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. SUMMARY

The use of salt to deice pavements contributes to the premature deteri-
oration of reinforced concrete bridge decks. One method currently used in
Washington State to combat this problem is waterproofing concrete with pave-
ment/membrane systems, The concept is yenerally based on sealing the concrete
deck with a membrane and coverinyg it with an asphalt overtay in order to
protect the membrane and provide a riding surface, This type of protection
against salt and water intrusion is used mainly on rehabilitated bridye decks,
especially when traffic volumes influence the choice of bridge deck protective
systems, Wide variations in service performance of the membrane systems have
been reported in the United States and generalizing their effectiveness, due
to a yreat number of variables involved and limited data available, has been
difficult. This in turn has made prediction of their service lives difficult,
This study was initiated to evaiuate the performance of three selected water-
proofing membrane instalilations in the State of Washington, It was also the
aim of the study to develop a methodoloyy for field appraisal which would be
used in the current work to collect data from the test sites, as well as for
lony range monitorinyg of the waterproofing membrane systems in the future,

The study was divided into three phases. During the first phase, the
available background data on the candidate bridges were assembled and
examined. Also, a literature survey was conducted to obtain information
developed from previous investigations relating specifically to evaluation of
the effectiveness of the membranes. Finally, the most appropriate test sec-
tions on each bridge deck were located and a testiny plan was developed in
order to give a reasonable assessment of the performance of the waterproofing
installations. An interim report including the preceding activities was
issued at the end of the first phase.

The second phase of the study invoived field testing and data collection
from the three sites in accordance with the testing plan developed in the
first phase and in conjunction with the WSDOT Materials Laboratory. Also
included in the second phase were necessary revisions in the testing plan
based on the results of a pre-testing fieid trial. The data collected during
this phase were tabulated, analyzed and plotted with a suitable format so that
a reasonable assessment of the conditions of the membranes as well as the
concrete decks could be made., The second interim report containing the fore-
going activities was submitted at the end of the second phase.

In the third phase of the study, the data were carefully examined and
evaluated. The findings were interpreted and final conclusions and necessary
recommendations were made, In addition, guidelines for long-range monitoring
of the waterproofing installations were presented in order to predict their
service lives. The final report, including the overall activities conducted

and information gained in the course of the study, was issued at the end of
the third phase.

Several general observations and conclusions were developed. Based on the
results of chloride content measurement, it was found that none of the test
instaliations had completely sealed the passagye of salt into the concrete
decks. However, due to the lack of service life performance data, the actual
time of breakdown and rate of salt intrusion within the lives of the membranes
could not be determined, Supplementary information from a coring program
supported the foreyoing conclusion regardinyg the impermeability of the instal-
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tations. Based on the results of electrical potential testiny, it was tound
that "active” and “uncertain” corrosion potentials still existed in the
renabititated portions. However, a decrease in corrosion activity since the
time of rehabilitation was noted. No siygn of corrosion or chloride content at
the level ot rebar in excess of the corrosion threshold vaiue could be
detected in the deck, which was waterprooted at the time ot construction. The
results of visual inspection and chain dragqing indicated that the deteriora-
tion in the rehabilitated concrete had continued after waterprooting, The
deterioration had occurred mainly within the boungaries of the repair work and
original concrete, and it was more evident in areas with a shaiiower rebar
depth,

Although the present work gives an assessment of the performance of the
waterproofing systems, it is recognized that the smail number of bridye decks
tested herein may not allow yeneralizing the resuits obtained in this investi-
yation ftor the great number of membrane waterproofed decks presently in
service in the State of Washington, Thus it is suygested that future resedrchn
include a greater number of bridye decks, In adaition, service life perform-
ance data shouid be obtained through a iong-range continuous monitoring of the
instaliations. Pavement/membrane renewal on bridye decks, which is often
accompanied by partial restoration of the decks, provides an excellient oppor-
tunity to beyin monitoring new instailations as well as rehabilitated decks.
Another aiternative would be to build small test sections on the decks which
are not presentiy protected against deicing chemicals.

1. INTRUDUCTIUN AND RESEARCH APPRUACH

A. Statement of the Problem

The use ot salt to deice pavements contributes to the premature deteri-
oration of reinforced concrete bridye decks. Different metnods have been
developed to combat this problem. Some of these methods, such as water-
proofing membrane systems, are currently beiny used on Washington State bridge
decks.  Waterproofing bridge decks with membranes is an inexpensive and expe-
dient method ot concrete deck protection against salt intrusion. The method
15 especially attractive when traffic volumes infiuence the choice of bridge
deck protection systems. The concept is generaily based on sealing the con-
crete deck (either new or rehabilitated) with a membrane and coveriny 1t with
an asphait concrete (AC) overlay in order to protect the membrane and provide
a wearing surface. The system has been used in the Unitea States, Canada and
Europe.  Application of the system has increased greatiy in the United States
since 1472. : '

Several studies of performance of waterproofing membrane systems have
been conducted both in the laboratory and in the field in recent years (see
Appenaix A, Part One, Volume Two). Laboratory studies generally have in-
cluded permeability tests, crack bridging, bond, and resistance to heat and
impact,  Nevertheiess, laboratory evaluations have not been abie to simulate
the factors actually intluencing field conditions. For example, factors such
a5 wedtheriny in conjunction with repeated traffic toadiny, substratal condi-
tions, and workmanship are difticult to simulate in the laboratory. Studies
of field performance of membrane systems have generally focused on the permea-
bility of the systems usiny technigues such a5 cloride content measurement and
electrical resistivity testing. However, some research has tocused on  the
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trend of the corrosion of reinforcement atter the installation of membrane
systems. The latter research applies mainly to those rehabilited bridye decks
which do not require complete removal of chloride contaminated concrete for
the sake of economy. These studies generdlly have required removal of the
membrane and exposure of the concrete surtface in some areas in order to
conduct electrical potential testing and aiso to examine the extent of the
concrete deterioration.

