heavy metals, copper, mercury, cobalt
and nickel in waters hzvg been reported as a cause of the corro-
sion of aluminum.(l,3,%,8)

Aluminum which does not have the highly corrosion
resistﬁnt cladding has been observed to have accelerated corro-
sion when a water coptains 0.09 ppm of copper, 0.08 ppm cobalt,
and 0.03 ppm nickel.?§§ PP PP

It has been generally observed that aluminum corrodes
in "hard" waters. Although no correlation was determined be-
tween the relative hardness of a water and the corrosion rate
of aluminum, the reported data indicate that a "very hard"
water contains approximately 180 parts per million og ore of
carbonates that are calculated as calcium carbonate. 8? of
the nine tests of aluminum in different natural waters contain-
ing more than 180 ppm of hardness, seven of these samples were
found to have a pit depth of 40 mils in less than 6 months . (8
The greatest reported concentration of copper found in ghe
survey of these seventeen natural waters was 0.1l1 ppm.( )

From the preceding data, it appears that either a
complete chemical analysis should be made of the soils or
waters to which aluminum would be exposed or an economical
means for testing these environments for mineral content should

be considered.

C. Electrical Resistivity
of the Environment

The electrical resistivity has been found to be an
indicator of the relative concentration of chemicals in a soil
or water.(10,11) The greater the electrical resistivity, the
less the concentration of soluble chemicals.

Generally, no correlation has been found between
relative values of resistivity and an associated corrosion

rate of aluminum.

1t was reported in the literature that on one under -
ground gas pipeline 'hot spot" cathodic protection was applied

to those sections of the pipe which were embedzgd in a soil
with o mesistivity of lass than 1500 ohm cm. (1

Based upon the preceding lack of data, it appears that
the electrical resistivity of an environment 1s thus far only
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of academic interest with regard to inferring a possible corro-
sion rate of aluminum. The electrical resistivity of an
environment may be of use when considering that it is an indi-
cator of the highly mineralized solutions which can cause the
corrosion of aluminum and steel.

The chemical contents in ppm of solutions and soils
may by estimated by the following formulae:
Total dissolved solids = 900,000 = _ | (1)(18)
R
Sum of Sulfates and - 184,000
Chlorides (SO4+Cl) ”""’"""'“Rl P € RS R

Where R = resistivity in chm cm.

D. Bi-metallic Corrosion

When aluminum is electrically connected to steel,
approximately 1.2 volts can be initially developed and cgn
result in an accelerated corrosion rate of the aluminum.?15,16)
Aluminum has been used as a sacrif%i§§1 anode for galvanically
inhibiting the corrosion of steel.

The degree of galvanic corrosion of an aluminum culvert
would be considered minor if the steel in contact with the
aluminum were limited to just a bolt. Conversely, if the sit-
uation were reversed with an aluminum bolt in a steel culvert,
the aluminum could rapidly corrode.

From this, it is obvious that judgment must be exer-
cised when coupling dissimilar metals to aluminum. A steel .
bolt used in a culvert band coupler would not seriously affect
the aluminum culvert. The intermixing of steel and aluminum
culvert sections should not be done as there could be rapid
corrosion of the aluminum over an extensive area. The zinc on
a galvanized steel culvert is generally anodic and will generally
corrode when electrically coupled to aluminum in most neutral or
acid solutions. Once the zinc is gone, the steel then can cause
the aluminum to corrode.

E. Concentration Cell and
Orevice Corrosion

Concentration cell corrosion is generally defined as
an electrolytic corrosion cell which is caused by a difference

WAL fASTLo. o
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in the concentration of the electrolyte, or_ differences in the
concentration of metal ions in solution.(L,16)

In effect, a concentration cell can be the initial
cause of corr?i}on or, as a result of corrosion started by
other causes, it can be the mechanism by which the corro-~
sion process can continue,.

Crevice corrosion is generally considered as a
corrosion cel% yhich is the result of differential aeration of
the solution.(l) A crevice type of corrosion cell can result
in severe corrosion of the aluminum because the voltage of an
active/passive cell can be sugerimposed upon the voltage of the
di fferential aeration cell.{(l) Although structural steel i?
greatly affected by differential aeration corrosion cells,(16)
it is unlikely that this metal could be generally susceptible
to what is commonly called an active/passive corrosion cell in
the normal soil or water.

In general, the aggressive types of corrosion cells

may be caused to form on aluminum by the following factors:
. Bolted or riveted construction(1,20)

. Pockets or locations of liquid entrapment(lizo)

., Non-uniform soil compaction(2)

. Stagnant pools of water (21)

1

2

3

4. Differential aeration(l)

5

6. Electrical connection to ferrous metals (16,20)

CHirPD
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Y. Current Results of Field Tests

The test results of the eight field test culvert
installations are shown in detail on the attached Tables 1
through 3, and pictorially on Figures 1 through 23. These
test sites were chosen because some are the most highly corro-
sive and abrasive conditions to which an actual highway culvert
will and has been placed. This was a means of getting acceler-
ated results. An exception to this was the culvert at I-Hum-35-C,
which is in the northwestern part of California near Bridgeville.
This latter culvert site is exposed to the environmental condi-
tions which are typical for the geographic area and are only
considered to be moderately aggressive.

A. Abrasion Test Results

The details of the results of the comparative field
abrasion tests are shown on Figures 1 through 3 and on Figures 7
through 11 inclusive, and also on Tables 2 and 3. Specifically,
the culverts located at (1) I-Hum-35-C, and (2) 1v-8Cl-5-C, are
the only culverts which could be considered to have an abrasive
environment. From past experience, the former culvert (1) is
only considered an average abrasion culvert, and the latter (2)
is known to be highly abrasive.

As shown on Tables 2 and 3, the rate of metal loss of
the aluminum indicates that it will perforate by abrasion in
approximately one-tenth the time as a steel culvert,

At periods of a high yearly flow, both abrasion test
culverts carry a bed load of rocks. MHowever, the flow velocity
at the test culvert at I-Hum-35-C would range from 10 to 14
feet per second, or about half the velocity at the other site.
Because of the apparent twe to one di fference in the calculated
flow velocities, it would be tempting to assign this velocity
difference as the cause of the approximately 30:1 difference in
severity of abrasion damage to the two culverts.

