
Method of Estimating Corrosion of Highway 
Culverts by Means of Polarization Curves 
R. I. LINDBERG, Research Scientist, Reynolds Metals Co. 

The advent of new materials into the corrugated metal culvert field 
initiated efforts to develop a comparative corrosion test. The work 
of W. J. Schwerdtfeger at the National Bureau of Standards proved 
the usefulness of polarization curves for determining the corrosion 
of buried metal. 

This work describes the application of the Schwerdtfeger method 
to full-sized metal culverts installed under highways. The preferred 
method of obtaining curves is to use four auxiliary electrodes sym
metrically placed near the ends of the culvert and two reference 
electrodes placed over the centerline of the culvert near the edge 
of the roadway. 

The method is simple and inexpensive and yields curves thatare 
not difficult to interpret. 

•A NUMBER of years ago corrugated metal culverts became available in several dif
ferent metals and the highway engineer was faced with a problem of selection. One of 
the important points to consider was the corrosion resistance of the culvert when in
stalled under a roadway. This was a difficult thing to evaluate short of digging up the 
pipe and having a look at it. We sought a way around this problem and discovered the 
work done by W. J. Schwerdtfeger (1) at the National Bureau of Standards. 

Schwerdtfeger ran polarization curves on buried specimens of two metals and reported 
that, when large weight losses were encountered, the predicted weight loss was less 
than 6 percent from the actual weight loss. 

At this point a word about polarization curves is in order. When a metal is in con
tact with an electrolyte such as moist earth, it will exhibit a pipe to soil potential. 
This potential is a voltage measured relative to a standard reference electrode (half 
cell). If for any reason, corrosion or otherwise, a current flows into or out of the 
buried metal, changes in the environment at the interface between metal and soil will 
occur. These changes cause the pipe to soil potential to change and the direction of 
change will depend on the the direction of current flow. By plotting the change in pipe 
to soil potential against the logarithm of the current flowing, a curve of fundametal 
significance is obtained. Figure 1 is a schematic drawing of such a curve. Note the 
"break" in the curve where the two straight-line portions intersect. The current at 
the break points on the anodic and cathodic polarization curves are called Ia and le 
respectively. The corrosion current, I corr., is found by Pearson's equation (~)to be 

I corr. = (Ia) (le) 
Ia + le 

This is the current flowing from the culvert due to corrosion, and by Faraday's Law, 
we can calculate the weight loss of metal represented by this current. We can then 
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Figure l. Schematic polarization curve. 

compare, by means of polarization curves, 
the corrosion resistance of two metal 
structures buried in the ground. This is 
the method proven accurate by Schwerdt
feger' s work. 

A possible drawback in Schwerdtfeger's 
work was the small size of his specimens
about % square foot of exposed area-and 
the question of applicability to larger struc -
tures was raised. Following discussion 
with Schwerdtfeger, we decided to follow 
his method exactly, even to duplicating his 
wiring hook up, as shown in Figure 2. 

Figure 3 shows the wiring diagram 
translated to test equipment. This includes 
a galvanometer -potentiom eter , bridge 
circuit, ammeter, copper/copper s ulfate 
reference electrode, batteries, auxiliary 
electrode and lead wires. This is all 
standard equipment except the auxiliary 
electrode, which is conveniently made from 

the auger-type anchors used to chain dogs and is available inexpensively at pet shops. 
Our first step was to bury specimens of both aluminum and galvanized culverts at 

one of our test facilities. Here 11-in. sections of 8-in. -diameter corrugated metal 
pipe were buried as well as 10-ft lengths of 24-in. -diameter culvert. Each sample had 
a lead wire attached which was brought above ground. After the culverts had been 
buried about a week in soil with a minimum specific resistivity of 9, 000 ohm-cm, we 
ran our test. At this time, and every time since then, we have been able from our data 
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Figure 3. Equipment for polarization curves. 

to obtain curves with good straight-line portions. A remote auxiliary electrode is used 
for all tests at this site and we position our half cell over the center of the culvert. 