Wide variation in service pertormance of the membrane systems has been
reported, and yeneratizing their pertormance has been ditficult. While some
installations have shown satistactory waterprooting, others have shown siyns
of chioride penetration into the concrete decks. Few data nave been available
redgaraing the state ot continuing corrosion of the reinforcing steel in  re-
nabilitated bridge decks. Some aecks, believed to be waterproofed, were tound
to have an increase in active corrosion aftter beiny in service for several
years, while others have shown totally opposite behavior. In general, results
of past surveys conducted on waterprpofed decks have been contlicting, and
prediction of the service lives of the systems and rehabilitated decks based
on the |imited data available has been difficult,

B. uUbjective

fhe objective ot this study was to evaluate the pertormance of the water-
prooting membrane systems applied on three selected bridge decks in Wash-
ington, It was also the aim of the investigation to develop a methodoiogy for
tield appraisal which would be used both in the current work to coilect data
from the test sites and in the future for a continuing lony range mon1tur1ng
of waterprooting membrane installations,

C. Research Approach

1. Phase Une: Data Assimilation and Experimental Design

This phase of the study (see also Part Une ot Volume Two) was to design a
tield experiment and prepare a testing plan to give a reasonable assessment of
Lthe etfectiveness ot the selected membrane systems applied on concrete decks.
From amony the many bridge deckS in Washington that had already received
wdaterprooting nmembrane and AC treatment, three decks were selected by the
WSDUT Hridyge Branch for evaiuation. The decks selected depended upon previous
Ltest data aveilable on each as well as type of restoration, geographical Toca-
tion, and time since the overlay was applied. The following bridaes were selected:

1. 8ridge 285/iU (Columbia River), near Wenatchee
2. #Briayge 82/1U6 (Roza Canal), near Yakima
3. Bridgye 5/6%) (Ebey Slough), near Everett

the Columbia River bridge deck was waterprooted with a hot-applied
reclaimed rubber dsphalt membrane and a class B asphalt concrete (AP) mix
after delaminations in the concrete were defined and repaired, The water-
prooting systems on both the Roza Canal and Ebey Siough bridge decks were non-
woven polypropylene fabric and asphalt emulsion appiied on the deck. Class B
AC mix was used for the AC overiay on both membranes. The Roza Canal bridge
deck was waterprooted during its initial construction, whereas the Ebey Slough
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bridge deck was waterproofed during its service lite atter spalling concrete
an the deck was repaired.

After the avaitable data on the candidate bridges were assembled and
examined (Part Une, Volume Twa), a literature survey was conducted to obtain
information developed from previous investiyations relatiny specitically to
the methods ot evaluating the etfectiveness of waterprooting membrane systems
and which were relative to this study., A sumnary of previous research is
inciuded in Part Une, Volume Two, as well as the result of a computer search
of the literature conducted at the WSDOT technical library regarding methods
of membrane waterproofing reintorced concrete decks,

In order to minimize traffic problems, it was decided that, of the three
bridges selected, only the Columbia River bridge would have a complete set ot
tests requiring overlay and membrane removal and replacement. The other two
bridges, Roza Canal and Ebey Stough, would be inspected and tested, but
without overlay and membrane removal. Since the Columbia River bridge hag
already been tested in detail betore waterproofing and had a considerable
amount of "before" condition data, it was decided to remove the membrane and
AC overlay to collect similar comparable data of "after" conditions as welli.

Following this step, test sections on each bridge deck were located and a
plan was aeveloped for testing the waterprooted decks. This included tThree
test sections: Y6 ft (24.1 m) lony by 11.5 ft (3.5 m) wide on the Columbia
River bridge deck (Fiyure 1}, 105 ft (31.8 m) lonyg by 18 ft (b.5 m) wide on
the Roza Canal bridye deck (Figure 2), and 150 ft (4b.%5 m) long by 13 tt (3.9
m) wide on the Ebey Stouyh bridye deck (Fiyure 3). Several tield evaluation
metnods were proposed in the testing plan while taking the capabilities of the
WSDUT Materials Laboratory as well as the actua! field conditions into con-
sideration. These methods were:

. Electrical resistivity of waterprooting system

. Chain drayging AC overiay and concrete deck (if overiay removed)
. Electrical potential of reinforcing steel

. Core sampling AC overlay and membrane

. Rebar depth measurement {pachometer survey)

. Chioride content measurement

[+ 2B 5 i - N PLI \ W

See Part One, Volume Two for detailed testing plan and sequence of testing
activities on each bridye deck,

Field trips to the sites were made in order to inspect the test sections
on the selected bridyes before field testing. This was accomplished after a
tentative test pian was developed,

2. Phase Two: Field Testing and Data Collection

Prhase Two of the investigation (see also Part Two, Volume Two) involvea
field testing and data collection in accordance with the testing plan prepared
tn  Phase Une In conjunction with the WSDUT Materials Laboratory. Complying
with the testiny schedule, the actual date of testiny for each bridge was
coordinated with the weather., Field testing of the Roza Canal and Ebey Slough
bridges was accomplished dccording to the initial testiny plan, However, the
plan tor testing the Columbia River bridge, which reguired overlay and mem-
brane removal and replacement, was revised due to the results ot a field trial

1-4
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conducted in advance of testing. During the field trial, a small portion of
the asphalt overlay and membrane (see Figure 1) was removed and the procedure
was evaluated. The results indicated that it would be very time-consuming to
remove the pavement and clean the concrete surface in all three test sections
as initially planned. Thus, a revised testing plan was prepared for the Col-
umbia River Bridge which mninimized the AC overlay/membrane removal and
replacement at the three test sections (see Figure 4) and disruption to
traffic as well. A description of the field trial and revised testing plan
are included in Part Two, Volume Two.

Generally, the testing phase followed the experimental design in every
dspect of testing and no major difficulties were encountered in the fietd.
However, there were some minor changes in the work plan due to actual field
conditions. For example, the actual testing ot the Ebey Slough bridye
included testing an area on the bridge which was heavily patched, in addition
to testing the desiynated test section on the deck. Included in Part Two,
Volume Two 1s a description of different experiments and fieid activities
conducted during the testing phase, 1including AC overiay and membrane removal
and replacement, accomplished by the WSDOT District 2 maintenance crew.

Atter the raw data were collected, they were tabulated, analyzed and
plotted in a suitable format to gain a reasonable assessment of the condition
of botn the membranes and the concrete decks. A section of Part Two, Volume
Iwo is devoted to this topic, Also inciuded in this section are “betore”
condition data (if avaiiable} arranged in the same format to make comparison
easier. Although in some cases the lack of such data might make comparison
impossible, the new data could be used as baseline information in the tuture
Lo dssess the service lives ot membrane waterproofing systems as weil as the
rate of deterioration of the decks,

FLT.  SUMMARY OF FINDINGS AND INTERPRETATIUNS REGARDING EFFECTIVENESS
UF AC OVERLAY/MEMBRANE SYSTEMS

A. Impermeability ot AC Uverlay/Membrane Systems

The followiny section presents a summary of findinys and interpretations
regarding the waterproofing eftectiveness of the AC overlay/membrane systems,
The interpretations are based mainly on tnhe results of different evaluation
methods used in this study (namely, visual inspection, electrical resistivity
testing, chloride content measurement, and coring program) as well as on data
obtained in previous investigations by WSDOT. Primary emphasis is placed on
the ability ot the systems to prevent the intrusion of salt and water.