Although not a part of this program, an investigation
of a culvert condition was made in the mountainous vicinity of
Redding. This particular 4L8-inch diameter galvanized steel cul.-
vert was observed to have minor abrasion damage after approxl-

mately 7 years of service.

Cobbles of approximately 6 inches in diameter were
observed lying in the invert at the outlet end of this pipe.
The calculated flow velocity in the pipe is in the range of
20 to 25 feet per secocnd.
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The reader should be aware that the results of erosion
are exceedingly difficult to explain and objectively formulate
to a mathematical certainty. For instance, the severely damaged
test pipe located at IV-SCl-5-C may have had a calculated flow
velocity in the range of 25 to 30 feet per second with a bed
load of shattered rocks. The minor abrasion damaged culvert
near Redding, California (II-Tri-20-A, Sta. 5382+73), has a
calculated flow velocity in the range of 20 to 25 feet per
second, and has a bed load of rounded boulders. Therefore, it
is obvious that even though flow veloclities are highly impor-
tant, the size and shape {rounded or shattered) and hardness of
the bed material may be of greater consequence in the subsequent
degree of abrasion of a culvert.

For all practical purposes, no commonly used culvert
coating or material would offer a maintenance-free service life
at the highly abrasive test site, IV-SC1-5-C,

B. Corrosion Test Results

The details of the corrosion field test results are shown
on Tables 1, 2, and 3, and Figures 1 through 6, and 12 through
23, Even though some of the test sites are regarded as being
highly corrosive to steel, only three sites had a pH of less
than 4.5, and the remaining five culverts were installed in
sites with a pH range of 4.5 to 8.3. 1In effect, one-half (4)
of the culverts were subjected to a flow or soil which had a pH
that ranged between 6.6 and 8.3. For all seven comparative
corrosion test culverts, the field test data indicate that on
the average, the aluminum will be perforated by corrosion in
less time than will galvanized steel.

For the five test sites in which the pH of the soil or
flow ranged between 4.5 and 8.3, the data again indicated that
aluminum would be perforated by corrosion in less time than
will galvanized steel.

As shown by the attached photographs (Figures 1 through
23), the removed sections of aluminum are not generally attacked
by small areas of random pitting, but at large areas of the
pipe surface. Therefore, the corrosion is not considered to be
the result of a minor and lecalized imperfection in the protec-
tive oxide film on the surface of the aluminum. Instead, the
appearance of the large areas of correosion on the soil contacting
surface of the pipe, inside the laps, around the rivet holes,
and beneath silt, strongly suggests that the corrosion is the
result of a concentration cell. This concentration cell appears
to be the result of the scil causing a partial shielding of the
metal from oxygen and in one case, (X1-Imp-187-F), further
complicated by the result of a differential concentration of
soil salts in direct contact with the culvert.
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With the exception of the culverts carrying the highly
acid runoff, the corrosion attack of the aluminum was most
severe on the backfill side of the pipes and in the joints.
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V1. Laboratory Tests

A. Corrosion~Abrasion Test

In an attempt to compare the relative corrosion-
abrasion resistance between galvanized steel and aluminum,
these metals were separately exposed to solutions of various
pH and resistivity. The testing equipment (dubbed the "wash
machine™) is shown on Figure 24. 1In each test, four each of the
4 x 8-inch similar metal specimens were clamped so as to
rotate with the drum at a speed of approximately 5 fps. These
specimens were electrically isclated from direct metallic
contact to the drum by means of rubber spacers attached to the
ends of the specimen. In addition, electrical isolation was
further accomplished by the plexiglass multipurpose observation
and access windows which were alsc used to clamp the samples in
place during the test.

Prior to testing, all specimens were degreased with
benzene, washed, and scrubbed with scap, and then thoroughly
rinsed with Sacramento city tap water.

Some pilot testing of galvanized steel indicated that
the corrosion rate of this composite material would change so
rapidly with time that each test would probably require more
than two weeks. Therefore, to expedite results, the zinc was
Erestripped from all galvanized specimens with a solution of

ydrochloric acid which was chemically inhibited from attacking
the steel. 1In this manner, the average testing period for each
sample was reduced to approximately 8 days.

It should be noted when referring to Tables 5 and 7,
that initial pilot testing of the galvanized specimens also
indicated that within the allotted short testing period, the
zinc coating could protect the steel from corrosion where
abrasion would be less severe such as on the downstream side
of the corrugation. Thus, it is expected the estimated years
to corrosion perforation for steel would be greater than those
shown in the forementioned tables had the specimens been gal-

vanized.

The details of the chemicals, etc., used in this test
are shown on Table 4. Alsoc as shown on Table 4, the pH of the
test solutions varied from the designated values. The desig-
nated pH value is that value at which the solution was maln-

tained for the greatest pericd of time.
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(a) Test Results - Corrosion

The details of the corrosion-abrasion tests for each
metal are shown on Tables 5, 6, and summarized on Table 7.

On these tables, it will be cbserved that the extra-
polated years to perforation are presented on the basis of
four types of measurements, which are:

1. Maximum crecss-section loss.

2. Just the abrasion surface or the upstream
side of the corrugation which had initial
contact with the sand.

3. The corrosion surface which is any section
of the corrugation except the abrasion
surface.

4. By means of 100 percent weight loss of the
specimen.

In this particular laboratory, corrosion-abrasion test
with highly aerated solutions, aluminum generally showed twice
the resistance to perforation from corrosion as did plain or
bare steel. However, this procedure did not test the effect
of concentration cell type corrosion on aluminum or steel, nor
did it show the benefit that might be gained had the steel
specimens been galvanized.

Because of the corrosion characteristics of these
two metals, it would be expected that aluminum would not be as
adversely affected by an aerated solution as would steel, Con-
versely, in quiescent sclutions, the corrosion resistance of
aluminum is reduced as was indicated by other tests performed.