Encouraged by the results, we obtained permission from the Virginia Highway Re
search Council to try the method at the five sites they are now using for culvert tests. 
These are sites where full-size, generally 48-in. diameter by 25 to 30 ft long, culverts 
are placed under highways. Condition of exposures range from tidal flow to mountain 
stream, but in every case we obtained good breaking curves. It was about this time 
that we were invited to demonstrate the method in other areas where again the test 
produced good results. 

In all these tests we used a single reference electrode placed at ground surface over 
the culvert and an auxiliary electrode placed a minimum of two or three pipe diameters 
away from the culvertandon the shoulder of the road which is the only area available. 
In discussing the test, a question was raised by a highway engineer as to the best place 
to put reference and auxiliary electrodes. To try to settle this question, a series of 
curves was run at the Virginia State Highway test site in Nansemond County where 
asphalt-coated galvanized steel and bare aluminum culverts are installed side by side. 
The pipes are 48 in. in diameter and 25 ft long. The installation is in a wooded area 
near the Dismal Swamp with a minimum specific soil resistance of 15, 000 ohm-cm 
and a pH of 5. 9 immediately over the culvert. A specific resistance of 14, 000 ohm-cm 
and a pH of 4. 3 were obtained about 20 ft away from the culvert. At the time the test 
was run, the culverts were flowing two-thirds full as a result of heavy rains. 

The first configuration used included one auxiliary electrode placed 12 ft from one 
end of the culvert. One reference electrode was located over the center of the pipe 
midway out on the shoulder and another was placed beside and about 1 ft away from the 
auxiliary electrode. When IR drop was zeroed out for each reference cell, the rheostat 
(or potentiometer) position was marked so that it could be reset as needed. As soon as 
the test started, it was apparent that placing a reference close to the auxiliary electrode 
was a mistake because it gave potential shifts sixty times as high as the other cell and 
it was therefore disconnected. Figure 4 shows a cathodic polarization curve for the 
remaining reference cell, data for which are given in Table 1. Also shown is a curve 
obtained in 1964. It is interesting to note that the pipe to soil potential of this aluminum 
culvert was -0. 64 volts compared to -0. 62 volts in 1964. Break points on the curves 
were at 14 ma in 1964 and 7. 2 ma today. 
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Figure 4. Cathodic polarization curve on bare aluminum culvert. 

While the aluminwn culvert was depolarizing, we moved to the asphalt-coated gal
vanized steel culvert and ran the next test. By thus alternating structures, we obtained 
both anodic and cathodic polarization curves on each structure using two half cells 
placed over the ends of the culverts as before. In these tests four auxiliary anodes 
were symmetrically placed about 4 ft from the edge of the culvert and midway out on 
the shoulder. These curves are shown in Figures 5 and 6 and data are given in Tables 
2 and 3. Where one reference cell gave potentials substantially different from the 
other, the curve is a dashed line. It is interesting to note that when this occurs, the 
break point is not greatly different. 

The abrupt increase in potential for the anodic reading of cell No. 1 at 5 ma in 
Table 3 is unexplained and this curve was not plotted in Figure 6. 

A final test was run with a single auxiliary electrode about 4 ft from one end of the 
culvert. On the same side of the road, reference cells were placed both over the pipe, 

TABLE 1 

CATHODIC POLARIZATION DATA- BARE 
ALUMINUM CULVERTa 

Applied Current, ma 

10 
15 
20 
23 

Pipe to Soll Potential, Volts/2 (as read) 

Reference Cell 

1 OVer 2 Away 

-0. 316 -0. 338 
-0. 318 -0. 432 
-0. 322 -0. 522 

....... - .. . 