l.  Visual [nspection of Decks ftrom Underside

Deticiencies such as wet spots and efflorescence on the undersides of
decks are yenerally evidence of water leakayge throuyh cracks in the deck. A
caretul examination o©of the undersides of the decks in this Study waesS not
pussible since they were nearly inaccessible, The limited data obtained in
this reyard indicates the existence of considerable transverse efflorescence
under the Columbia River and Ebey Slough bridye decks, Although ettiorescence
is an indication of water seepaye through cracks and joints, it should be kept
in mind that prior to waterproofing the Columbia River and tEbey Siouyh bridge
decks, they had been exposed to water and salt for 26 and 19 years,
respectively, during which time efflorescence could nave formed. This is not
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true, however, tor the Roza Canal bridge deck, since it was waterprootfed at
the time the deck was constructed, Leakage and eftiorescence could rarely be
seen OR the underside of the Roza Canal bridge deck, thus indicating only a4
tew local areas of tailure in the waterprootfing system.

2. Electrical Resistivity Testing

Basea on Speliman's and Strattord's sugyestion (/, 16), an excellent
waterproofing material should have a resistivity yreater than SUU,0UU ohms, a
poor and pertorated material should have a resistivity less than LUU,UUU ohms,
and the performance of instaliations with resistivities between these two
limits shouid be considered questionable., WSDUT specifications tor newly
instalied pavement/membrane systems {test method no, 413A) suyyests that no
more than 3U% of the resistivity values be smaller than 250,000 ohms with no
single resistivity value beiow 100,000 ohms,  The pavement/membrane systems
applied on the Ebey Slouyh and Roza Canal test sites did not satisfy the
tatter requirement (see Figure %). About ¥3% ana /5% of the resistivity
values recorded on these two test sites were smaller than I0U,U0U ohms.  (n
the Columbia River brige deck, the resistivity values were relatively higher
{(Figure &}. However, two out of three test sections (test sections 2 and 3)
stitl did not satisfy WSDUT criteria {(i.e., 39% and 42% of the resistivity
values were smalier than 250,000 ohms, 23% and 30% were lower than 10U,UUV
ohms). Une ot the test sections (test section 1), on the other hand, satis-
tfied the tirst requirement (1.e., 18% of the resistivity values were less than
250,000 ohms) but failed the second requirement (i.e,, only 11% of the resis-
tivity values less than 100,U00U ohms), In general, based on the results of
resistivity testing, none of the test sites on the three decks completely
satisfiea the requirement tor a satisfactory waterproofing membrane system at
the time of testing.

It 1s important to note that variations in moisture conaitions of AC
overidy can influence resistivity measurements, A dry, thick and dense AC
overiay wmight require a lonyer period of soakinyg beftore making resistivity
measurements., As a resuit, higher resistivity values could be obtained, which
might imply the presence of a “waterprooted” membrane. Hiyh resistivity
values recorded at the Columbia River bridge deck may be, in ettect, a result
of this condition. Although the AC overlay was wetted repeatediy for at least
one hour pefore taking resistivity measurements, it may be that the extremely
dry condition of the AC overiay, in conjunction with a gyreater thickness
(i.e., an averaye of 1.8 in, or 4,6 cm - compared with 1.5 in or 3.8 un and
U.9 in or 2.3 cm for the Ebey Slough and Roza Canal test sections, respec-
tively) has been the cause of the hiyh readinys. Also, 1t is possibie that q
nigher density resuited from a higher traftic tiow {i.e., 27,000 ADT compared
with 16,800 and 6,/U7 ADT tor the Ebey Slough and Roza Canal bridyge decks,
respectively), which might have caused high resistivity values, The resutts
ot an air tiow test (used for pavement compaction control} on the AC overlay
at  the Columbia River bridge deck (test section 2), conducted by WSDUT Dis-
trict % at the time of testing the deck, showed aimost no air flow in the
pavement, which is an indication of a highly dense asphalt concrete, A tew
extremeiy high resistivity vaiues recorded alonyg the expansion dams at the
Ebey Slouyh test site could aiso be an indication of this latter condition,
In this case, the overlay might have become extremely dense due to the impact
ot traftic in the vicinity of the expansion dams. Thus it 15 suygested that,
where most resistivitly measurements are extremely high, implyiny the presence
of a satistactory membrane overail, longer periods of wetting be allowed.
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Invalia resistivity measurements could aiso be obtained in the presence
of excessive moisture in the pavement, This could pe due to a short circuit
to the reinforcing steel throuyh the edye of the membrane adjacent to¢ the
curb, which could cause low resistivity readings. This condition mignt have
existed ftor some of the resistivity values taken at the Ebey Slough test site
on the second day of testiny, since it had rained the night betore. in this
case, however, a subsequent coring proyram clarified the condition of the
membrane and indicated a breakdown in the membrane.

Electrical resistivity testing is, in effect, a laboratory procedure that
has Dbeen taken out into the tield, so extra care must be taken to aveid {(or,
if possible, tu correct) undesirable field conditions discussed earlier to
obtain valid test resuits. Une alternative for overcoming uncontrolied field
conditions may be core sampling the pavement/membrane system and conducting
laboratory resistivity testing on the core samples. This procedure, although
somewhat {aborsome, could pe very efficient when appropriate field conditions
are not available, It is also important to note that the fieid procedure of
electrical resistivity testinyg neglects the influence of tire pressures on
saturated, tiexible AC overlays, which may apply large amounts of pressure on
water 1O pass through the membrane, It is believed that this condition should
be taken into consideration in both field and laboratory resistivity testing,

3. Chioride Content Measurement

Neariy ail of the chioride content resamples on the Ebey Siough (1474)
and Columbia River (1497%) bridye decks showed signs of chioride intrusion into
the concrete decks. The resampling was limited to four chloride data points
on the Ebey Slouyh bridye deck and two on the Columbia River bridge deck (see
Tables 1 and 2). Un tne Ebey Slough bridge deck, the chloride penetration at
a depth of U5 in (1.27 cm) to 1.25 in (3.18 c¢cm) in the concrete, corre-
sponding to nine years ot service, is an average of 0.23 Ib/cy (U.13 ky/m®) on
the Marysviltle side (i.e., the averaye of samples 1 through 4 in Table 1) and
somewhat smaller than 1.66 i1b/cy (0.8 kyg/m?®) on the Everett side in the
vicinity of the AC patches {i.e., sample b in Table 1). In this case the
higher chloride penetration on the Everett side of the deck may be traced to
the followiny tactors:

1. A wgrade ot about 2.25% which couid cause siippage of the membrane
under traftic flow and resuit in membrane breakdown,

2. TIhinner AC overlay (i1.e., average thickness of 1.1 in or 2.8 cm
compared with 1.% 1in or 3.8 cm on the test section) which coulid

result 1in less protection to the membrane under repeated tratfic
loads.