Disregarding the resistivity of a solution, the data

shown on Figure 25 indicate that steel could rapidly corrode

in aerated solutions where the pH is less than approximately

5.0 and greater than 7.0. However, in the case of steel, it is
misleading to infer that steel has its greatest corrosion re-
sistance when it is subjected to an environment with a pH range
between 5.0 and 7.0. Further analysis of these data show that
for the steel test series, the pH of the scolution is an impor-
tant factor in the corrosion rate only when the pH is less than
approximately 7.3. At pH values of less than approximately.7.3,
the resistivity and the pH of the sclution are the controlling
factors. At greater pH values (7.3 or greater), the resistivity
is the primary control of the relative corrosion rate of steel.

The data shown on Figure 26 indicate that aluminum is
more resistant to corrosion in the pH range of a?proxrmately
5.5 to 8.5. An analysis of the data did not indicate any
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clear-cut trend in the influence of resistivity on the rate of
corrosion. It is suspected that the aluminum was more sensitive
to the types of chemicals rather than to the concentrations of
the different chemicals used in this cest.

Figures 27 and 28 are shown to depict the accuracy in
reproducing a single type of test. From the data shown on
these two charts, it is obvious thay the individual test results
probably have a test accuracy of + 20%.

. All of the reported test dats were extrapolated on a
straight line proporticnal basis to the particular end point;
i.e., metal perferation or 100 percent weight loss. Such
methods of extrapolation of data are ot recommended as being
highly accurate but are a means for comparison of test results.
An equation which includes a factor of decreasing rate of
corrosion with time was not used. Therefore, these data infer
an exaggeration of the numerical difference of the corrosion
rates which were measured at the end of each test.

Since equations are available which include a factor
describing the decreasse in the ccerreosicn rate with time,
Figure 29 shows that %here is a choice cf three for steel(24,25,26)
and one for aluminumi®/-

Figure 29 should not be construed to indicate that the
corrosion rate of one metal is clearly less than the other.,
This is because the required constant for each equation may be
many-fold greater or less than the other. Therefore, when the
constants are included in the equations, the result could be
that one metal may perforate in a few days while the other metal
may require years to perforate.

(b) Test Results - Abrasion

Figures 30 and 31 are showa To depict the results of
abrasicn on plain steel and aluminum wnen corrosion was prac-
tically absent. 1In all tests there was no noticeable wear
on the abrasion surface of the stesl. The abrasion surface is
the upstream surface of the ccrrugation. Generally, the steel
pitted on the abrasion as well as on other surfaces of the
steel.

The typical loss of the aluminum cladding on the
abrasion surface after an average of 8 days of testing is
shown on Figure 31. It may be of inrerest Lo note that at
the conclusion of Test No. 32 (36 days) , the face of the
sheared leading edge of the alumipum T2SL panels peeled back
for a distance of approximately 1/1€-inch as a result of the
impact of the specimen with the Outawa sand at a velocity of

approximately 5 fps.
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After the mounting and polishing of all metallographic
specimens, the steel was etched for 30 seconds with a solu-
tion of nitric acid (HNO3) and amyl alcohol (C5H110H). The
aluminum specimens were etched for approximately 10 minutes
with concentrated sodium hydroxide {(NaOH) solution.

B. Continuous Submersion

The results of this laboratory test are shown in detail
on Tables 8, 9 and 10, and alsc on Figures 32 through 35.

The corrosion rate of the metal in this test was
determined by micrometer measurements rather than by metallo-
graphic analysis. Basically this test consisted of submerging
duplicate specimens of either riveted aluminum or riveted
galvanized steel metal in a plastic container containing the
described test solutions. There was no intermixing of galvan-
ized steel or aluminum in any container. Both metals were
culvert stock and were riveted by a commercial culvert fabri-
cator. The culvert sheet metal and rivet materials are those
which are commercially specified as culvert stock.

The pH and resistivity of the sclutions were maintained
to the proper level by periodic additions of the chemical
additives. After the first 30 days of test, all of the solu-
tions were replaced with a fresh test solution. There was no
stirring or attempt to aerate the test solution.

An effort was made to have the test specimens in a
quiescent water which would be similar to that found in bogs
or marsh areas. Also, the resistivity was kept at a constant
value of 1000 ohm cm. On the basis of steel corrosion, a
solution resistivity value of 1000 ohm cm is generally not
considered as being highly corrosive, but it is also not dis-
regarded as being non-corrosive.

As shown on Figure 32, in all cases the zinc on the
galvanized steel is intact and there is no corrosion of the
underlying steel after 70 days of testing.

Figures 33, 34 and 35 shew that in all cases, the
aluminum was attacked at the metal laps, edges of the plate,
near the rivet hole, and sometimes at scratches and also sheet
rolling marks due to the corrugating process.

The over-all corrosicn of the aluminum was less in
the solution of pH 7.3 than in the 4.3 and 9.0.

The results of this test indicate that among other
variables, a concentration cell type of corrosion attgck is a
common denominator in the causes of corrosion of aluminum in
quiescent solution. Also, aluminum can aggressively corrode
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in solution of pH 4.3 and 9.0.

C. Laboratory Test in the Fog Room

The fog room used for this laboratory test is a con-
crete curing room which is maintained at approximately 73.4°F
and 100% relative humidity by means of temperature controls. .
and water fogging equipment. The fog room can be construed
as a misnomer as droplets of water are continuously being dis-
persed throughout the chamber which feels more like rainfall.

The pH of the atomized water is 8.2 and the resisti-
vity is 6300 ohm cm.

Figure 36 shows the appearance of galvanized steel
after approximately one year of testing and the zinc is intact.
Alsoc shown on Figure 36, is the typical result of 117 days and
also 94 days of exposure of the riveted aluminum samples to the
fog environment. In this case, it will be noted that the alumi-
num has been attacked near the rivet hole, cut edges where the
plates were in contact, and also at the line where the two pieces
overlapped. Apparently this corrosion attack is the result of

a concentration cell.