.L.IJ,CILVH'-.UlUl;U 

-0. 334 
-0. 353 
-0. 361 
-0. 369 

0
0ne auxiliary electrode 12 ft from culvert, two Cu/CuS04 reference 
cells, one over end of culvert and another near auxiliary electrode. 
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TABLE 2 

POLARIZATION DATA-BARE ALUMINUM CULVERTa 

Applied Current, ma 

1 
2 
4 
7 

10 
15 
20 
25 
30 

1 
2 
3 
5 
7 

10 
15 
20 
25 

Pipe to Soil Potential, Volts/2 (as read) 

Reference Cell 

-0. 297 -0. 295 
-0. 298 -0. 295 
-0. 306 (?) -0. 294 
-0. 280 -0. 294 
-0. 279 -0. 288 
-0. 265 -0. 282 
-0. 252 -0. 270 
-0. 234 -0. 254 
-0. 218 -0. 236 

Cathodic 
-0. 293 

-0. 303 -0. 298 
-0. 309 -0. 305 
-0. 319 -0. 316 
-0. 331 -0. 326 
-0. 352 -0. 353 
-0. 377 -0. 380 
-0. 404 -0. 408 
-0. 428 -0. 430 

°Four auxiliary electrodes 4ft from ends of pipe, two Cu/CuS04 reference 
electrodes over opposite ends. 

TABLE 3 

POLARIZATION DATA-ASPHALT-COATED GALVANIZED 
STEEL CULVERTa 

Applied Current, ma 

1 
2 
3 
5 
7 

10 
15 
20 

1. 4 
2. 0 
2. 5 
4 
5 
8 

10 
15 
19. 5 

Pipe to Soil Potential, Volts/2 (as read) 

Reference Cell 

-0. 474 
-0. 460 
-0. 451 
-0. 463 (?) 
-0.456 (?) 
-0. 442 
-0. 425 
-0. 410 

Cathodic 
-0. 481 
-0. 481 
-0. 482 
-0. 488 
-0. 490 
-0. 495 
-0. 502 
-0. 511 
-0. 515 

-0. 474 
-0. 467 
-0. 461 
-0. 448 
-0. 439 
-0. 422 
-0. 402 
-0. 387 

-0. 480 
-0. 482 
-0. 483 
-0. 490 
-0. 494 
-0. 510 
- 0. 521 
-0. 535 
-0. 543 

afour auxiliary electrodes 4ft from ends of culvert, two Cu/CuS04 refer
ence electrodes over opposite ends. 

and about 12 ft away from the culvert and on the side opposite the auxiliary electrode. 
The data were only taken in the cathodic direction and are given in Table 4 and plotted 
in Figure 7. 

From these data and curves, we concluded that placement of the reference cell may 
make some difference in the potentials recorded, but that the break points in the curves 
are not materially affected. Good curves are obtained with either one or more auxiliary 
electrodes, but we found that the use of multiple auxiliary electrodes caused equilibrium 
conditions to be reached a little sooner. As a result, I prefer placing a reference over 
the culvert and one or more auxiliary electrodes off to the sides of the culvert. 

TEST PROCEDURES 

After all connections have been made, the following preparations are required before 
the test can be run. With the ammeter (or milliammeter) on a low scale the current 
switch is flicked on and off. Generally some small current will be flowing due to gal
vanic effects between culvert and auxiliary electrode. This current must be bucked 
out by applying some current from the batteries and should be done quickly to minimize, 
if not prevent, any polarization of the structure. When this current is bucked out, the 
bridge circuit must be balanced, that is, the variable resistances must be made equal 
to the soil resistance between reference electrode and structure. This is done by open
ing the push-button switch and deliberately setting the rheostats so that when the switch 

TABLE 4 

POLARIZATION DATA-BARE ALUMINUM CULVERTa 

Applied Current, ma 

8 
10 
15 

Pipe to Soil Potential, Volts/2 (as read) 

Reference Cell 

1 Over 2 Away 

-0. 306 -0. 326 
-0. 327 -0. 331 
-U. 349 -0. 337 

-0. 396 -0. 349 
-0. 436 -0. 356 
-0. 496 -0. 368 

0
0ne auxiliary electrode 12 ft away from culvert; two Cu/CuS04 reference 
cells, one over culvert, one 12 ft away and opposite auxiliary electrode. 