3. Thinner concrete cover (i.e., average thickness of 1.3 in or 3.3 c<m
compared with 2.0 in or 5,1 ¢m ot the test section as determined by
pachometer}  which might have been associated with  subsidence
transverse cracking directiy above the uppermost reintorcing steel
during oriyginal placement of tresh concrete (17). This type ot
cracking could in turn provide ready access to salt and water in the
case of membrane breakdown.

Resampliny concrete for chloride content measurement on the Columbia
Kiver bridye deck indicated an averaye chlorige penetration of 1.46 Ib/cCy
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(.86 kg/m?) at a depth ot 1 in (2.5 cm) to 1.5 in (3.8 an} and corresponding
to eight years of service, The reliability ot these data to represent
waterprooting effectiveness of the membrane is somewhat questionable since the
initial chioride sampiing was done before May 19/5 and the deck was
waterprooted in July 1976, In addition, the location of the resamplies 1in
the 1975 survey (two data points as given in Table Z) were only approximatety
located due to the lack of initial information regarding the exact 1{ocations
ot the samples. More accurate ddta on chloride penetration into the concrete
aeck of tne Columbia River bridge may be tound trom results of a chloride
content survey on the repaired concrete installed in 19/6 immediately betore
waterprooting the deck (see Tabie 3). The latter data indicate that the
average chioride content in the repaired concrete at a depth ot U,5 in {l.3
cm) to 1.0 in (2.5 cm) is U.6Y Ib/cy (U.4] ky/m®) (averaye ot tour samples
taken tfrom test sections 1 and 2), with a maximum of 0.98 Ib/cy (U.58 ky/m?)
and a minimum ot U.42 Ib/cy (U.25 ky/m®), Assuming an original chioride
content of U,30 Ib/cy (U.18 kg/m?} {as determined for deck concrete of the
Roza Canal bridge deck in the study), the averaye chloride intrusion into the
deck and corresponding tO seven years of service is V.39 Ib/cy (U.23 ky/m? )
with a maximum ot V.68 1b/cy (U.40 kg/m3) and a minimum ot U.1U Ib/fcy (U.Ub
kg/m3 ), Although, as indicated in Table 3, nigher chloride contents were
obtained at a greater depth in the repaired concrete, this trend is not very
common tor chioride-depth profiles. Thus it is speculated tnat the oriyinal
concrete (contaminated) might have been partially included at a depth of 1.U
in (2.5 cm} to 1.5 in (3.8 ¢m),

The Roza Caral bridge deck provided the best condition for findiny the
amount of cnhloride intrusion into the deck, since it was protected inmediately
after construction, However, knowledye of the original chioride content ot
the deck's concrete was necessary for this purpose. This was achieved by
obtaining a chloride-depth profile in the concrete and reaching depths where
chioride can nardly intrude, and studying the trend ot the chloride protile,
A chloride depth protile at two different locations on the deck {see Figure J
and Table 4} suyyests an oriyinal chloride content ot about U.3U Ib/cy (U.13
kg/m }. Subtracting the original chioride content from the chioride contents
obtained at a depth of U.5 in (1.3 cm) to L.U in (22.5 cm) gives a cnioride
intrusion of about U.83 Ib/cy (U.49 kg/m?) at a location on the shoulder ared
and V.24 1b/cy (U.114 kg/m?) at a location in the traftic lane corresponding
to the above depth ranye in the concrete and 14 years of service. A reason
behind the nigher chioride content of the shoulder area may be a higher
density of the AC overlay in the traffic lane in conjunction with the cross
drainaye of the deck, which leads the water to the curb side.

The results of the previous discussion regardiny chioride intrusion into
waterprooted decks is summarized in Table %, Based on the coltected data, it
1S apparent that the AU overiay/membrane systems tested in this study have not
completely protected the concrete decks against chloride intrusion. Deter-
mining an averaye annual chioride intrusion by dividing the averaye change in
chioride content by corresponding years of service of the membranes {(i.e., Y,
!/ and 14 years for the Ebey Slouyh, Columbia River and Roza Canal bridgyes,
respectively) would not pe very meaningtul. The membrane failure might hnave
cccurred only during recent years, thus yiving a higher annual chiloride intru-
sion than average, It is also possibie that chioride intrusion has occurred
mostly during & tew cold winters accompanied by heavy salt wusage. [t s
believed that exact knowledye ot the impermeability of AL overlay/membrane
systems to chlorides can be obtained through continuous monitoring of cnloride

1-8



content at specified locations on the deck as weil as specified depths in the
concrete.

There 15 presently very little emphasis on the characteristics of AC
overlays when evaluating the behavior of waterprooting aembrane sSystems. AC
overldys have mainiy been considered to providge a weariny surtace ftor the
decks. AC overlays may, however, have potential to protect the decks ftrom
chioride intrusion, or at least decrease the rate of intrusion, tike rigid
overiays currently used for this purpose. Similar to rigid overlays, the
thickness and density of AC overlays may also contribute to resistance against
salt penetration. In addition, thickness and other properties of AC overiays,
such as modulus of resilience, could aftect the magnitude of repeated stress
transferred to the membrane from traffic ioads. Magnitude ana frequency of
repeated stress could in turn determine the service lite of the membrane,

The importance ot stiffness of overlays is more pronounced tor Saturated
overlays, dJverlay detiections under heavy traffic loads are related to the
stittness of asphalt concrete mix, In saturated pavements these deflections
may apply pressure on water 10 pass through the membrane, Thus, "stiffer
asphalt overiays might contribute to the impermeability of the waterproofing
system, whereas too-fiexible mixes may jeopardize it. A system of water-
prooting membrane plus a caretully designed AC overiay may bDecome more effec-
tive than simply a waterproofing membrane and asphait overlay that only com-
plies with specitications tor highway overlays. However, to achieve a proper
desiyn, analytical approaches to determine the mdgnitude of stress within the
system, a4s well as laboratory investigations to tind the deyree of sait imper-
meability of the system, are needed. Finite element modeling techniques could
be used to study the intensity ot stress in the system under ditferent field
conditions, The degree of sait impermeability of the system could be found
through a rapid chloride permeability test {18). This test, which is based on
the migration of chloride ijons througnh a material under an appiiea electrical
field, can be conducted in the laboratory in the form of 4-in (i0.2 cm)
diameter specimens. The test would be of great value in Jjudging chioride
permeabiitty of different types of asphalt overlay.,

4, Coring Program

The most direct evaluation of waterprooting effectiveness of the
installations was achieved through the coring program, Subseqguent to
electrical resistivity testing, core sampies of AC overiay and membrane were
taken at the grid points of resistivity testing by a4 truck-mounted, nitrogen-
cooled coring riy. Siyns of defects in the membrane (pinholes) and/or
presence of moisture under the membrane would 1ndicate the presence of a

“permeable” membrane. However, the reverse would not necessarily imply the
presence of 4 “"waterproot” membrane.