By means of a micrometer, the depth of corrosion was

determined and extrapolated on a straight line-proportional
basis to a calculated time to perforation. The results of these

measurements are shown on Table 1l.
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VII. Other Fileld Tests of Aluminum Culverts

An excellent and comprehensive study of the field
performance of aluminum culverts was reported to the Highway
Research Board by Mes?5§o T. A. Lowe and A, H., Koepf at the
January 1964 meeting. Although the authors did not report
any rates of corrosion, they did include their observations
on the appearance of the culverts. The reported condition of
the pipes visually ranged from an unaffected condition to the
extreme where the pipe wall was perforated. In many cases,
the resistivity of the in-place soil or flow and also the pH
was tabulated,

As the authors indicated in their report, it is
obvious that the majority of the reported installations had
no problems involving corrosion because approximately 60% of
their data indicate that the visual condition of the culvert
was unaffected or the metal was stained. It is assumed that
stained aluminum is not evidenc% gf corrosion and indicates a
relatively unaffected condition 3.

The authors(2) did not mathematically present their
findings regarding the influence of soil pH or resistivity
on the corrosion rate of aluminum., However, there appear to
be some general mathematical relationships which could be of
value.

For instance on Table 12, the reported condition of
the culverts has been listed in an assumed rank of corrosion
severity that varies from unaffected to perforated. In rank-
ing the relative condition of the culverts, the more severe
condition noted was arbitrarily assigned to represent the
rank of the culvert. For instance, if the culvert was reported
as "mottled stain. No attack. Random pitting of clad in
invert", this culvert was assigned to the "pitting' classi-
fication on Table 12. For each of these culvert conditions,
the acidic pH's of less than 7.0 were arithmetically averaged.
The same was true of pH's that were greater than 7.0. In
addition, the least resistivity of the in-place soil or wiseg
were averaged on the basis of the computed geometric mean 7

which is:

Geometric mean = A\E/’§1X2, o o Xp oo e e e e oo (1)

n = number of observations

X = observed value

A=A STO-CO-M
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The geometric mean of the resistivity values was used
because of the extremes in values that are normally found in
resistivity measurements.

Although the validity of this analysis of data shown on
Table 12 has mot been verified, it is interesting to note that
there seems to be a reasonably implied ecorrelation of the data.
This is implied by the observation that the severity of corro-
sion increases with decregsing pH and resistivity.

In the subject H.R.B. rep@rt(2}§ it was stated that
their extensive experience has indicated that if aluminum is
not attacked by corrosion after periocds of a year or more, then
the aluminum metal may be considered to be relatively inert to
the enviromment. Conversely, it should also be true that if
significant corrosion of the aluminum occurs at an early expo-
sure period, then aluminum should sustain some rate of corrosion
until disintegration.

From the data shown on Table 12, it appears that the
anticipated performance of aluminum could be satisfactory when
the pH ranges between 6.0 and 7.8, It is highly probable that
when the pH of the environment exceeds these values, the alumi-
num could corrode at a rate that would vary from minor to
severe.

The resistivity measurements shown on Table 12 were
determined for the most part on an in-place soil. Therefore,
they may not be accurately reproducible owing to the fact that
these values are highly dependent upon the seasonally variable
moisture content of the soil.

Normally, soil resistivity measurements used in culvert
corrosion techmology are based upon the minimum value. The
minimum resistivity is normally less than the in-place soil re-
sistivity. Therefore, care should be exercised when d;rectly
comparing %Qs)inwplace‘field values to the minimum resistivity

of a soil.

[TARTAY
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VIII. Discussion

There is a small amount of published data concerning
the service life of aluminum when used underground or-as a cul-
vert. The longest reported service life for this material as
a culvert is 3.5 years.

For underground applications %E luminum pipe, reports
of up to 15 years have been published Zgo As reported, the 388
total miles of aluminum pipeline with an estimated average of
seven years of service, only 8 - 9 miles have had to be replaced
because of corrosion. None of the failed pipe was coated or
received cathodic protection. Of this total reported pipe length
of 388 miles, approximately 25% of its total length is protec-
tively coated. In addition, approximately 30% cf the total
length of the pipelines received cathodic protection. Cathodic
protection was not necessarily applied to ccated pipe. The
reported wall thickness of these pipelines varied from an
equivalent corrugated metal pipe gage of approximately 16 to a
reported maximum which would be approximately equivalent to 8
gage thickness. The number of thin gage pipe wall thickness

was in the minority.

The review of the literature shows that some aluminum
facilities have corroded when placed underground or as a carrier
of water. Except for broad generalities, specific criteria for
predicting the service life of aluminum as a culvert are not

available.

Past experience with the use of galvanized steel
culverts without a means for estimating service life, resulted
in 63% of all of the culverts (7000) in just one of the eleven
California highways districzg ?eeding replacement or repair
within 30 years of service. 3) From this past experience, it
is obvious that caution has to be exercised before a material
should be allowed to be randomly used in large quantities on

highway projects.

Because of the concentration-cell type of corrosion
which has been observed in the laboratory and on the backfill
side of the culverts in the field test sites, no aluminum
cross-drains should be placed in critical locations without
being bitumincusly or otherwise protectively coated,

ChibRBE——wifastie-eem


http://www.fastio.com/

Acknowledgments

This investigation of the corrosion of metal culverts
was conducted as one of the activities of the Materials and
Research Department of the California Division of Highways and
in co-operation with the Bureau of Public Roads.

The authors wish to express their appreciation to
Mr. J. L. Beaton, Materials and Research Engineer, for his
advise and direction during this study; also to the numerous
personnel of the California Division of Highways and those
of the Materials and Research Department who extended their
aid and co-operation during this study.

ClhihyPD VITTvTTasiro.com


http://www.fastio.com/

IX. Bibliography

Pryor, M. J.

"The Corrosion of Wrought Aluminum Alloys"

A lecture included in the March 1954 Educational
Program of the Columbia Basin Chapter of the
ASM, Richland, Washington, and a publication of
Kaiser Aluminum and Chemical Corporation,
Department of Met. Res., March 1955

Lowe, T. A. and Koepf, A. H.

