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I. FOREWORD

This is Part II of a report of the cause of corrosion

of the reinforcing steel in the San Mateo-Hayward Bridge.
?\&"\rl(: ll" ¢ 0€S \"LD‘[ heav s

Part dealt with the physical and chemical properties
of the concrete and was conducted by the Technical Section of
the Materials and Research Department. Part I also covered the
historical facts concerning the bridge. Therefore, these back-
ground items are touched upon only as needed in this report.

This report, Part II, presents data on the electro-
chemical nature of the corrosion of the reinforcing steel and
was conducted by the Structural Materials Section of the
Materials and Research Department.

As stated in Part I of this investigation, the immediate
purpose was to conduct pilot studies that would be of assistance
in determining whether or not more complete investigations would
be warranted. These studies indicated that further investigations
would be warranted, and such studies are now underway.
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IT. SUMMARY

The corrosion of the reinforcing steel, which is accom-
panied by concrete spalling, has been a major maintenance problem
on the San Mateo-Hayward Bridge starting approximately seven (7)
vears after the bridge was constructed in 1928-29 and continuing
to the present, 1955.

The appearance of the reinforcing steel, when cleaned of
rugt, indicates that the corrosion attack is not normal atmospheric
corrosion. There are deep corrosion plts, some of which are 3/16"
deep, in the main reinforcing steel in the beams. Also portions of
many 3/8" diameter stirrup bars are almost completely disintegrated.
This is the type of corrosion attack normally expected, when the
currents causing corrosion are attacking a small anodic area.

In three laboratory experiments, corrosion cells were made
by connecting steel electrodes to the surfaces of concrete samples
obtained from the bridge. Voltages and electrical currents which
were measured in these cells showed that concrete could function as
an electrolyte and thereby create a corrosion cell.

A concrete core obtained from the deck of the bridge had
two separate embedded bars of reinforcing steel. When the two bars
of reinforcing steel were connected by a conductor through a miero-
ammeter, an electrical current flow was measured. This indicates
that a corrosion cell entirely within the concrete structure 1s
possible. :

Normal concrete should be alkaline, with a pH of about
12.5 to 13. The average pH of the visually "air dry" concrete
samples obtained from the bridge was 8.9 on the surface adjacent to
the reinforcing steel at the cathodic areas and 7.9 adjacent to the
steel at the anodic areas. The numerical pH values obtained from
these samples were secured asg an indication of the possibility of
differences in the alkalinity of the concrete, and are not neceasarily
true pH values. A more complete study will have to be made to deter-
mine the true alkalinity of the concrete in the San Mateo-Hayward
Bridge.

Meossurements were made of the specifie electrical resist-
ance of concrete samples taken from the bridge. These measurements
indicated that the electrical resistance of the concrete samples 1s
approximately equal to certain sandy loam and clay soils.

Electrical potentials were obtained on the surfaces of the
concrete in portions of four spans on the bridge. These electrical
measurements indicated that corrosion currents are generally flowing
from corroding anodic areas in the beams to non-corroding cathodic

areas in the deck.

Tests were made to determine if stray electrical currents
were causing the corrosion of the reinforeing steel. Electrical
potential measurements were made on the surface of the bay and land.
The measurements indicated that no stray electrical current was
either entering or leaving the structure.

-EhHphPP
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. At one span, electrical pobtentials indicated that corrosion
currents were flowing within a beam from & section of reinforcing
steel embedded in the original concrete to reinforeing steel embedded
in shotcrete placed as a repair. The measurements indicated that the
steel in the concrete 1s anodic to that in the shoterete and therefore
is subject to corrosion.

As exsmples for correlation to the concrete piles of the
bridge, electrical potential meagurements were made on three abandoned
reinforced concrete piles. Two of the piles were rejected from use
on the 1-1/2 year old P.G.&E. transmisslion line adjacent and parallel
to the bridge. The piles had their original wooden driving cushions
in place and were lying in tidal water. Electrical potential
messurements indicated that a corrosion cell was formed between the
steel embedded in concrete and the steel embedded in the wooden
driving cushion. When the wooden driving cushion was removed, 1t was
found that some of the 1" dlameter steel bars in the cushion had lost
up to 75% of their original cross-section within 1-1/2 years.

Electrical potential measurements were made on a rejected
Sen Mateo Bridge reinforced concrete pile lying in tidal water. The
reinforcing steel of the pile was corroding and the concrete was
spalling. The potential measurements indicated that there were anodic
and cathodic areas within this pile which were separated by distances
of 1 to 5 feet. The present appearance of the cracks in this pile is

— similar to those in the piles in place in the structure.

The absorption of sea salts by the concrete apparently is
a major cause of corroslion in the San Mateo-Hayward Bridge. As
indicated in Part I, the salts tend to lower the pH of the concrete
thus making the steel more vulnerable to corrosive attack. Because
of this effect, and an accompanying lowering of electrical resistance,
corrosion cells are more readily formed. The cells are probably seb
up by differences in alkalinity from point to point due to unequal
distribution of salts. However, these cells could alsoc be caused to
function by differential aeration of the steel in areas of nearly
equal but sufficient chloride concentration to destroy the inhibiting

effect of the concrete.

As the corrosion of the reinforcing steel in the San Mateo-~
Hayward Bridge is due to a corrosion cell with the anodic and cathodic
areas separated by distances of approximately two to ten feet, it
appears that neutralization of this effect might be secured by means
of cathodic protection to prevent further corrosion of the reinforcing
stesl. However, the effect of the electrical currents used in
cathodic protection on the chemical stability of the conerete is not
entirely known and must be further investigated.

Thegse pilot studies have formed the basis for recommendations
for future work which appear on page 20.

The conclusions from these pilot studies appear on page 21.
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ITT. CORROSION HISTORY

After the San Mateo-Hayward Bridge had been opened to
traffic for about 7 years, cracks in the piles, caps and beams were
repaired with shotcrete. It was stated that the reason for this
repair was that cracks were occurring in the concrete and that the
steel was corroding. The bridge was built in 1928-29.

. Approximately 9 years after the completion of the original
repair project, another repalr project was commenced.

A recent preliminary survey of the existing condition of
the bridge indicated that neaprly every span has indications of steel
corrosion as evidenced by the concrete cracking or by repairs to the

A,

Nature of the Deterioration.

The physical appearance of the cracks In the con-
crete of the plles, caps and beams 1s adequately
described in Part I of this investigation and will
not be repeated except as necessary.

The rust on the reinforcing steel is usually one

of two types: +the first type is similar in appear-
ance to the typical heavy, stratified flake type
rust found in marine atmospheric exposure. The
second type of rust is not as dense as the "normal®
type of atmospheric rust. This rust is a dark
reddish brown and has streaks of green and black
through it. When this type of rust is exposed, an
geidic odor is perceived. The surface appearance
of the reinforcing steel, when cleaned of both
types of rust, is much more deeply pitted than is
ordinarlily found under atmospheric conditions.

Portions of the stirrup bars, in some cases, are
almost completely destroyed by corroslon, the rust
being as described above.

Tt 1s incidental to the main study of this struc-
ture, but of interest to note, that the steel
bolts, which hold the electrical insulators for
the wires of the abandoned lighting system, are
seversly corroded where they are exposed to the
atmosphere. However, 1t is an exceptional clr-
cumstence to find the concrete cracked at the
smbedded bolts. These bolts are located on the
underneath surface of the deck about one foot in
from the outside edge of the deck. This appears
to support in a small way the preliminary conclu-
sion that the corrosion of the reinforcing steel
of this structure wasz not due to atmospheric
attack of any consequernce.