Examination of pinholes was conducted on the cored membrane samples from
the installations appliied on the Ebey Slouyh ana Roza Canal bridyge decks.
This type ot membrane, which uses fabric in the structure, could be separated
tfrom AC Core samples and examined for pinholes. However, the membrane applied
on the Columbia River bridge deck {i.,e., hot-applied rubberized asphalt) was
an inseparable part ot the AC core sample, thus makinyg examination of pinnholes
nearly impossible, At both tne Roza (anal and Ebey Slouyh test sites, about
/4% ot the core membrane Ssamples showed sighs of pinhoies ranginy trom severe
to slight. It 1s speculated that ayyregate protrusion inte membréne under
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etther asphalt paving eqguipment igads or traffic loads {specifically in
conjunction with high temperatures) is the main cause of the pinholes.

AL the Ebey Slouyh and Roza Canal test sites, the concrete surfage in the
core locations immediately after removing the membrane was wet, respectively,
/6% and H4% of the time, ranyging from severe to slight, The shnoulder areas
and areas close to the curbing yenerally showed higher degrees and trequencies
ot wetness than those close to the centertine, This is probably due to the
cross slope in association with a higher density of AC overlay in the trattic
lane, which could lead the water to the snoulder area (curbside). At  the
Columbia River test site, only /% of the core locations showed moisture under
the membrane. As explained previously, this condition would not necessariiy
imply the presence o0f a waterproofiny membrane, since the dryness ot the
concrete  surtface under the membrane could Dbe a resuit ot both the
waterprooting properties of the inembrane and the moisture content ot the AC
overlay., For example, 1t would be improbable to find moisture under an AC
overlay/membrane system in a warm ciimatic condition, and which had not been
exposed to rain for a lony time, even if the system were permeable. Al-
though the AC overlay in the core locations was wetted tor electricai resis-
tivity testiny prior to the coring proyram, it is stiil possible that this
condition could not exactly simulate an AC overlay which has become saturated
under  continucus rain and at the same time is subjected to heavy traffic
loads.,

Thus, dependiny solely on the coring program, 1t can be stated that the
installations on the Ebey Siouyh and Roza Canal test sites tail to prevent the
ingress of moisture at the present time. The actual time of the membrane
failure, nowever, 1is not known and cannot be determined through this
investigation, The coring program does not give any conclusive results
regyarding the waterprootness of the Columbia River installation,

B. Corrosion of Reinforcing Steel

In this 1investigation, tne only technigue to determine the state of
corrosion activity ot the reinforcing steel was electrical potentiai testing
{haif-cell). Half-cell potentials are a valid measure of the presence ot
corrosion activity in reinforced concrete, Nevertheless, they do not deter-
mine the rate ot corrosion of the steel. In other words, they do not measure
the maynitude of steel which is corroding at a given period of time, The
latter becomes important when the service life of a structure is deternined
based on the loss of steel ratner than deterioration ot concrete, [t s
reported (1Y) that it is possible to nave a high haif-cell potential but a low
rate ot corrosion (slow corrosion) which could delay tne occurrence of physi-
cal distress, Tne opposite is also true, in which a low but active half-cell
potential may be associated with a nigh rate of corrosion (rapid corrusion).
Electrical potential testing is, thus, & useful technique only for indicating
the general performance of reinforcing steel i1n concrete decks. In the tol-
lowiny section, findinygs reygarding the performance of top mat reinforcing
steel in concrete decks covered with membrane waterproofing systems are pre-
sented, Findings are based on results of half-cell potential measurements of
this work an¢ the measurements obtained previcusly by WSDOT (it dvaiilabie).
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1. Electrical Potential Testing

It has been empirically found (17) that a half-cell potential (relative to
copper/copper sulfate reference) less negative than -0.2U volts is an indica-
tion of a passive or non-corroding steel, and more neyative than -U.3% volts
is an indication of active or corroding steel, For half-celtl potential
values in the range -U.20 - -U.3% volts, the corrosion activity of the steel
1s uncertain, It has also been found (14) that the total chloride content
corrosion threshold for a concrete deck is U,20%, based on the cement weiyht
assuming that 75% of the total chloride is soluble. Since the laboratory
procedure of determination of the chloride content of concrete {wet chemical
anaiysis) gives the total chloride content in the concrete (i.e., free or
soluble chloride plus combined chloride), the resuiting chloride content could
be compared with the total chloride content threshoid.

No background information was available regarding the performance of the
reinforcing steel of the Roza Canal and Ebey Slough bridye decks in the past.
At the Roza Canal bridge, however, it is known that there was no corrosion
activity of vreinforcing steel at the time of application of the membrane,
since it coincided with the construction of the new deck. As indicated in
Figure 3, the half-cell potentials obtained at the Roza Canal test site
{duriny the coriny program, by removing overlay and membrane at the points of
measurement) are well below -0.20 volts with the highest haif-cell potential
of U.1U3, which 1is an indication of no corrosion activity on the top mat
reinforcing steel, The total chioride content threshoid of the deck concrete
is (66U} x (0.20%) = 1.32 Ib/cy (U.78 kg/m?) based on the previous discussion
and the cement content corresponding to the AX concrete mix used for the deck
~{i.e., 66U Ib/cy or 389 ky/m3). The results of a chloride content survey at
seven different locations on the test site and at the ievel of rebar {as
determined by a pachometer) indicated a maximum chloride content of U.69 ib/cy
(U.41 ky/m )}, which corresponded to the maximum half-cell potential of -U.103
volts. It is beiieved that chloride concentrations lower than threshold value
at the level of rebar are the major reason for the passive state of corrosion
activity. The other reason may be the lower availability of moisture and
Oxygen in the asphalt covered deck compared with that of a bare concrete deck.