"Corrosion Performance of Aluminum Culvert"
A paper presented before the 43rd annual
meeting of the Highway Research Board,
January 13-17, 1964, Washington, D. C.

Sawyer, D. W. and Brown, R. H.
"Resistance of Aluminum Alloys to Fresh Waters'
Corrosion, Vol. 3, No. 9, p. 443, 1947

Haygood, A. J. and Minford, J. D.
"Aluminum Cooling Towers and Their Treatment'
Corrosion, Vol. 15, No. 1, p. 36, Jan. 1959

Deltombe, E., and Pourbaix, M.
"The Electrochemical Behavior of Aluminum'
Corrosion, Vol. 14, No. 11, p. 16, Nov. 1958

Shataloy, A. Y.
"Effect de pH sur le Comportement Electro-
chemique des Metaux et Leur Resistance a la

Corrosion'
Doklady Akad, Nauk, U.S.S.R., 86, 775, 1952

Lorking, L. F. and Mayne, J.E.O.
"The Corrcosion of Aluminum"
J. Appl. Chem. 11, p. 170, May 1961

Godard, H. P.

"The Corrosion Behavior of Aluminum in
Natural Waters"

Canadian J. Chem. Eng., p. 167, Oct. 1960

“EHhPD

vfastroTcom


http://www.fastio.com/

10.

11.

12.

13,

14,

15.

16.

McKee, A. B. and Brown, R. H.

"Resistance of Aluminum to Corrosion in
Solutions Containing Various Anions and
Cations"

Corrosion, Vel. 3, No., 12, p. 595, Dec. 1947

Beaton, J. L. and Stratfull, R. F.

"Field Test for Estimating Service Life of
Corrugated Metal Pipes"

H.R.B. Proc. Veol. 41, 1962

Stratfull, R. F.

"Field Method of Detecting Corrosive Soil
Conditions"

Proc. 15th Calif., Street and Highway Con-
ference, I.T.T.E., Univ. of Calif., L.A.
p. 158, 1963

Stratfull, R. F.

"A New Test for Estimating Soil Corrosivity
Based on Investigation of Metal Highway
Culverts"

Corrosion, Vel. 17, Ne. 10, p. 115, Oct. 1961

Stratfull, R. F.

"Highway Corrosion Problems"

Materials Protection, Vol. 2, No. 9, p. 8,
Sept. 1963

Whiting, J. F. and Wright, T. E.

"Cathodic Protection for an Uncocated Aluminum
Pipeline"

Corrosion, Vol. 17, No. 8, p. 9, Aug. 1961

Corrosion Prevention, Part M. of Maintenance and
Operation of Public Works and Public Utilities
NAVDOCKS, TP-Pw-30, U.S. Dept. of Commerce,
Office of Technical Services

Corrosion Handbook

H. H. Uhlig, Editor
John Wiley and Sons, New York, 1948

CHihyPDF=—wrvw fasto.com


http://www.fastio.com/

—CHh PP

17.

18.

19.

20.

21.

22,

23.

24,

25.

-25

Yerink, E. D., Reid, K.K. and Diggins, E. R.
'‘Current Output of Light Metal Galvanic
Anodes as a Function of Soil Resistivity"

A paper published in Cathodic Protection.

A symposium published by the National Asso-
ciation of Corrosion Engineers, 1949

Betz Handbook of Industrial Water Conditioning
W. H. and L, D. Betz, Gillingham and Worth
Streets, Philadelphia 24, Penna. (1953)

Pourbaix, M.

""Corrosion, Passivitiy and Passivation from the
Thermodynamic Point of View"

Corrosion, Vol. 5, No. 4, p. 121, April 1949

Evans, U. R.
"The Corrosion and Oxidation of Metals"
St. Martins Press Inc., New York, 1960

Whiting, J. F.and Godard, H. P.

"The Corrosion Behavior of Aluminum in the
Construction Industry"

The Engineering Journal, Canada, June 1958

Aluminum Pipeline Case History Data
NAgE,lTech, Unit. Comm. T-2M and Task Group
T-2M~

H. P. Godard and R. S. Dalrymple, Chairmer,
respectively

Materials Protection, Vol. 2, No. 10, p. 101,
Oct. 1963

Beaton, J. L. and Stratfull, R. F.

"The Corrosion of Corrugated Metal Culverts
in California"

HRB Bulletin 223, 1959

Putnam, J. F.
"Soil Corrosion"
Proc. Am. Petroleum Inst. (IV) 16, 66, 1935

Fetherstonhaugh, E. P.
"Discussion of Underground Corrosion'
Proc. Am. Soc. Civil Engr. 101, 828 (1936)

rFaSTrOTEoM


http://www.fastio.com/

26,

27

Logan, K. H., Ewing S.P., and Denison, I. A.
"Soil Corrosion Testing"

Symposium on Corr. Test Procedures, ASTM
Philadelphia, Penna. (1937)

ASTM Manual on Quality Control of Materials
Special Technical Publication 15-C, Jan. 1951
Published by the ASTM, 1916 Race Street,
Philadelphia 3, Penna.