Exhibits 1 to 5 inclusive, which are in the
Appendix, depict the corrosion problem at the
San Mateo-Hayward Bridge.

CH PP
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IV. THEORY OF CORROSION

The aspect of chemical action and reasction in the electro-

chemical process of corrogion is adequately described in Part I of
thils report.

This part of the report is primarily concerned with the
electrical aspect of corrosion.

It is a well accepted fact that the corrosion process
involves the flow of electrical currents as well as a chemical sction.
The electrical current produced during corrosion can be measured.

Not only ecan the magnitude of the current be measured, but the loca-
tlon of the anodic and cathodic areas producing these currents can be
electrically located.

In accordance with this theory, as the corrosion of the
reinforeing steel In the San Mateo~Hayward Bridge is occurring, an
electrical current 1s flowing from the corrodlng ancdic reinforcing
ateel to the non-corroding cathodic reinforcing steel through an
electrolyte of concrete.

The following definitions concerning corrcsion have been
taken from Uhligfs Corrosion Handbook: :

1, Differential Aeration Cell.

This type of corrosion cell occcurs when differences
in air, or oxygen, concentration in the electrolyte
at one of two electrodeg of the same metal cause an
electrical corrosion current to flow between the
electrodes.

2, Concentration Cell.

This type of corrosion cell occurs when an unequal
concentration of an electrolyte at the anode and
the cathode causes an electrical current to flow
betwesen the electrodes.

f. "
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V. INVESTIGATIONS

Laboratory Studles.

Comp?ete details of the methods used iIn the laboratory studies
are in ?he Appendix along with the results. The following is
a resume of the laboratory studies:

1. HElectrical corrosion currents induced by conérete and steel.

Four experiments were performed during the laboratory studies
to ascertain if concrete could be an electrolyte, and if
moisture or chemical differences in concrete could cause a
corrogion current to flow between steel electrodes contacting
concrete.

Additional experiments were performed to ascertain if there
are differences in alkalinity of the concrete causing anodie
and cathodic areas. Also, the specific electrical resist-
ance of the concrete was determined under various moilsture
conditions.

EXPERIMENT #1.

Steel electrodes were clamped to opposite surfaces of concrete
gamples. All current flow was measured and tabulated. The steel
electrodes were then reversed in position to ascertain whether
the concrete or the steel electrodes were the major influence 1n
determining the direction of current flow.

In all cases electrical measurements indicated an electrical
current wag flowing between the steel electrodes 1n intimate con-
tact with the concrete samples. In only 1 out of the 8 samples
the direction of the current flow reversed when the electrodes
were reversed in position. In the remaining cases the electrode
contacting the concrete surface normally exposed to the atmos-
phere was anodic to the surface that was not normally exposed to
the atmosphere. The concrete acted as an electrolyte and in-
fluenced the direction of current flow.

EXPERIMENT #2.

In this experiment the concrete samples wWere used in palirs. The
surfaces of the concrete originally exposed to the atmosphere
were butted together and steel electrodes were contacted to the
surfaces of the concrete originally not exposed to the atmosphere.

In all cases an electrical current flow was indicated by measure-
ments to be flowing between the steel electrodes. In I out of 12
cases the direction of the current flow reversed when the elec-

trodes were reversed in position.

In 6 different couples between the steel electrodes cogtacting
originally " nodic and cathodice" specimens, L couplﬁs indicated
that the "anodic" concrete retained its "status quo" when
coupled to "cathodic" concrete.

This experiment also indicated that the concrete could act as an
alectrolyte.

SR ey
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EXPERIMENT #3.

In ?his experiment a conerete deck core (which was sheared through
during removal at 2 places) was used to ascertain if current would
flow when steel electrodes were contacted to the concrete surfaces.

The steel electrode which contacted the atmospheric surface of the

concrete was anodic even when contacted to the normally sheltersd
surface.

Tpe concrete acted as an electrolyte and also influenced the
direction of current flow.

EXPERIMENT #;.

In this experiment a concrete core, with two electrically dis-
connected steel reinforcing bars, was obtained from the deck of
the bridge.

A microammeter was electrically connected to the steel reinforc-
ing bars under two conditions: (1) the core was visually atmos-
pheric dry; and {2) the concrete core was moistened to a damp
appearance.

Condition 1 -~ atmospheric dry: The microammeter indicated that

a current flow of 0.7 microamperes was flowing between the bars.

The steel bar nearest the deck was anodic to the bar more deeply
)

imbedded.

Condition 2 -- Concrete core moistened to a damp appearance. A
maximam current flow of 10 microamperes was measured. The steel
bar nearest the deck was anodic to the steel bar more deeply
imbedded.

This experiment indicated that 1t is possible for corrosion cells
to function in the deck of the bridge.

EXPERIMENT #5.

This experiment was performed to determine if there is a posgsi=-
bility that differences in alkalinity in the cathodic and anodie
sreas of the concrete are causing the corrosion of the steel.

A few drops of tap water, pH 8.3 were placed on visually atmos-
pheric dry concrete.

The pH measurements indicated that the concrete at cathodic areas
was more alkaline than the concrete at anodic areas. However,
the numerical results of this experiment may not have indicated
the true pH of the concrete tested.

fhe measurements indicated that further work should be performed
on the alkalinity of concrebe in anodic and cathodic areas.

EXPERIMENT #6.

In the previous experiments the concrete samples obtgined_from
the bridge indicated that they could influence the direction of

—ClihPD WA TASTTO.COM
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current flow, as well as act as an electrolyte. In this experi-
ment, it was declided to measure the specific electrical resist-
ance of the concrete under three conditions: (1) Visually
atmospheric dry, (2) immediately after being socaked in tap water

gothB hours, and (3) one hour after removal from the soaking
ath.

The measurements indicated that the specific slectrical resistance
o? concrete ln a wet or damp condition was from ten to thirty
times more conductive of electricity than concrete in an atmos-
pheric dry condition. TUnder all molsture conditions the concrete
sample which was taken from a cathodic area on the bridge had a
greater electrical resistance than the concrete samples taken
from anodie areas.

Furth?r work should be performed to determine if there is a
relationghip between specific electrical resistance of concrete
and corrosion of relnforcing steel.

Field Studies.
1. Potential Survey of Span #408.

An electrical potential field survey was made of beam #3-1
between bents #,08 and }}09.

When making potential measurements, apparently the simplest
method would be to contact the electrolyte with a steel bar
or copper wire. However, when a steel bar or copper wire is
used to measure potentials of a corroding structure, the
potential of the steel bar or copper wire to the electrolyte
at the point of measurement is variable. The erratic poten=-
tials of a steel bar or copper wire to the electrolyte are
caused by variations in chemical content, aseration, and many
other factors in the electrolyte. For this reason a standard
reference cell is used to make a potential measurement.

The field measurements made, as a part of this report, were
made by using a copper sulfate half cell. This reference
cell has a relatively constant potential of +0.316 volts
referred to a normal hydrogen electrode. With commercial
materials this reference cell can be reproduced to within

+,006 volts.

The copper sulfate half cell consists of a copper electrods
immersed in a saturated solution of copper sulfate. When
making potential measurements, the voltmeter is connected to
the electrolyte through a "bridge" of copper sulfate solution.