At the Ebey Slouyh test site, two different patterns of pertormance of
reinforcing steel were found through haif-cel! measurements during the coring
proyram. The first pattern, or passive state of corrosion, which was more or
less similar to that of the Roza Canal test site, was found at the test
section, The second pattern, or nearly active state of corrosion, was tound
in the vicinity of the AC patches, Both patterns are illustrated in Figure 8,
in which the one representing the patched area is located toward the greater
values ot half-ceil potential., As can be seen in the figure, among four half-
cell potentials measured in the patched area, one (i.e., -0.37 volts, measured
directly over an AC patch knowing that no membrane or dielectric material was
installed underneath) indicates an active corrosion and two (1.e., -U.212 and
-U0.200 volts measured in core locations and in the vicinity of the AC patches)
indicate bU% possibility for corrosion, The cause of the active and corroding
state of the reinforcing steel at the deteriorating area ot the deck may be
the ready access of salt and water to the rebar tor reasons discussed in
Section 111-A-3 regarding chloride intrusion in that area. A chioride content
Survey at the level ot rebar gave an average chloride content of 1.52 ib/cy
(V.90 kyg/m? } for the test section and an averaye somewhat higher than 2.81
Ib/cy (1.66 kg/m®) tor the patched area (each chloride content measurement is
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at the Columbia River bridge deck, the second one has a smaller portion ot the
reinforcing steel surrounded by repaired concrete. This may account for the
yreater level of corrosion activity of the second test section,

C. Deterioration of Concrete

Visual inspection and chain dragginy were the methods used to detect the
deterioration (spalling and delamination) of the deck concrete. These methods
were used on both asphalt covered sections (all three test bridyes) and
exposed concrete sections (Columbia River bridye only). Although chain
dragyiny bare concrete decks is considered to be one of the most accurate and
simplest methods to detect delaminations, its etficiency in detecting
delaminations on asphalt covered decks is questionable, Thus, the etticiency
of chain dragying in the latter case was also evaluated during the course of
the study. In the following sections, findings regarding the soundness of the

concrete decks as well as the efficiency ot chain dragging AC overiays are
discussed,

1. Visual inspection and Chain Dragginy AC Overlay

Unlike exposed concrete decks, visual inspection ot asphalt covered decks
is difficult and needs more experience. Since the deck is overiayed, the
concrete defects may be undetected at the time of inspection. During visual
1nspection of asphait covered test bridyges, there was no major clue which
would denote the conditions of the deck slabs, except for a portion ot the
Ebey Slouyh bridge deck (south end, on grade) which was patched heavily with
asphait, possibly due to spailing of the concrete slab underneath, Two
tactors may be the cause of the deterioration in this portion
of the deck. The first factor is the active corrosion of the top mat
reinforcing steel, which results in tensile forces greater than the strength
of the concrete, due to corrosion products occupying considerably more volume
than the steel, The secona factor is the thinner concrete cover (average of
1.3 in or 3.3 c<m compared with 2.0 in or 5.1 c¢cm of the test section as
determined by a pachometer) associated with the stress reversal (i.,e., tension
exerted by corrosion, compression exerted by traffic (20)), This condition
could eventually create cracks which would propagate from the planes of weak-
ness in the concrete (caused by trapped bieed water under the surface crust})
and extend to the surface to form spalls,

Chain dragying AC overiay was initially included in the study to
deitermine the defects under the AC overlay, including both poor bond in the
intertace and concrete deterioration. Nevertheless, the method could not
define the poor bond in the interface as identified during the coriny proyram
in the core locations. Neither was the procedure capable of determining the
delaminations in the concrete as defined by subsequent pavement removal and
cnain dragying bare concrete at test section 1 of the Columbia River bridge
deck. However, the method detected defects under AC overlay at test section 2
ofr the Columbia River bridye deck as illustrated in Figure 14, The results of
a subsequent visual inspection and chain dragging the exposed concrete on a
portion of test section 2 suygests that the defects detected by chain dragginyg
AC overlay could mainly be nhighly progressed delaminations or spails 1in the
concrete deck., At the Ebey Slouyh bridge deck, chain dragging the AC overlay
detected adefects under the overlay and alony the expansion dams. In this case
also the defects may be extensive under-surface cracks or spalling in the
concrete produced by pounding of traffic loads in those areas. Recently the
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results of research conducted by the Ontario Ministry of Transportation (13)
have shown that by chain dragging asphalt covered decks, no areas of debondiny
between AC overlay and concrete deck can be detected. The same study
indicated that the procedure was Capable of 1dentityiny concrete scales under
AC overlay and about 13% of the delaminations in the concrete., Jt s
interesting to note that the Ontario work has concluded that, among the
several systems investigated, thermography has the greatest potential as a
routine procedure tor detecting deterioration in asphalit covered decks when
rapid assessment of the overall condition of a large number of decks is
needed. A thernographic survey for delamination detection has been conducted
on the east portion of the Hood Canal Bridge by WSUUT. The results from this
investigation indicated that the survey worked to some extent under ideal
conditions for concrete delaminations. [t is believed that bringiny present-
day equipment up to the full potential of the theory by better definition of
weather conditions (13) could make delamination detection of aspnhalt covered
decks more rapid and efficient in the future than chain dragyiny,

2. Visual [nspection and Chain Dragging Exposed Concrete Decks

Visual inspection and chain dragging exposed concrete was limited to
pavement removal areas at the Columbia River bridge deck, Nevertheless,
during the coring proyram, which was conducted on all three test bridges, the
exposed concrete area in the core locations, although smail in size, could be
visually inspected and checked for defects by tapping it with a hammer, The
latter procedure, however, could not completely indicate the presence ot
delaminations 1in the concrete. The reason behind this may be the adverse
influence of the surrounding AC overlay on the refiected sound as well as the
insufticient accuracy of the hammer procedure itself in determining
delaminations.

As mentioned eariier, on the Columbia River bridge deck, three test
sections were located, among which test sections i and 2 had been repaired by
excavatiny the delaminations and patching prior to waterproofing, whereas the
concrete of test section 3 had been sound and no repair had been needed before
waterproofiny, After pavement removal and sand blasting, no deterioration
could be visually detected at test sections 1 and 3, However, at test section
2, three spalled areas existed near the boundaries of the original and
repaired concrete (see Figure 13). Delaminations were detected only at test
sections 1 ana 2 by chain dragying the exposed concrete, These delaminations
are illustrated in Figures 12 and 13. As indicated in the figures, the
deterioriation is almost always in the boundaries of the original and repaired
concrete. The delaminations account for approximately 8% and 103 of the
exposed area for test sections 1 and 7, respectively (including the spaliing
areas for test section 2). As discussed earlier, the defects under the AC
overlay on test section 2 and at the area designated for pavement removal as
detected by chain drayging AC overlay (see Figure 14) is approximately 9Y%.
Nevertheless, the patterns of the defects in Figures 13 and 14 are not
completely the same. This discrepancy may be due to possible errors in
markiny and mapping these areas.