is closed, a small current on the order of 
0. 1 ma will flow between auxiliary elec
trode and the culvert. The galvanometer 
is now balanced and with the galvanometer 
key depressed, the current switch is flicked 
on and off. The galvanometer will deflect 
depending on the amount of m drop. Now 
the variable resistances in the bridge cir
cuit are adjusted to put some r~sistance 
into the svstem. The switch is rurain 
flicked on" and off and adjustment c ontinues 
until the galvanometer does not deflect 
when the current switch is momentarily 
closed. The system is now ready to aper-
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Figure 7. Polarization curve on bare aluminum culvert. 

ate, but I usually wait 15 minutes to allow any polarization due to the brief intervals 
of current flow to dissipate. 
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With the system ready to go, you simply close the switch and, by adjusting the main 
power supply rheostats, put a little current between the auxiliary electrode and the 
structure in whichever direction (cathodic 01· anodic) you desire. After a couple of 
minutes, balance the galvanometer and read the pipe to soil potential. When equilibri
wn has been established (a steady reading), enter your data and add another increment 
of current. Continue this procedure until the curve is complete-most easily deter 
mined by plotting the curve on the spot. 

H the second straight-line portion does not materialize, you have not applied suf
ficient current or been careful in zeroing out them drop and must repeat your work. 
The only other problem you will be likely to encounter is not having enough battery 
voltage. The resistance between auxiliary electrode and structure can be very high in 
dry climates; although this resistance does not enter into the bridge circuit, it surely 
can reduce the amount of current that flows. The answer is either to move the auxil
iary electrode closer to structure or to connect several batteries in series with the 
latter being preferable. 

The resistance between auxiliary electrode and soil can be recluced by pouring a 
little water over the electrode. A little water around the half ce11 also makes for better 
soil contact. 

In this manner, polarization curves are determined and, as in all test work, the 
more carefully you work the better your data. From these curves you can estimate 
corrosion occurring at the time the data are obtained. By repeating them frequently, 
you can average out currents and calculate reasonable weight loss data. However, 
even occasional checks will allow comparison of materials at a given time under a 
given set of conditions. 

The method can be used to compare performance of culverts already in place. It 
can also be used when applied to samples buried at points of interest along a proposed 
route to determine the most suitable culvert materials. 



8 

REFERENCES 

1. Schwerdtfeger, W. J. A Study by Polarization Techniques of the Corrosion Rates 
of Aluminwn and Steel Underground for Sixteen Months. Jour. of Research, 
National Bureau of Standards, Vol. 65 C, No. 4, Oct.-Dec. 1961. 

2. Pearson, J. M. Trans. Electrochem. Soc., Vol. 81, p. 485, 1942. 

Discussion 

W. J. SCHWERDTFEGER, National Bureau of Standards-In view of the field data ob
tained by Lindberg on relatively large culverts, it is gratifying to know that an elec
trical measuring technique might be useful in evaluating the comparative corrosion 
resistance of metals exposed to soils or in predicting the useful life of similar under
ground structures. 

As Lindbe1·g did not attempt to prove that he actually measured the corrosion on the 
outer surfaces of the culverts to which his data apply, it is believed that some com 
parison with National Bureau of Standards data (proven by weight loss) also obtained 
in the field might be of interest. After having exposed an aluminum pipe specimen at 
one NBS site, herein called site A, for 16 months (1), the stable corrosion current 
density based on the Pearson equation, using data from the breaks in polarization 
curves, was calculated to be about 8 microamperes/sq ft. This current density is 
based on the actual area of the bare high purity (1188) aluminum pipe (0. 4 sq ft) exposed 
to a neutral soil having a resistivity of about 7500 ohm-cm, a relatively noncorrosive 
soil. 