A sketeh of the copper sulfate half cells, as well as th?
method of making electrical connectlons, is shown on Exhibit

6, which is in the Appendix.

This survey indicated that there was an electrical current
flowing in the concrets. This electrical current was [lowing
from corroding areas in the beams to the deck area. The
current flow wag located by potentlal meagurements. There

-ChirPD
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was excellent correlation bebtween the indicated anodic corrosion

— areag located by potential measurements during the survey and
actual corroding reinforcing steel which was exposed at thess
areas. (Note: The field notes of this survey were destroyed in
the laboratory fire of March 195L4).

2. Potential Survey of Span #385.

A supplementary potential survey was made of beams #3S-1, $-2 and
N-2 betwseen bents #385 and 386. ’

The equipotential "contours™ of these beams are depicted on
Exhibits 7, 8 and 9. Charts 1, 2 and 3 respectively, which are
in the Appendix. In this survey, as in the previous survey,
there was excellent correlation between the potential measure-
ments and actual areas of corrosion of the reinforcing steel.

The fundamental purpose of these two surveys was to establish a
correlation between variations in electrical potential measure-
ments taken on the surface of the concrete and actual areas of
corrosion, on the reinforcing steel as exposed by chipping off
the concrete. The correlation was excellent.

The measurements were taken by grounding a volimeter to the rein-
forecing steel and using a copper sulfate half cell to make the
voltage measurements on the surface of the concrete. A potenti-
—_ ometer voltmeter was used to measure the magnitudes of the
r voltages.

3. Potential Survey, Span #512.

An additional potential survey was made of the northerly 1/2 of
the structure between bents #512 and #513 to locate the cathodes
and the anodes. PFrom this survey equal voltage lines were drawn
on & scale model of the bridge.

Exhibit 10, which consists of photographs of the scale model of
the north 1/2 of the bent #512, are included in the Appendix.
On this model the dashed lines are cathodic voltages, and the
solid lines are anodic voltages.

In this survey there was excellent correlation between the anodic
voltages and areas of corrosion of the reinforecing gteel. There
was also excellent correlation in thils survey, as well as in
previous surveys, between the anodic voltages and the concrete
cracks caused by the corrosion of the reinforcing steel.

As indicated by the equipotential contour lines drawn on the
bridge model shown in the Appendix, the cathodic areas causing
the corrosion of the steel in the beams, are in the deck area.

The cathodic areas for the caps and piles are in the diaphragms

o~ and caps. The electrical measurements indicate that the corro-
sion attacking the reinforcing steel has anodes and cathodes
gpaced at distances of two to ten feet.

ThhPD WA Fastio.com
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li. Potential Survey, Span #25.

A series of potential measurements were made on beam #S=-2, and
are plotted on Exhibit 11, Chart lj, in the Appendix. This beam
was repaired with shotcrete approximately 3 years ago. The
potential measurements indicated that corrosion was occurring in
the bottom section of the beam approximately 1' east of the cap
of bent #25.

The cathodic area was located at the bottom of the same beam

#8-2, approximately 11' east of the cap of bent #25. The cathodic
area was located within the area repaired by shotcrete while the
anodic, or corroding area, was located in an area of original con-
crete. The voltage gradient measured on the surface of the con-
crete between the anodic and cathodic areas was 0.42 volts. A
horizontal crack in the concrete approximately 1' long was located
in the anodic area. The steel was not exposed at this location.

5. Potential Survey, Abandoned San Mateo Bridge Pile (Pile A}.

A potential survey was made on a rejected reinforced concrete pile
abandoned during the constructlion of the San Mateo-Hayward Brildge.
This pile, called Pile A, was located approximately 25! north of
the west end of the bridge and was in the tidal water zone. The
concerete in the plle wasg cracked in the same typical manner as the
pilles in the structure. The cracks were longitudinal, and the
steel was corroded.

Potentlial measurements were made on the top face of the pile.

Thess measurements drawn to equipotentisl contours are shown on
Exhibit 12, Chart 5 in the Appendix. The potential measurements

on this pile indicate that the corrosion of the steel is caused

by a corrosion cell with the anodes and cathodes separated by
distances of one or more feet. The corrosion products of the steel
are causing the cracking and spalling of the concrete. Indirect
svidence of corrosion products causing concrets to crack is shown
on BExhibit 5 in the Appendix.

6. Potential Survey, Abandoned P. G. & E. Pile (Pile B).

Corrosion tests were performed on a reinforced concrete pile,
approximately 1~1/2 years old. This pile, designated Pile B, was
located approximately 200! south of the west end of the bridge,
and was in the tidal water zone.

There was no cracking or spalling of the concrete. The pile had
the original wooden driving cushion attached to the head of the

pile.

The equipotential contours of Pile B (Exhibit 13, Chart 6 in the
Appendix) indicated an amodic area within the wooden driving
ecugshion, and a cathodic area approximately 6t distent and located
in the area of concrete-imbedded steel.

When the wooden driving cushion was removed, 1t was disclosed that
some of the 1" diasmeter reinforcing steel bars within the wooden
driving cushion had lost up to 1/2 of their original metal.

“ChihPEE—wwvrtastoTcom
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The steel which extended outside of the driving cushion, so that
the corrosion attack was due to the atmosphere and alternate sea

— water Immersion, was badly rusted. This rust was the typical
stratified flake type, accompanied with the usual sea water
organisms found on steel in atmospheric marine environment. A
typical example of the reinforecing steel corrosion is shown in
Exhiblit 1 in the Appendix.

As the wooden driving cushion was obviously more porous and less
alkaline than the concrete, it was decided to investigate the
poasibility of a corrosion cell being caused by steel imbedded
in concrete and steel immersed in a saline electrolyte.

EXPERIMENT #7.

A. Purpose.

To determine if a corrosion cell would function when fthere
is a different electrolyte at sach electrode.

B. Method.

A steel bar was placed on cotton saturated with sodlium
chloride and sea water in a previously cathodiec ares on
top of Pile B. The steel bar was then electrically con-
nected to the reinforcing steel embedded in the concrete
pile.

.

Blectrical potentials were measured on the surface of the
; concrete pile before and after the steel bar was placed on
the pile.

The voltage measurements were made by placing a reference
copper sulfate half cell at a remote distance from the pile.
A second copper sulfate half cell was used to measure the
voltages on the concrete surface.

C. Eguipment and Materials.

The equipment used was two copper sulfate half cells and a
high impedance vacuum tube volimeter.

The materials ﬁsed were a stesl bar, sodium chlorlde and an
existing reinforced concrete pile.

D. Results of the Experiment.

The experiment indicated that a corrosion cell will function
when steel embedded in concrete is electrically connected to
steel that is in contact with sodium chloride. The steel bar
in contact with sodium chloride immediately became an anode

to the concrete embedded reinforcing steel. This is illus-
trated by the potential measurements of the current flow on
Exhibit 13, Chart 6, in the Appendix. The voltage between the
reinforcing steel in concrete and the steel bar in sodium

chloride was 0.48 volts.
o 7. Potential Survey, Abandoned P. G. & E. Plle {(Pile C).

Corrosion tests were also performed on another ebandoned P. G. &
E. reinforced concrete pile approximately 1-1/2 years old. This
plle, designated Pile C, was located approximately 250" south of
the west end of the bridge and was in the tldal water zone.