An overall pachometer survey conducted on the exposed concrete areas gave
the averaye depth of cover as 1,5 in (3.8 cm}, 1.2 in (3.0 c¢cm) and 2.4 in (6.1
tm) at test sections 1, 2 and 3 respectively. It can be seen that the
intensity of the concrete deterioration at the three test sections reiates
indirectly to the magnitude of cover depth. It is also interesting to note
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that the test section with tne hiyhest intensity of corrosion at the present
time shows also the highest level of deterioration {(i.e., test section 2}, As
discussed earlier, the concrete cover in the presence of corrosion of top mat
reintforcing steel and repeated heavy traffic loads may be subject to stress
reversail, thus permitting initiation and propayation of cracks trom the planes
of weakness under the surtace crust which would eventuaily reach the surface
and form spalls,

toncrete deck repair procedure 1is another factor which may cause
deterioration after rehabilitation, A NCHRP project entitled “Evaluation of
Methods of Replacement of Qeteriorated Concrete 1in Structures" {21) has
reported the effects of repair methods on concrete deterioration as toiiows:
"ee. Many repair failures were occasioned by the removal of too
little rather than too much concrete. However, complete
removal was most eftectively done using techniques and
equipment that offered the maximum protection to areas of sound
concrete on the perimeter of the patch. Where unnecessarily
heavy equipment was used, it sometimes damayed the surrounding
concrete and created additional areas of potential failure.”

“Saw cutting around the perimeter of the patch area to a 1 or
l.5 1n depth ... appeared to contribute to the success of the
repair in several ways. The saw cut provided a clean, verticat
tace ayainst which the patching material could be placed for
maximum contact and bond, free of feather edges. A simple
technique that provided a slight *“keying" action for the
patches involved tiiting the saw blade {by ridiny one wheel on
@ plank) to undercut the edge of the repair area at a slight
anyle, Tnhis helped to lock the patch in place and supplemented
the bondiny strength along its edge.“

From the above discussion, and the presence of deterioration around the
perimeter of the repaired areas, it is believed that the repair procedure is
as important as protection aygainst salt and water intrusion, The potential
daimaye to the surrounding concrete at the time of repair, as well as the bond
between  the repaired and original concrete, should be yiven special
consideration in repair procedures. The importance of the bond is more
pronounced when the boundaries of the repaired areas coincide with wheelpaths
or areas ot stress concentration.

Visual inspection and tappiny the concrete surface with a hammer in the
core locations did not detect any deterioration at the Columbia River and Roza
Canal bridye decks. However, at the Ebey Slough test site, where the AC
patches are located, and in one core location (one out of four), delaminations
could be detected by using a hammer. The success of the method in this case
may be related to the highly progressed nature of the delamination 1in that
area, At the tbey Slough bridge deck and on the test section, two core
locations (Z out of 17} showed surtace distress in the concrete which |ooked
more iike scaling (freeze-thaw related distress} rather than spalling.
Asphalt covered decks could have higher freeze-thaw cycles than bare concrete
decks due to the heat-absorbing nature of the asphalt overlay. This
condition, 1in  conjunction with a failure of the membrane as well as lack of
air entrainment of the concrete on some occasions, could result in scaling of
the surface concrete.



IV. CONCLUSIUNS AND RECUMMENDATIUNS

A. Conciusions

The toilowing conclusions regarding both impermeability ot the water-
prooting pavement/membrane installations and the conditions ot the water-

proofed reintorced concrete decks appear warranted from the toregoiny
discussion,

Impermeability of Waterproofing Pavement/Membrane Systems

1. Using chioride content measurement 45 the major test ftor waterprooting
ability, none of the three test instaliations has completely sealed the
pdassage of salt into the concrete decks. However, due to a lack ot
service tife pertormance data, actual time of breakdown and rate of sait
intrusion within the lives of the membranes cannot be determined,

2. Ubservations during the coriny program and evidence of moisture Detween
membrane and concrete deck indicates that two of the three test
instal lations (Ebey Siough and Roza Lanal) definitely are daefinitely not
Capable of waterproofing the decks at the present time,

3. Pinholes were detected visually in two of the membranes (fabric membrane
at Ebey Slouyh and Roza Canal decks) during the coriny program. The
nature of the third instaliation (rubberized asphalt membrane 4t Columbig
River deck) did not permit visual detection of pinhoies.

Corrosion of Reinforcing Steel

Based on the resuits of electrical potential testing and the criteria
used ftor corrosion and chloride content corrosion tnreshold in this study, the
tollowiny canclusions regarding the pertormance of the reintorcing steel
appear warranted,

4. "Active" and "uncertain" corrosion potentials exist at the deteriorating
portion ot the Ebey Slough bridge deck as well as the rehabilitated
portions of the Columbia River bridge deck.

9. No signs of corrosion ot steel could be detected at the Roza Canal brigye
deck. The main reason may be the chloride content at the levei ot rebar
(1.e., at an average depth of 1.7 in or 4.3 cm in the concrete), which is
well Dpelow the corrosion tnreshold value and is oniy stigntly above the
originai chloride content of the concrete in some areas,

6. Cowparison of haif-cell potentials measured at the Coiumbia River bridgye
deck betore rehabilitating and waterproofing the deck and in the current
study (/ years after rehabilitation and waterprooting) indicates a
decrease in corrosion activity of the reinforcing steeli.

Detertoration of Concrete
/. Results of visual inspection and chain dragyiny exposed concrete areas

indicate that the deterioration of concrete has continued at the
rehabilitated portions of the Colunbia River briaye  deck, The
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deterioration has occurred mainiy within the boundaries ot the repair work
and oriyinai concrete, and 1t is more evident in the section with a
shal lower rebar depth,

fhe previously sound and non-rehabilitated section at the Columbia River
bridye deck still remains sound at the present time. This area coincides
with a yreater rebdr depth,

Recowmendations

Based on the foregoing discussion, the following recommendations seem to

be beneficial for improvement and enhancement ot future work,

i.