ClibPD

www fastio.com


http://www.fastio.com/

*2d1d 31s93 wnuTWNIE jO uoTleTTRISUT 03 otad aeak 1 Lr9sewixoxdde soeid uT sem JWD 19935 i

*uo13oadsut 1SBT 2Yj BuTINp PaACWAI SEM UOTIETIRISUT STYUL s

1930N

0z6L 0222 9¢¢ Mz AN 008¢1 966 -—— w708
028TY 0Z6%T HhT 9z 9T¢ 0¢ TIN - s 1D
081 041 6 - 702 TIN TIN e « €ODH
TIN 1IN TIN TIN TIN TN 1IN - w €0D
0L1Z £06 9z --- 61 8¢ 88 ——-- a9
00€21 0L1 69 0Ly Z01 992 4 -——- ) )
oYL 66 00£Z 1 8/ 1 - <9 ] 71 .--- Wdd (eN se) ¥+ eN
€'9 6€ ££6-029 0¢g 00¢¢ 91 069 00¢z £3TATASTS?Y "UTH
St €8 £9-6" L€ L't £z €€ 9°9 id 23120y
L1 L1 v %€8°0 xe" T 1 ¢ 1 0°Z aWI] 3§91 'SiX
£9-22Z-¢ £9-12-¢ 9-0¢-1 £9-91-8 €9-%-¢ £9-¢-¢ €9-2~6 £9-1z-8 uvotyoadsu] 3587
19-62-6 19-92-6 19-91-¢ Z29-€-01 19-61-01 19-1Z-¢ 19-91-11 19-0Z-8 paiTRasu]
B35 UOITES ‘ag xa3emloamg| BISTA 0Ty | Suty siioog | sozes so ATTIACIQ Butppay | @T11A93pTag SUOCTIEI0T]
d-£8T-dmI-IX | £30°3eN-Z~@" S-IX |D-€S-0'§=X | V-§-a08-AT | D-¢-108-AI | @-1z-and-T1T g-¢-eys-11 | O-Gg-umH-I

BlB( 383 2318 PI°oTd

T IT4dVL

v aS IO COT

~Cir P


http://www.fastio.com/

*gad1d ay3 Jo apIs 1108 9Yl UO PaINseLIW SSOT UOTSOLIOD
*§SaWNOTYI TeIaW |

€

28e8-97 jo SESEq 9yl UO PIIRINOTED aism serdues TB x03 uoyleioyiad 03 sIEBI uwuwsﬂumw.m
‘seTdwes jJxeATno o stsiipue ojydealoyielrew uodn psseq aae sI[NSIX 31833 TIV |
22 = 87 66 | €8 | L1 it e30"IeN-7-G8-IX
L1 .- ---
AR === gt 69 't | 1 e ¢ -ig1-dwI-IX
1 - ——— ~ Z1 6 | -¢° . UU I .
(3 === = 5 o5 Gz o3 gy | 72 S5 ¢ O-es-17°5-X
- - - - .H- N - —
- 2l ¢m.m oose | 2L | w1 A 9~ G-T0§-AI
£8°0 . . .
TTSATAS 355 SoN 33 t'e | e8°0 ik ¥-¢-108-AT
96°0 -—- - .
9¢"D == == o5 ¢t rz | 1 PEEmHe ge1g-ang-In
_ €€°0 -—- .- .
—£E.0 — i £9 059 €€ S pil st g-¢-eus-1I
6°9 --- 9°¢ 9°'¢ . wNUTEn
81 79 1% 19 00S2 9°¢9 0°¢ Mmmww o-¢g-unH-1
(ace3amg mdwuuAM4 uoyseaqy o ,fmwoA p&m, 0 gd sIRd 819 i uo uwoo ;
Uo¥so1I0)) [+ =1 U0T3I09§~-X muﬂMMu .umww 1530 ¥ 1
uor3eSnazoy| UOoTILENIIO) JO mnwyuTy | -S159% Ul SuWTL
3o Kayyep} ?°€3aNg weaxysdn TNWTUTR
10 2oBIING .
Weaxj3sumoq
. 7 -J€ 88071 1PN -
Uo paseg UOTIRIOIIDJ O3 SIVIX PIICWEIST |

1 S3IN83Y 283] 93ITS 3IAIAIND

¢ 919%l

WTTVITasto.com

CHiPD


http://www.fastio.com/

Table 3

Averages of Estimated Years to Perforation
for 16-gage Metal for all Seven
Comparative Field Test Sites

Max. Cross-
Metal Section Loss Abrasion Corrosion
Galvanized
Aluminum 4.8 1.9 8.6

Estimated®* Average Yearxrs to Perforation
for the Five Test Sites with pH
Between 4.5 and 8.3

Galvanized
Steel 18 21 27
Aluminum 6.5 1.9 13

#Note: Test site with pH of 4.5 has a pH range of
4.5 to 603.
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Table 5

Laboratory Corrosion-Abrasion Test Results of 16 Gage Bare Steel

_ Years © . Years to Perforation
to
Days | Resis- | 100% ‘ 1 2
Test of | tivity | Weight | Minimum | Abrasion | Corrosion
No. pH | Test | Ohm c¢cm| Loss | X-Section Surface Surface
17 | 4.5 | 7.9| 100 | 0.24 | 0.16 | 0,27 0.58
18| 5.2 | 10.6 | 100 | 1.76 0.11 0.25 0.13
14 6.3 9.9 100 4.39 0.41 0.41 1.66
16 7.5 7.5 100 0.21 0.06 0.08 0.12
15 8.8 9.2 100 0.48 0.07 0.08 0.09
| 22 4.4 8.0 1000 0.22 0.38 - 0.54 0.74
: 19 6.7 7.8 1000 1.76 - 0.24 0.52 0.37
28 | 7.4 8.6 | 1000 0.53 0.10 0.11 0.18
20 7.5 7.7 1000 0.18 0.09 .14 0.14
- 26 7.5 7.8 5000 3.24 0.20 0.29 0.24
27 | 9.1} 7.8| 5000 | 1.05 0.44 1.31 1.31
Notes: 1. Abrasion surface is the upstream side of the
corrugation. :
2. Corrosion surface is any other surface other
than the abrasion surface.
3. No galvanized steel was used in this test.
_ Except for weight loss measurements, all test
results are based upon metallographic analysis
K of samples.
4, The metal loss on the abrasion surface on all

specimens was due to corrosion pitting rather
tgah to abrasion. Actual abrasion losses on
the steel were negligible.

See Table 4 for chemicals used in this test.
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Table 6

Labo;atory Corrosion-Abrasion Test Results of 16 Gage Aluminum

Yezgs Years to Perforation
_ Days | Resis- | 100% '
Test of tivity | Weight | Minimum Abrasion; Corrosion?