TITPD Wi fastio.com


http://www.fastio.com/

~12-

There was no cracking or spalling of the concrete. The pile had
t@i original wooden driving cushion attached to the head of the
pile.

The reinforcing steel extended through the wooden driving cushion
into the atmosphere.

Electrical potential measurements were obtained by two methods.
One method was to electrically ground the voltmeter to one of the
reinforcing steel bars, and a copper sulfate half cell was used to
measure the voltages. The second method was to ground the volt-
meter to a copper sulfate half cell which contacted the soil at a
remote distance from the pile. Voltage measurements were then
measured by using another copper sulfate half cell to contact the
gurface of the pile. The measurements are depicted on Exhibit 1h.,
Chart 7, In the Appendix.

Both methods of measuring voltage gradients on the surface of the
plle indicated an anode within the wooden driving cushion, and &
cathode within the pile.

The wooden driving cushlon was stripped from the pile and the
condition of the exposed reinforecing steel was observed. One of
the steel reinforcing bars within the wooden driving cushion had
lost more than 75% of its original cross-secbtion.

The corrosion products of the steel within the driving cushion
were black in color, and were not solidified. This indicated
that there was insuffieient atmospheric oxygen to oxidize the
corrosion products to the reddish brown appearance of common rust.
Under certain conditions, oxygen is not necessary for corrosion
to proceed. 20, 21, 22,27

Normally the rate of corrosion is dependent upon the removal of
the hydrogen film at the cathode. This can be accomplished by
oxygen combining with the cathodile hydrogen film and forming
water, or by hydrogen evolution, or by other chemicals reacting
with the hydrogen film. As the corrosion takes place at the
anode, it is only necessary for the cathode to be exposed to some
type of hydrogen film removal process.

The corrosion rate of a corrosion cell with an anocde in an oxygen
free electrolyte and a cathode in a hydrogen removing or oxygen
saturated electrolyte will normally depend upon the solubllity,
removal, or inhibiting effects of the corrosion products.

In the above discussed pile, the section of reinforcing steel
which was exposed to alternate immersion and atmosphere exposure
had heavy-stratified red rust. The metal loss of the steel was
the normal amount to be expected in such an exposure of alternate

seg water immersion.

The general field appearance of the abandoned piles is shown on
Exhibit 15, in the Appendix.

Tests for stray electrical direct currents.

Potential measurements were made on the earth's surface away
from the west end of the bridges for a distance of 1100 fset.

CIrPD
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Potential measurements were made every 50 feet. The measurements
— did not indicate a potential gradient to or from the bridge.

Potential measurements were made on the earth's surface during
the opening and closing of the 1ift span, and no fluctuation of
the earth's potential to two copper sulfate half cells was
observed.

At span #512 on the bridge, potential measurements were made on
the gurface of the bay for a distance of 100! away from, and- "
north of, the bridge. This was accomplished by floating a copper
sulfate half cell, by means of wooden floats, with the tide water.
Another copper sulfate half cell was in contact with the concrete
bridge. The measurements indicated zero potential gradient on
the water's surface.

The possibility of the deck, beams, caps, and piles being tied
together by the reinforcing steel was checked. For this test a
welding generator was employed. It was obgerved during the test
that the deek and beams were electrically tied together. However,
the reinforcing steel in the piles and caps was not degigned to
be electrically connected to the deck and beams. It was also
determined that the reinforcing steel in each bent was not
designed to be electrically inter-connected. The fact that it
was not connected was checked at two spans only during this
preliminary study and should be verified during any comprehensive

— study.
In view of the preceding findings, it is very improbable that a
stray electrical current of any magnitude could flow through the
bridge for a greater distance than one span, The potential
measurements made on the bridge d4id not indicate the presence of
stray electrical currents.

o~
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VI. OBSERVATIONS

The measuring of potential gradients on the surface of the
concrete beams indicated the areas of steel corrosion. In the areas
of corrosion of the reinforcing steel, some rust was observed to be
distributed in the cracks in the concrete. It was observed, during
the measuring of the surface potential on the concrete, that the
reproducibility of measurements varied with the moisture content of
the beaems. This fact was observed when over wetting of the concrete
surface was required to obtain a voltage reading.

In the fisld checking of the possibility of stray electri-
cal currents causing the corrosion, the State welder on the bridge
was contacted. The welder's experience indicated that the bridge was
not electriceally connected through its length. It was his opinlon
that the reinforcing steel in the deck and beams was electrically
tied together, and the reinforcing steel in the caps and piles was
electrically tied together; but the steel in the beams and deck was
not electrically connected to the steel in the piles and caps.

With the assistance of the Resgldent Engineer and the con-
tractor performing the contract repair work at the San Mateo Bridge,
the statements of the State employed welder were verified by test
using the contractor's welding generator.

The foreman of the bridge crew on the San Mateo Bridge was
then contacted. The foreman offered statements on the hardness of
the concrete on the bridge. It was hils opinion that the concrete 1s
usually harder in the vicinity of cracks in the concrete. The
degree of hardness of concrete is not known, but is referenced to
the ease with which the concrete chipping hammers demolish the con-
crete. The foreman stated that on one cap on the bridge the concrete
was so soft that a steel "gad™ could be hand driven to a depth of
1/lL to 1/2 inch into the concrete. There was no evidence of corrosion
of the reinforcing steel at the location of this "soft" concrete.

ClibPD
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VII. DISCUSSION

A, Theoretical Cause of the Corrosion.

The primary cause of the corrosion of the reinforcing steel of
the San Mateo-Hayward Bridge is the functioning of a corrosion
cell with the anodic and the cathodic areas separated by the
approximate distances of two to ten feet.

The corrosion cell appears to be caused by the following factors:

1.

The general concentration of chloride In the concrete has
sufficiently lowered the electrical reslistance of the
concrete to permit current flow through the concrete.

The concentration of chlorides in the anodlic areas is
great enough to destroy the corrosion inhibiting effect
of the conecrete.

The cathodic areas are probably caused by two factors, the
first factor would be the difference in alkalinity between
the anodic and cathodic areas. The differences in aeration
between the cathodic areas of equal alkalinility probably
cause & shifting in the location of the cathodes as the
moisture content of the concrete changes, but the locations
of the anodic areas remain relatively constant, as these
areas have a greater salt and moisture content than the
cathodic areas.

B. Evidence supporting the theoretical cause of corrosion.

1.

Permeation of chlorides.

In a report by the Bureau of Standards4, it was stated that
1/3 of one percent of sodium chloride in cement is sufficient
to destroy the passivity of embedded iron.

" In tables IX and X in Part I of this study, the amount of

chlorides in the concrete of the San Mateo Bridge, at an
average depth of 2" from the atmospheric surface of the
concrete, varies from approximately'0.0S% to 0.86% of the
dry weight of the mortar.

Therefore, it appears that the percentage of chlorides in
the concrebe of the San Mateo Bridge is sufficient to destroy
the inhibiting effect of the concrete on the ateel.

Concrete cover over reinforcing steel.

5
In a report by the Bureau of Standards , the minimum recomn-
mended depth of a dense concrete cover exposed to a marine
enviromment is 2".

Reinforcing steel has been reported’gto corrode under 2" to
" of concrete cover. There are many reports,
1,23,4 5,67,8,9,10,11,1218,1%,2021,22 in the literature of the corrosion of
stesl embedded in concrete. The majority of the above
reforences deal with the corrosion of reinforcling steel due

CIhPD
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to impressed or stray electrical currents and are but
indirectly of use in this study. BReferences 3,;5,12,i9,
20,2) and 22 deal with "local" causes and are more
directly related.