Lindberg obtained polarization curves on 25-ft lengths of 48-in. -culvert (315 sq ft 
of outer surface area) installed by the Virginia Highway Research Council. I calcu
lated the corrosion current density based on a set of Lindberg's polarization curves and 
observed it to be approximately 17 microamperes/ sq ft. The soil in the area where 
the alwninum culvert is installed might also be considered as being relatively non
corrosive, having a resistivity of 15, 000 ohm-cm. Thus, by comparison with the NBS 
data (site A), Lindberg's data appear to be reasonable. Furthermore, the writer plot
ted Lindberg's data on rectangular coordinates and observed that breaks in the curves 
occurred at about the same values of current as indicated by the plot on semi-logarithmic 
coordinates. Lindberg showed that the breaks in the polarization curves occurred at 
values of current which were quite reproducible for a given environment. 

It is believed that a demonstration of polarization curves plotted from data obtained 
at two sites, one very corrosive and the other noncorrosive, might also be of interest. 
Accordingly, some of the polarization curves from NBS site A on aluminwn are shown 
in Figure 8 along with curves for an identical aluminwn specimen exposed to a very 
corrosive soil (site B, 250 ohm-cm). For comparison, the curves are plotted on the 
same scale. For site A, it will be noted the currents at the breaks, Ip and Iq, de
creased with length of exposure time, whereas the values of Ip for site B did not change. 
Also, note the difference in magnitude of the stable currents rl? for sites A and B at 
16 and 32 months, respectively. The corrosion curi·ent densities calculated from the 
values of break current are about 8 microamperes/sq ft, as previously stated for site 
A, and 4, 300 microamperes/sq ft for site B. Thus, the stable corrosion rates (weight 
losses) are in the ratio of about 500 lo 1. There was remarkably good agreement be
tween the calculated and actual weight losses of these specimens. Figure 9 shows the 
two aluminum pipe specimens (wall thickness U. 062 in. ) after exposure and removal 
of corrosion products. There was some pitting (maximum o. 008 in.) on the one trom 
site A but the specimen from site B was perforated in many places. In view of the low 
weight loss after 16 months on the specimen exposed to site A, its appearance probably 
would be little or no different after 32 months, the length of time the specimen in site 
B was exposed. 
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Figure 8. Polarization curves of aluminum (1188) pipe specimens during exposure at two underground 
sites: site A-soi I resistivity, 7500 ohm-cm; site B-soi I resistivity, 

250 ohm-cm; I cathodic, 0 anodic. 

Now a few words about the measuring circuit and the electrical characteristics of 
the components. The battery voltage necessary is flexible and depends on the soil re
sistivity. The voltage required to complete a polari.zation curve can be reduced by in
creasing the exposed area of the auxiliary electrode (auger in Lindberg's paper). Values 
of Rx (balancing r esistor) must be flexible to cover a range of soil resistivities. The 
push-button switch (used while balancing out the IR component which would otherwise 
be included in the measured potentials) is normally closed and, while helpful, is not 

Figure 9. Aluminum specimens after exposure and removal of corrosion products: specimen A-exposure 
time, 16 months at site A; specimen B-exposure time, 32 months at site B. 
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absolutely necessary and may be replaced with a toggle switch. The magnitude of the 
current momentarily applied in balancing out the resistance in the potential measuring 
circuit will depend on the value of the soil resistivity. Corrosive soils (generally 
those of low resistivity) will require larger currents. The balancing is performed (one 
time) before beginning the polarization curve, and only the minimum current necessary 
should be applied in order to avoid or minimize polarization. 

It is believed that the polarization technique can be applied to all metals commonly 
used underground. Lindberg has applied it to aluminum and to galvanized iron and re
cently I have found it to be applicable to copper (3) exposed to a very corrosive soil. 
In the laboratory, it has been successfully applied in measuring the instantaneous rates 
of corrosion of iron-chromium and iron-nickel alloys in a salt solution. 

Mr. Lindberg is to be complimented for his practical application of this polarization 
method to a specific problem. 
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R. I. LINDBERG, Closure-Our thanks to W. J. Schwerdtfeger for his discussion as 
well as for his cooperation and helpful assistance during the initiation of this work. 