No. | pH | Test | Ohm cm | Loss | X-Section| Surface Surface
3.6 7.3 100 0.75 0.20 0.30 0.3

8 3.9| 3.6 100 0.34 0.09 0.17 0.14
11 5.0 7.7 100 0.24 0.23 0.36 0.36
10 6.3 7.9 100 2.22 0.43 0.52 1.30
7 8.0 9.8 100 2.34 0.46 0.46 1.07
5 8§.7| 6.8 100 3.01 0.56 0.45 0.56
4 8.8} 14.9 100 0.53 0.70 0.81 1.63
3 9.0| 15.6 100 4.22 0.47 0.86 0.47
6 |10.5| 9.1 100 0.12 0.10 0.20 0.12
23 4.8 7.8 1000 1.36 0.23 0.29 1.28
32 7.5] 36.2 1000 3.24 0.91 1.32 1.48
29 7.5 9.9 1000 1.92 0.36 0.40 1.08
25 7.5| 10.0 1000 2.48 0.41 0.41 0.82
24 92.1| 7.8 1000 0.14 0.43 0.26 1.29
30 7.5 8.3 5000 1.62 0.34 0.34 0.68
31 9.0, 7.6 5000 0.94 0.19 0.19 0.84

Note: 1. Abrasion surface is the upstream side of the corrugation.

2. Corrosion surface is any other surface other than the
abrasion surface.

3. Except for weight loss measurements, all test results
are based upon metallographic analysis of samples.

Cladding was penetrated on abrasion surface in all tests.

5. The metal loss on the abrasion surface of the specimens
were the combined result of corrosion and abrasion.

6. See Table 4 for chemicals used in the test.
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Table 7

Sumpary of Laboratory Corrosion~Abrasion Tests of 16 Gage Metal

Averages of the Estimated Years to:
Perforation
Metal Max., Cross- | Abrasion Corrosion | 100% Weight
Section Loss | Surface Surface Loss
Plain :
Steel 0.20 0.351 0.48 1.3
Aluminum 0.39 0.46 0.84 1.7
Laboratory Corrosion-Abrasion Tests
for pH of 6.0 to 8.0 Only
Averages of the Estimated Yeaxs to:
Perforation
Metal Max. Cross- | Abrasion | Corrosion |100% Weight
Section Loss | Surface Surface Loss
Plain 1
Steel 0.18 0.26 0.45 1.72
Aluminum 0.40 0.43% 0.99 2.12

The amount of metal loss on the abrasion surface of the
ateel due to abrasion alone was in all cases negligible.
The metal loss on the abrasion surface of the steel was
in the form of corrosion pits.

1.

of the aluminum

The metal loss on the abrasion surface o
e

is the combined result of corrosion and abrasion.
. metal loss on the abrasion surface of the aluminum,
however, was significant (see Figure 31).
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Table 8

Solutions Used in the Continuous Submersion Tests

Resgis~
Test tivity Grams of Grams of
No. pH Ohm cm. Tap Water | Chemicals Used |Chemicals
1 4.3 1000 10000 Potassium Acid 22
Thalate
(KHCSHAOQ)
2 7.5 1000 106000 Sodium Chloride 5.2
(NaCl)
3 9.0 1000 10000 Calcium Carbon- 10
ate (CaC03)
Sodium Chloride 5.0
(NaCl)
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Table 10

Results of
Continuous Submersion Test#*

Estimated Years to Perforation for l6-gage Metal

Metal Sample pH Years
Galvanized Steel 1 4,3 | Steel was
Unaffected
2 4,3 "
Aluminum 1 4.3 2.9
2 4.3 2.9
Galvanized Steel 1 7.5 Steel was
unaffected
2 7.5 "
Aluminum 1 7.5 2.9
2 7.5 3.7
Galvanized Steel 1 9.0 Steel was
unaffected
2 9.0 "
Aluminum 1 9.0 2.9
2 9.0 3,3

#Test solutions had a resistivity of 1000 ohm cm,

and test period was 70 days.
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Table 11

Results of Fog Room Test¥

Days of
Metal Sample Test Years to Perforation#®*
Galvanized Steel 1 +365 Steel was unaffected.
(Sample was from pre=-
vious testing.)
Aluminum 1 94 3.2
2 94 3.2
3 94 3.2

* Fog room is room at 73.4°F, 100% R.H. and is normally used
for the curing of concrete specimens, The pH and resisti-
vity of the fogged water was 8.2 and 6300 ohm cm respective-

ly.

#%Estimated Years to Perforation for 16-gage Metal
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ClibPD

ADDENDUM
gaBle'14

(Also see Table 3)

Averages of Estimated Years to Perforation
for 16-gage Metal for all Seven

Comparative Field Test Sites

Based upon Ingpection of November 23, 1964

Metal Max. Cross-
Section Loss Abrasion Corrosion
Galvanized 13 21 17
~ Steel
Aluminum 8.5 1.9 11
Estimated* Average Years to Perforation
for the Five Test Sites with pH
Between 4.5 and 8.3

Galvanized 18 21 25

Steel
Aluminum 12 1.9 17

* Note: Test site with pH of 4.5 has a pH range of
4.5 to 6.3

www fastio.com
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Figure 1

Field Test Site
I-Hum-35-C, Mile 1,19

Inlet of test
pipe - aluminum
section

Samples removed
from invert after
2-year exposure
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Figure 2
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Figure 3
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Figure 4

I1-Sha-3-B
Right of Station 265+

Field Test Site

Typical invert samples
removed after approxi-
mately 1.5 years of
test

[1O0.COM
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Figure 5

. II-Sha-3-B
Right of Station 265+

érbss-section of
steel after 1.5
years of test

Cross-section
of aluminum

204X
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Figure 6

III-But-21-B
Right of Station 594+

Field Test Site

Invert samples
removed after
approximately 1.7
years of test,
(Highly corrosive
exposure,)
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Figure 7
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Figure 8

Abrasion Test Site
IV-SClTS-C Sta. 250+25
Bridge No. 37-165

"As built"
concrete test
section at inlet
section of test
culvert

Appearance of
concrete test
section after
1.4 years of
service showing
severe abrasion

View showing loss

of approximately
1/2-inch of concrete
in the concrete test
section at the outlet

LB E .