The depth of concrete cover over the outer reinforcing
steel bars in the San Mateo Bridge varied from 1-1/2"
to 3" in depth and averages 2".

3. GCorrosion Cells and Alkalinity.

Generally, an electrolyte is more alkaline at the cathode
34 &1%/8, 20, 24;-22. and lesas alkaline at the anode #3,15202)2z226

®

Corrogion cells can be caused by difference in alkalinity
3,18,20,24, 2.2 and are described in the literature. The pH
measurements of the concrete samples from the San Mateo
Bridge had a higher indicated pH value at the cathodes than
at the anodes.

li. Specific Electrical Resistance.

As the corroslon of steel ias an electrochemical action,
the rate, and sometimes the probability of corrosion, is

a function of the electrical resistance of the electrolyte
3,20, 2/,22,24 , It has been previously reported /Z that
cement mortar when wet has about the same electrical
resistance as many soils.

The specific electrical resistance of the concrete in the
San Mateo Bridge is within the range of a reported corrosive
soll 27,

5, Corrosion Cells with Concrete as an Electrolyte.

The results of the experiments of this report clearly
indicate that a corrosion cell could be made with steel
in contact with conerete samples obtained from the San
Mateo Bridge.

6. Corrosion Cell on an Abandoned San Mateo Bridge Pile.

Exhibit 12, Chart 5, of this report, clearly indicates that
a corrosion cell 1s causing the corrosion of the ateel in
this abandoned reinforced concrete pile (Pile A).

The voltage measurements located the non-corroding cathodic
areas and the anodic corroding areas. The concrete in the
pile was cracked, and the ateel was rusted in the areas the
potential measurements indicated to be anodic.

7. Galvanic Corrosion Cell on Abandoned P. G. & E. Relnforced
Concrete Plles.

The potential measurements on piles B and G, Exhibits 13
and 1!, Charts 6 and 7 respectively, indicated that an
anodic corrosion area was located in the wooden driving
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cushion of these piles. The potentisl measurements indicated
the cathode was located on the steel within the pile at =a
distance of approximately 7' from the anode.

With the subsequent removal of the wooden driving cushilon,
severe corrosion of the reinforeing steel was observed to have
taken place. The sectiong of the reinforcing bars which pro-
Jected beyond the wooden driving cushion, and were subject to
atmospheric and alternate sea water immersion, were rusted to
the extent that would be normally expected in approximately
1-1/2 years of exposure time.

The subseguent experiment of placing a steel bar in intimate

contact with concentrated sodium chloride, on top of Pile B,

indicated that a corrosion cell could be caused by the steel

in the concrete acting as a cathode, and the steel bar on top
of ghe pile in the concentrated sodium chloride acting as an

anode.

Potential Measurements on the San Mateo Bridge.

A1l of the potential measurements baken on the San Mateo Bridge
indicated that a current flow caused by a corrosion cell is the
cause of the reinforcing steel corrosion.

The potential measurements taken at span #512, indicated that
the steel which has the greatest height sbove the water, and
the greatest depth of concrete cover will tend to be cathodic
to the steel which has less height above the water and less
concrete cover for the heights above water observed.

The cathodic areas for the caps and piles are In the diaphragms
and caps. Insufficient potentlal measurements were taken in
the piles to establish if there were cathodic or anodlc areas
below the high tide level.

Effect of Present Repair Methods.

In Part I of this study it was established that the shotcrete
uged in previous repair projects on the bridge is approximately
squal to the shotcrete now being used for repairs. It has

been reported that corrosion of the reinforcing steel has
occurred in previously shoterete repaired sections.

The potential survey of the shotcrete repaired beam #5-2 at
span #25, Exhibit 11, Chart kL, indicates that shotcrete coated
steel is cathodic to non-shotcrete coated steel. This is
logical since the two types of concrete may form two d%ffe?ing
electrolytes so that any non-shotcrete coated steel adjolning
a repaired section of steel may suffer a concentration cell_
type of corrosion attack, as soon as the electrical conductiv-
ity of the shotcrete 1is gufficiently low enough to permlt
current flow.

Under the present corrosion conditlons of the bridge structure
there is a possibility that the shoterete method o? repair
may accelerate or focus a corrosion attack on previously non-
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corroding steel. The tendency for this corrosion attack will
be -to concentrate on the steel near the junction of the shot-
crote and original concrete.

Effect of Corrosion Currents on Concrete.

With a cathodic electrode esmbedded in concrete and voltages
ranging from 15 to 200 volts, numerous investigators 1, 4,6,9
have observed a loss of concrete bond strength at the cathode
yhen sodium chloride is present. A cause of concrete goften-
ing has been shown /46,9, to be the result of the migration
of alkali ions to the cathodic electrode.

The migration of iong in an electrolyte with current flow
have been adequately described in the literature 1,4,6,9 13, 14,
15,16¢,17,27,28 . In genersl it has been reported that the cathode

becom?s alkaline 1,4,¢,9,15, 26 and the anode becomes less
alkaline or acldic 12,13, /5, 20,2/, 22 o
13

In one case with a current flow of 200 microamperes between
electrodes in & solution of 0.002N Na ,Co 3+ 100 ppm KC1l, the
concentration of chlorides in the electrolyte at the anode
increased 400% within 72 hours.

Ag the literature gives evidence of ion flow in an electrolyte
with ecurrent flow, extreme care must be exercised if an
external current, such as cathodic protection, is applied to
the bridge to prevent further corrosion.

Aeration and Cathodie Areas.

When electrical potentials were being obtained on the structure,
it was noted that minor shifts in potentials altered the loca-
tions of the cathodic areas. As it was obvious that there were
humidity changes during the days, the changes in the potentials
could be the result of either of two factors: (1) the high
electrical contact resistance of the half cells caused an error
in the recorded potentials, or (2) the location of the cathodic
areas changed as the moisture content of the concrete changed.

The measured electrical contact resistance of the half cells
has varied from approximately 1,000 to 100,000 ohms. The
input impedancse of the voltmeter is 50,000,000 ohms per volt.
Therefore, any error introduced into the measurements by
electrical contact resistance of the half cells would be
approximately 0.2% or less.

In determining whether aseration had any effect on the corrosion
cells, a very limited study was made on one beam on the bridge.
A potential survey was initially made on a beam and an anodic
ares was located. The concrebte at this anodic area was cracked
and beginning to spell. The concrete was forced off and the

exposed steel was found to be corroded.

Potential measurements were again made and the anodic area
became cathodic to adjacent concrete imbedded steel.
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This observed phenomenon may indicate that when sufficient

T salts have permeated the concrete, the corrosion cells in
the bridge can be caused by differential aeration as well as
the chemical content of the concrets.
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o~ VIII. RECOMMENDATIONS

This study, while limited in extent, indicates that the
corrosion of the reinforcing steel in this structure is probably
caused by & concentration type of corrosion cell. However,
before definite reommendations can be made as to the method of
correcting this condition by the use of cathodic protection, it
1s recommended that the following information be obtained:

1. The relative magnitude of corrosion current flow
in the corrosion cells through the bridge should
be determined.

2. Concrete samples should be taken from several
anodic and cathodic areas on the bridge and
analyzed for strength and chemical content.

3. A study of the chemicals found in the concrete of
the San Mateo-Hayward Bridge and the minimum con-
centration of such chemicals which can cause an
electrolyte concentration type of corrosion cell
in the concrete should be made.

L. A study of chemical ion migration under various
electrical current densities in concrete and in
! aqueous solutions should be undertaken.

5. A study of the variations of the moisture content
in the concrete on the bridge should be undertaken
g0 that duplication of field conditions for further
studies can be made in the laboratory.

6. Studies of the effect of applying a dielectriec,
such as paints, to the reinforcing steel at tThe
time of repalr should be made.

7. Further laboratory and fleld study should be
undertaken to determine a practical method of
neutrallzing the electrical corrosion currents
of the reinforcing steel. It appears that the
rmost economical method of doing this will be by
cathodic protection. However, further study
should be made to determine the effect of cathodic
protection currents on the strength and chemlcal
composition of concrete taken from the San Mateo-

Hayward Bridge.
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IX. CONCLUSIONS.

The corrosion of the reinforcing steel of the San Mateo
Hayward Bridge is an electrochemical action. The primary cause
of the corroslon appears to be differences in the chemical compo-
gltion within the concrete.

Limited tests seem to indicate that shotcrete encased
steel may in time act as a cathode to the adjacent steel still
embedded in the original concrete of the structure. This means
that corrosion of the steel might be accelerated in all aress
where a difference in chemical composition exists between the old
and the new shell of the protecting concrete. In order to maks
gure that the repalrs are permanent we should at least demonstrate
on a laboratory basis that whatever corrective measures are
employed will not be subject to the same changes that have occurred
in the o0ld conerete and that the protective measures will not
create conditions that wlll speed up corrosion in the adjacent
areas.

The reinforcing steel can be protected from additional
corrosion by impressed currents, l.e., cathodic protectlon. How-
ever, the effect of an impressed current on the chemical composi-
tion of the concrete is not entirely known. There is some
evidence that it could be detrimental to the chemical stability

ah of the concrete. Therefore, further studies should be undertaken
concerning the effect of the corrosion currents on the concrete
of the San Mateo Bridge.

N
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Exhibits, 1 through 15
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INVESTIGATLONS

A, Laboratory Studies
1. Electrical Corrosion Currents induced by Concrete and 3teel.
Experiment No. 1.
a. Purpose.

The purpose of this experiment was to determine 1f
steel electrodes contacting the gurface of concrete
could cause an electrical corrosion current to flow.

b. Method.

The steel electrodes were clamped to the opposite
faces of the concrete samples.

The half cell potentlael of each steel electrode was
measured against a calomel half cell. Then, the half
cell voltage difference of the steel electrodes was
checked by connecting the electrodes through the volt-
meter. After the voltage difference of the steel
electrodes was established, the electrodes were
coupled through the microammeter. The current flow
through the microammeter was recorded as well as the
Final combined half cell potential of the electrode
couple.

The electrodes were then reversed in position and the
aforementioned procedure was repeated. The reversal
of electrode position was done to evaluate the
differences in the concrete or differences In the
steel electrodes that caused the current flow.

¢, Equipment and Materials:

The equipment used was a 50 megohm input impedance
vacuum tube voltmeter, a microammeter with a full
scale deflection of 16 microamperes and two steel
electrodes, approximately 1/16"™ x 2" x 4" mild steel.

The materlals used were four concrete samples taken
from anodic corrosion areas, and one taken from a
non-corroding cathodic area of the beams. The beam
concrete samples were taken from 2 besms in span #512.
The laboratory designation and the field location of
the beam samples are asg follows:

Remarks
P Concrete
Sample No.

1. Taken from the southerly bottom corner of beam #N-1,
and approximately 8! westerly from the cap of bent
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#513. At the location of this sample on the beam, an
anodic voltage of 0.32 volts was measured on the surface
of the concrete. The reinforcing steel at this location
was corroding snd the concrete was cracked.

Thlis sample was taken from the southerly bottom corner
of beam #N-2, and approximately 3! easterly of bent
#512. At the location of this sample on the beam an
anodie voltage of 0.20 volis was measured on the surface
o' the concrete. The reinforecing steel at this location
wag corroding and the concrete was cracked.

This sample was taken from the southerly bottom corner
of beam #N-2, approximately 10' easterly from the cap
of bent #512. A cathodic voltage of 0.06 volts was
measured on the surface of the concrete at this loca-
tion in the field. No cracks in the concrete or corro-
glon of ths reinforcing steel were apparsnt in this
location.

This sample wag taken from the southerly bottom corner
of beam #N-1, approximately 5! easterly of bent #512.

An anodic voltage of 0.10 volts was measured on the
surface of this concrete sample in the field. The steel
was corroding at this location, but no cracks in the
concrete were visible.

The concrete beam samples were approximately 2" x 3" x 10". The
sides of the concrete toward the centers of the beam were cut with
a diamond saw to obtain smooth surfaces.

The sides of the semples were identified in the following mammer:

Side
A

U aQ w

Remarks
Vertical and toward the center of the beam.
Vertical and exposed to the atmoaphere.
Horizontal and toward the center of the beam.
Horizontal and exposed to the atmosphere.

Regulbs of experiment.

Gorrosion cells and resulting flow of current werse
Tormed when the steel electrodes were placed on
opposite faces of the specimens. The numerical
results of the experiment are given in Table I. The
measured currents were quite small in magnitude but
they indicate without doubt that cells capable of
causing corrosion were formed in alr-dry concrete. "
The cells apparently were of the "concentration cell
type and presumably resulted from unequal concentra-
tionsg of sea salt. The steel elsctrodes that were
in contact with the faces that had been in conbact
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with the atmosphere in the structure were anodic to
thogse that were placed on the sawed, inner faces of
the specimens.

Bxperiment No. 2.

8.

Purpose.

As a further check of a corrosion cell being caused by
@oisture or chemical differences 1in the concrets, the
iogr concrete samples from the beams were checked in
pairs.

Method.

The steel electrodes were placed on the inside vertical
surface of the concrete samples (sides A). Then, the
two concrete samples were butted together so that the
originally atmospheric faces "B" of each sample were
Joined.

The half cell potentials, current measurements, and
reversal of the position of the steel electrodes were
done in the same manner as previously outlined in
Experiment No. 1.

Bguipment and Materials.

The equipment and materials used in this experiment
are the same as used in Experiment No. 1.

Results of Experiment.

The numerical results of the experiment are in the
Appendix and are tabulated in Table II, and demonstrate
that chemical differences in concrete can apparently
cause a corrosion cell to be formed. Generally the
anodic samples taken from the bridge remained anodic to
cathodic samples taken from the bridge.

Experiment No. 3.

.

Purposs.

The purpose of thls experliment was to determine if
atees]l electrodes in contact with concrete could cause
an electrical corrosion current to flow.

Method.

The methods for measuring voltages and currents wers
i1dentical to the procedure outlined in Experiment No. 1.

Equipment and Materilals.

The equipment and steel electrodes were identical to
those used in Experiment No. 1.
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The material used was a concrete core approximately 5"
in diameter and approximately 13" long, cut from the
deck of the 3an Mateo Bridge, and called core Sample
#1. This core was located 9! westerly from the cap of
bent #513 and approximately 10! northerly of the pave-
ment-centerline of the deck.

The reinforcing steel was embedded in two locations in
the core. Reinforcing bar No. 1 was embedded 5" below
the deck surface, and reinforcing bar No. 2 was embedded
10" below the deck surfacs.