Note deposit of
debris at grade
change of culvert
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Figure 9
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Figure 10
Abrasion Test Site

IV-SCl1-5-C Sta, 250425
Bridge No. 37-165

Severe abrasion
of aluminum after
1.4 vears of
service

Direction of flow

Severe abrasion of
galvanized steel after
1.4 years of service,
Note loss of head of
rivet.
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Figure 11
Results of Abrasion Tests

IV-8Cl-5~C Sta., 250+25
Bridge No. 37-165

Typical cross-sections of pipe invert after test
exposure,

: 1 C.M.P., samples were 10 gage (0.140+)
Note é%eel samples gre typical of the most abraded
pipe sections
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Figure 12

) IV-SCr~5-A
Right of Station 530+

Aluminum culvert,
field test site.
(Exposed pipe sub-
sequently backfilled)

Existing galvanized
C.M.P. Approximate-
ly 2 years of service,.
(Not placed as part
of test program.)

ClibPD www fastio.com
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Figure 13

IV-SCr-5-A
Right of Station 530+

Aluminum invert
sample after
approximately

0.8 years of test.

Cross-section of
aluminum. Non-
perforated section.

204X
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Figure 14

. X-SOJ-SB-C
Right of Station 6+

Field Test Site

Giasw JTEH

Backfill Side Inside (Invert)

Appearance of cleaned galvanized steel
samples after 2.4 years of test,

“CIibPD
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Figure 15
X“s .J-53-C
Right of Station 6+

Appearance of
inside of alumi-
num sample after
cleaning.
(Invert.)

Appearance of soil
side of aluminum
sample after clean-
ing.
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Figure 16

X-S -J"SB-C
Right of Station 6+

Appearance of
galvanized steel
joint after
cleaning.

Cross-section of
steel,

Note partial loss
of galvanizing on
both sides.
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Figure 17

X-§.J-53-C
Right of Station 6+

Appearance of
aluminum joint
after cleaning.
Light colored
areas are cor-
roded sections
of pipe.

Cross-section
of aluminum.
Note loss of
cladding on
both surfaces.

204X
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Figure 18

XI-S.D-2-Nat.Cty at Sweetwater Creek

Field Test Site at
high tide.

Sample removed from cul-
vert inverts. After culvert samples.
approximately 1.6 years

of test.

Backfill side of same
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Figure 19
XI-8.D=-2-Nat.Cty at Sweetwater Creek

Appearance of
Aluminum after
cleaning. 1.6

years of test.

Cross-section of
aluminum.

Note the loss of
cladding and
penetration into
the base metal on
the backfill side
of pipe (bottom of
photo.}

204X
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Figure 20

XI-S5.D-2-Nat.Cty at Sweetwater Creek

Appearance of
galvanized steel
after cleaning.

1.6 years of test.

Galvanizing pene~
trated at localized

spots. (Top surface
of photo.)

20 +X
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Figure 21

XI-Imp-187-F
Left of Station 498+

Field Test Site

Backfill side of cul-
vert samples, Approxi-
mately 1.7 years of
exposure. Dark areas

on steel and light areas
on aluminum are locations
of corrosion.

~CHhPDF—wrrwrfastrorcom
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Figure 22

XI-Imp-187-F
Left of Station 498+

Appearance of
aluminum joint
after cleaning.

Section through
aluminum. Note

the loss of clad-
ding and penetra-
tion of the base
metal on the soil
gside of the alumi-
num culvert (bottom
of photo).
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XL s /87 ®

XI-Imp-187-F

Left of Station 498+

+

Ja/f{on \f:, a %«
24P JAINTS
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Figure 23

Appearance of
galvanized steel
joint after
cleaning. Dark
areas are rust.

Section through
steel. Note loss
of galvanizing and
penetration at
localized areas.
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Figure 24

Corrosion-Abrasion Testing Machine

. Removable
Plexiglas
- 4" x' 8" Test
Specimen
Coated
Steel
Drum
Rim Speed

Approx. 5 fps

Note: Steel drum 24 inches in diameter, 8 inches deep
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_ Figure 25
LABORATORY CORROSION-ABRASION TEST

OF STEEL
. EXTRAPOLATED YEARS TO 100% WEIGHT LOSS VERSUS pH
.9 -
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4.0 }——
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A-5000 ohm cm
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Figure 26
LABORATORY CORROSION-ABRASION TEST

_ OF ALUMINUM
EXTRAPOLATED YEARS TO 100% WEIGHT LOSS VERSUS pH

T |
/Designated pH
I ]
. ®-100 ohm cm != ’1]
O Range of pH solution
©-1000 ohm cm during test.
A-5000 ohm cm
Note:
Weight loss was based

35— on the weight of 16 ga.
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Figure 27
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Figure 28
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Figure 29
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Figure 31

*1893 STy} UF UOTSOII0D

30 joeT 930N °sdy ¢ Lie9jeurxoidde jo L31oclen usawIdads B pue pues BmBlI0 Aq
pasnes ses yotym ojoyd 3IsT SYy3 uo umoys s SuTppeIo FO ssol TedTdL3 ay3 930N
*3ur3sal jo sdep g A1ojewixoxdde x93ze ofdwes 3533 WNUTWNTE JO SUOTIDIS-SS01)H

XF0¢

-~ roT3 710 UOTIDBIIQ

21891 UOTISRIQY - UOTISOXI0) AX01BIOQET]

Clih.2D


http://www.fastio.com/

Figure 32

70-day Laboratory Test of Continuous Submersion
of Galvanized Steel

pH 4.3

Resistivity = 1000 ohm cm,
Galvanizing intact; no
corrosion of steel.

pH 7.5

Resistivity = 1000 chm cm.
Galvanizing intact; no
corrosion of steel,

pH 9.0

Resistivity = 1000 ohm cm.
Galvanizing intact; no
corrosion of steel
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Figure 33
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Figure 34
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Figure 35
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Figure 36
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