During the cutting of the core, the core sheared at the
locations of the reinforcing steel. Approximately 1/2"
of the concrete was abraded from the specimen at the
locations of the reinforcing steel.

Two pieces of the concrete core were used in this
experiment.

The bottom piece of the core was called section 1 and
the middle section of the core was called section No. 2.
On the bottom section, No. 1, the face of the concrete
exposed to the atmosphere was called surface A. The
exposed surface that sheared at the reinforcing steel
was called surface B.

On the middle section, Number 2, the exposed surface of
the concrete adjacent to surface B of Sectlon 1 was
called surface C. The surface of the middle section
that was nearest to the deck was called surface D.

Results of Experiment.

The numerical results of this experiment are in the
Appendix and are listed in Table III, and demonstrate
that a corrosion cell can be caused by moisture or
chemical differences in an apparently "air dry"
concrete electrolyte.

Experiment No. L.

&.

Purpose.

To determine if a corrosion cell could function between
two pieces of reinforcing steel embedded in concrete.

Method.

{Method 1) The concrete core was allowed to stabilize
to an atmospheric dry moisture content. The two em-
bedded bars of reinforcing steel were then electrically
shorted through a microammeter and the presence of &
current flow was measured. i

(Mothod 2) The surface of the concrete was moistened
with tap water until the concrete had a damp appearance.
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The reinfor?ing steel was then electrically comnected
o~ through a microammeter and the presence of a current
flow was messured.

¢. Bquipment and Materials.

The equipment used in this experiment was the ssme
equlipment used in Experiment No. 1.

?Ee materials used in this experiment consisted of a
5" diameter by 9" long reinforced concrete core,
designated core sample #2, cut from the deck of the
San Mateo Bridge.

There were two bars of reinforcing steel in the
concrete core. The upper steel bar in the deck,
designated the top bar, had 2-1/2" of concrete cover
from the deck surface to the top of the bar. The
other steel reinforcing bar, designated the bottom
bar, had 3" of concrete cover from the deck surface
to the top of the reinforcing bar.

The location of thls core cut from the deck of the
bridge was! at span #512, approximately 15' easterly
of the east Tace of the cap at bent #512 and 2!
northerly of the centeriine of the deck pavement. A
cathodic voltage of 0.29 volts was measured at this
location.

P

d. Results of Experiment.
(Method 1) Concrete core atmospheric dry.

A current flow of 0.7 microamperes was measured flowing
between the two steel reinforcing bars when electrically
connected through the microammeter. The top reinforcing
bar was cathodle, and the bottom bar wag anocdlc.

(Method 2) Concrete core moistened to a damp appear-
ance.

A maximum current flow of 10 microamperes was meagured
flowing between the two steel bars when electrically
connected through the microammeter. The top reinforc-
ing bar was still cathodic and the bottom bar was

anodic.

In both methods of this experiment, a corrosion cell
was created by electrically connecting the concrete

embedded reinforcing steel.
Experiment Wo. 5.

a. Purpose.

To determine if the pH of the concrete could be measured

on the surface of visually atmospheric dry concrete
samples and to determine if there were variations in
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the alkalinity of the concrete at cathodic and anodic
areas.

Method.

A calomel half cell was placed upon a moistened cotton
contact on the visually atmospheric dry concrete
samples. Then a few drops of tap water, pH 8.3, were
placed at each point of measurement. A pH reading was
recorded as soon as the reading became stable.

Equipment and Materials.

The equipment used was a Beckman pH meter, model N,
glass pH electrode and calomel 1/2 cell.

The materials used In this experiment were the four
concrebte samples taken from the beams and core sample
number one taken from the deck of the San Mateo Brildge.

Results of Experiment. ‘

Each surface of the several concrete ssmples was re-
checked for an average of four times for pH measure-
ments so as to investigate the connection between pH
and the differences in polarity of the corrosion cell.
The pH measurements are listed in Table IV in the
Appendix. The concrete which was adjacent to the
reinforcing steel had an average pH of 7.9 at the
anodic areas and a pH of 8.5 at the cathodlic areas.

Ag the moisture content and other variables of the
conerete samples were unknown and were not controlled,
the numerical results of the experiment may not
indicate true pH measurements.

Experiment No. 6.

N
b.
- c.
dl

',/“\
a.
b-

PN

Purpose of Experiment.

The purpose of this experiment was to determine the
gpecific electrical resistance of the concrete samples
obtained from the San Mateo Brldge.

Method.

Pisces of wet paper were placed against the surface

of the concrete to act as an electrical contact

ahest. Then two copper electrodes were placed against
the electrical contact sheets followed by a sheet of
mesonite to act as a dielectric. This sandwich was
held together with clamps.

A direet slectrical current was alternated between
the copper electrodes which contacted the concrete

samples.
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Voltage drops across the specimens were measured by
means of two calomel half cells.

The specific electrical resistance was determined
under three conditions: atmospheriec dry; immediately
after being soaked in tap water for 48 hours: and

1l hour after removal from the soaking bath.

The specific electrical resistance of the tap water
used to moisten the concrete samples was 5900 ohm
centimeter cube.

Equipment and Materials.

The equipment used was a 50 megohm input impedance
vacuum tube voltmeter: a microammeter and a direct
current source with a reversing switch.

The materials used were all the concrete specimens
described in the previous experiments.

Results of the experiment.

The specifiec electrical resistances of the concrete
samples were sufficiently low to allow corrosion to
function with the anodic and cathodic areas separated
by as much as the entire span length.

The specific electrical resistances of the concrete
samples had a magnltude of 270,000 to 666,000 ohms per
centimeter cube when they were atmospheric dry; a
specific resistance of 3%,600 to 51,600 ohms per
centimeter cube when wet; and a specific resistance

of 21,600 to lli,200 ohms per centimeter cube when
they were damp in appearance.

The specific electrical resistances of the samples
are llsted in Table V, which is in the Appendix.
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Experiment #1
TABLE I
Electrical Currents Induced with Steel

Electrodes on a single concrete sample

COUPLED SURFACES - COUPLED SURFACES
Sample A B Current |Result Anode C D Current | Radult Anode
*Voltage|#*Voltage ud *Voltage | Side ||#Voltage|®Voltage| uA #Voltage | (Side)
1 +25 .35 1.1 «33 B .33 .38 0.7 37 D
#%1 Reversed| .26 10 2.6 .35 B « 39 10 0.3 »395 D
2 WLT < 39 0.9 <40 A 232 ) 0 q .36 D
##2 Reversed| .LO olyly 2.0 -+ 38 B g L7 1.8 241 D
o1l . 36 0.6 . O A .27 12 1.1 39 D
#%3 Reversed| .31 - 38 0.3 .35 B .25 A5 1.7 43 D
i o112 T 0.4 238 B ) il 0.1 L3 D
##l) Reversed| Il 07 0.6 5 B .36 .50 2.0 oy 7 D
Average .36 ot L 1.1 - 38 B .33 43 1.1 jisi D

®#Voltage is average 1/2 cell potential of steel electrodes placed on the surface of the concrete
#%Reversed is when steel electrodes are in reversed position
##% Resultant voltage is the half cell potential of electrically coupled steel electrodes with

current flow to a calomel half cell, and indicates whether the corrosion cell is under anodic
or cathodic control.

P
s
P
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Experiment #2
TABLE IT
Electrical Currents Induced with Steel

Electrodes and Combining Concrete Samples

ELECTRODES DIRECT : ELECTRODES REVERSED

Combined | % uA ##Result ‘ ® uA #¥Result
Samples Voltage Current *Voltage Anods Voltage Current #*Voltage Anode
u- orm ’ -:..N : 1

0.1 43 2 P 0.5 .3k 1
2 Lk .30
1 .37 ik

0.1 .38 3 0.3 43 1
1 .29 | o

1.8 .36 4 0.2 1 b
rv .:.“w , 0:.@
2 30 I =

e 1.3 .35 3 1.7 Wite] 2

mvﬁn * ..N ch
2 A . , L W43

0.2 A2 h 0.1 41 2
r. ,..:.m ” wro
3 .36 0.l _ .36 L r L

o «395 i 1. .41

L 40 b

*Voltage is the average 1/2 cell potential of the steél electrode to a calomel 1/2 cell
#*Resultant voltage is the half cell potential of electrically coupled steel electrodes with

current flow to a calomel half cell, and indicates whether the corrosion cell is under anodic
or cathodic control.
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Experi

ment #3

TABLE III

Electrical Current induced with Steel

Electrodes and 2 sections of deck core Sample Number 1

Bottom Sgction No, 1

Middle Secticn No., 2

Coupled Surface Coupled Surface
A B Current | Result Anode C D Current | Result Anode

Voltage{Voltage ud Voltage Side |[Voltage | Voltage ul Voltage Side
Electrodes
Direct 413 .15 1.3 A2 A <34 .36 0.6 .37 D
Electrodes . . ’ )
Reversed 39 .19 5.8 .36 A o140 49 0.5 46 D
Average oly1 W17 3.6 .39 A <37 43 Q.55 L2 D

*Voltage is the 1/2 cell potsntial of the steel electrodes to a calomel 1/2 cell

LT

#%Result voltage 1s the halt cell potential .of electrica’ly coupled steel electrodes,
- With cur.ent flow, to a calomel half celis and indicates whether the corrosion cell

is under anodic or cathodie control.
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; Experiment #5
TABLE IV

pH of Concrete Samples

Beam Samples Core Sample
Sample Surfaces _ Sample Surfaces
B C
Sample No. A B C D |##Stesl A **mﬁnmw #+ Steel
Max, 7.6 6.8 11.7 6.9 7.9
#  Min. 6.1 6.6 7.5 6.6| 6.1
Avg, 7.2 6.6 7.9 6.9 6.8
Max. 8.5 7.0 9.0 7.9 8.6
#2  Min, 8.0 6.6 8.3 7.61 8.1
avg. | 82 | 710 8.6 | 7.8 8.3 |
gm.Uﬁe mo.N .Ne:w s.\..u_w .l\.oo .mom
#3  Min. 7.1 6.9 6.6 64| 7.0
Avg. 8.3 | 7.3 6.9 6.5] 7.7
Max, 8.9 8.4} 847 7.0 8.9
#l,  Min. 749 7.1 765 ?w 8,0
Avg. 8.3 7.8 8.0 6. 8.6
Core liax, ° Te 9.6 11.8 0.9
#1  Min. Ao.w 7+9- 8.8 8.6
AVg. 7.5 8.7 9.1 8.8

#*Beam Surface
B--3ide expos ed to atmosphere and was virtical on bridge
D-~3ide exposed to atuosphere and was horizontal
w=Steel .
Surface of Concrete sample formerly contacting reinforcing stesel

]

zowmn, Water used to wet surface of concrete sample had a pH of 8.3

www fastio.com
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Experiment No. 6

Table V

Specific Electrical Resistance

of Concrete

in ohms per centimeter cube

Sample

Condition Beam Sample No. Deck Core No.
1 2 3 Iy 1 2

Atmospherge| 2703000 [571,000 | 666,000 | 616,000|| L,50,000 | L66,000

Dry )

Wet 143,00 | 38,600 | 51,600 | L1,500

Damp 21,600 35,700 Ll, 200 29,200
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- Bxhibit 1

3 diameter reinforecing steesl -
bars removed f{roa San [ateo
Hayward Sridge :

einforcing steel rencved from
abandoned pile in tidal water. Pltted
area was within wooden driving cushion.
Note sea water organisms where steel
projected beyond wooden driving cushion.
kxposure was appreximately 1 1/2 years.
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Exhibit 2
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Exhibit 3

sl

e - wlriaias il _

o~
Photo 1 Pnoto 2
~
!
f
B ¥ Aomgas . 'g;,, T ’ lf
I = -
Photo 3 Photo I
Looking upward at typical corrosion attack of reinforcing
steel in the bottom of Beam S-1, Span #385. These photos are
typical of the corrosion of the reinforcing steel in the
bottom of heams.
a Vertical lines in photo 1 are concrete exposed by sand

blasting of asphalt coating. Horizontal distance between

lines = O'5" &
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— :f ——
- Steel sand blasted and wire Concrete chipped exposing steel
reinforcing in place prior to in cap (lower left) prior to
placing shotcrete. sand blasting. Note rusting.

~ j :
i
:
ll i
\
Steel sand blasted and wire rein- Beam in foreground ready for sand-
forcing in place prior to placing blasting. Note corrosion areas.
shoterete. Chalk marks on rein- Beam in background has been re-
o forcing steel are the locations of .paired and coated with shotcecrete.

corrosion pits. Notice replaced
stirrup bars.
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Position of
Reinforcing

B
i
e R

H e a5 Lot
HAME NPT S PSR N

Concrete beam sample obtained from area of steel corrosion
and concrete spalling. Note crack in concrete which
started at the location of steel contact and has not
reached the outside surface of the concrete.

Position of -

Reinforcing Steel’

o &
w 4

i3

. . Loy e T
B IE RN, N EPNCNUPRIPSE R . 8 Fai s

Goncrete besm sample obtained from area of steel corrosion
and concrete spalling. Note crack in concrete which
started at the location of steel contact but has not
reached the outside surface of the concrete.
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Exhibit 6

voLT
,{_\ METER MOVING HALF CELL:

Cell is moved about
fo0 measure differences

REFERENCE HALF CELL:
Cell remains in

place for all COPPER SULFATE In_potential
measurements HALF CELLS

P g . N R ~

A R 1] ....‘G.t‘v 0‘3

= x

REINFORCING ) IR W~ R - B S
STEEL { A ..

. - .. PP . 7 v - .

Method for making electrical surface potential grodients.

VOLT
METER

COPPER SULFATE HALF CELL

Moved about to measure
potential of steel to CuSoa

PURE COPPER ELECTRODE

SATURATED SOLUTION-—\
OF COPPER SULFATE

Wire attached POROUS CONTAINER »——t—
to reinforcing

steel

o V- P. . 8T, P
Yop, g - . f R

Method for making electrical surface potential measurements
using embedded steel and CuSo, halfcell.
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Exhibit 10
— San Mateo ~ Hayward Bridge

Model of bridge span showing corrosion current contours

S

~%

= e,

.-

Equipotentlal contours plotted on under surface of scalse model of
left hall of span 512.
1/’—\
—ee-— lines are cathodic (non-corroding) voltages.
lines are anodic (corroding) voltages.
A~ lines are cracks in concrete.

Note that the cathodic areas sre located in the deck, and the anodes
are located in the bottom of the beams.
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Exhibit 12
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Exhibit 13
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Exhibit 15
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