The current study gives an initial assessment of the waterproofinyg systems
tested, It is recoynizes, however, that the small number of membrane
waterproofed bridge decks tested here may not aliow generaiizing the
resuits obtained 1in this investigation for the great number of membrane
waterprooted decks presently in service in the State of Washington, In
aadition, service {ife perforimance data, which can be obtained only
throuygh iong-ranyge, continuous monitoring ot the conditions 0t the systems
and sites, are required to determine the accurate service lives of the

installations,

Presentiy, AC overlay is considered mainly as a provider ot ridiny surtace
on the decks, as well as a means ot protection of the membrane., AC
overlay may, however, have a potential to protect the decks from chloride
intrusion, Similar to rigid overiays, the thickness, density and modulus
of resilience of the AC overlays may aiso contribute to the resistance of
the system against sait and water penetration, Thus, a system of
waterproofing membrane plus a carefully designed AC overlay may become
more effective than simply a waterprooting membrane ana an AC overlay
which ony complies with the specifications for nighway overlays.

The procedure tor concrete deck repair is an additional ftactor which may
contribute to deterioration after rehabiiitation., it is believed that
repair procedures are as important as protection ayeinst salt and water
intrusion. Potential damage to surrounding concrete at the time of repair
as well as the bond bDetween the repaired and original concrete snould be
given speciail consideration in repair procedures.

variation in the moisture condition of AC overlay can infiuence resis-
tivity measurements, Thus, extra care must be taken to avoid {or if
possible to correct) such undesirabie ftield conditions as too-wet (or too-
dry) pavements, An aiternative to overcome uncontrolled field conditions
may be core sampling the pavement/membrane system and conducting labora-
tory resistivity testing on the core samples., [t is 4iso mportant to
note thdat the tield procedure of electrical resistivity testing neglects
the possible influence ot heavy traftic loads on saturated, flexibie AC
overiays which may apply yreat pressure on the water to pass through the
membrane , it 1s believed that this condition should be taken into con-
sideration in both fiela and laboratory resistivity testing,

Chain drayying asphalt covered concrete decks in order to detect the

concrete  delamination does not appear to be able to reveal the
delamination <completely. Thermography 1is reported {(13) to have the
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yreatest potential to be deveioped for this purpose. The procedure is
better suited to the assessment of a large number Ot decks when 4 time
factor 1is invoived, [t is believed that bringiny present-day equipment up
to the tull potential of the theory could make delamination detection of
asphalt covered decks more accurate and economical than chain dragying,

V. SUGGESTED FUTURE RESEARCH

Tne current study yives an assessment of the etfectiveness of the testeag
waterproofing membranes as weil as the conditions ot the protected reintorced
concrete decks at the present time. The study aiso employs different field
appraisal techniques and develops a methodology in order to assess the extent
Of the problem. However, the question of "how fast the membrane systems wear
out under a given field condition and how the aging atfects their pertormance
regarding protection of the decks from corrosion and deterioration® still
needs to Dbe answered. The answers to the toregyoing gquestion, which would
predict the service lives of the installations, couid be obtained through a

long-ranye monitoring ot tne pertormance of newly installed membranes under a
variety ot tield conditions,

Based on the preceding discussion, it is apparent that the effectiveness
of a waterproofing installation should be expressed in terms ot its service
tife and the service iife is, in etfect, a function ot the field conditions
under which the membrane pertorms, some of the major factors governing fieiq
conditions are: climate, maynitude and trequency of traftic loads, properties
ot AC overiay, yeometry of deck and surface condition of concrete. A
carefully designed iony-range experiment would enabie the engineer 10 use the
collected data on the effectiveness of an installation to predict 1ts service
tite tor its own tield conditions.

Since  membrane waterproofing systems are  yenerally used tor
renabilitation projects, it 1is important that future research be tocused on
this particular area., The time for AC overlay/menbrane renewal on bridye
decks, which is usually accompanied with partial restoration ot the concrete
decks, yives an  excellent opportunity to begin monitoring the new
waterprooting instaliations as well as the rehabilitated concrete decks.
service lives of partially restored membrane waterprooted decks can  then be
predicted and related to influencing field condition factors. The tollowiny
coutd be used as yuidelines in the future to determine the trend ot the
effectiveness of membrane waterproofing installations regarding the behavior
of renabilitated reinforced concrete bridge decks.

As pursued 1n the present study, the effectiveness of the membrane
waterprootiny systems should be looked at in three different directions 4t
each time duriny their service lives. These are: impermeabiiity of the AC
overlay/membrane system, corrosion of reinforcing steel, and deterioration ot
concrete, Relevant tield appraisal techniques as employed in the current
investiyation couid then reveal the conditions ot the membranes, reintorcing
steel and concrete. It is important that this condition determination 1nclude
the periods ot time most critical regarding the performance of the reintorced
concrete, such as wmmediately before and after rehabilitation, Next, tield
condition determination should be continued periodically atter waterproofing,
SuCh as once Or twice a year. A preliminary investiyation ot the conditions
Of the concrete deck immediately after removal of the old AC over)ay/wenbrane
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system should ledd to the desiynation of the most pruper test sections on the
deck, Amony the factors intluencing the choice ot test sections are the
extent ot contamination, corrosion and deterioration as well as the depth ot
concrete cover, It will also be important tnat the potential damage from
repair procedures be tdaken into consideration. This could be achieved by
detecting potential deterioration on surrounding concrete immediately after
excavating the deteriorated concrete, [t is also essential that immediately
atter restoration the baseline level of contamination of the original
concrete, as weli as the original contamination of the repaired concrete, be
obtatned. The existence ot such data wouid be crucial in order to evaluate
the salt-impermeability ot the waterproofing membranes. bDuring the
continuous monitoriny and data coliection, the trend of the impermeability,
corrosion and deterioration could be determined over time., The availability
of such data during the early years of service could make prediction of
impermeability, corrosion and deterioration posible at any time within the
iite of the instaillation, By beiny able to predict the conditions ot the deck
in the coming years dnd by having condition criteria under which deck
replacement would be inevitable, one can determine the useful service lives of
the tested wdterprooting membrane systems.  Accurate analysis of the data
shauld detine the influence ot each tfield condition factor, or variable, on
the etfectiveness of the installations, At this time, in the presence ot an
dadegudte amgunt ot data, the service life determination could be generalized
Lo include any fieid condition actually encountered during renabilitation
projects.

Another alternative to testing the bridge decks at the time of renewal ot
ola  pavements 1S to build test sections on the decks which are not presently
protected ayainst deicing chemicals, The latter alternative provides a better
opportunity to briny field variabies under control through the freedom of site
selection, Thus, a better analysis of the data could be possible in order to
detine the influence of each variable on the behavior ot the instaliations and
the decks. As a yuidetine, Table b presents a possible range ot variables
that miyht be considered tor a iong-range evaluation proyram of this type.
Assuminy that at least eiyght bridges couid be included in the study, each of
the major variables could be i1soiated to determine their relative effect on
pertormance, fhus, the sites should be selected caretully to provide a
measure ot the intluence of the major variables at two ievels (namely, “high"
and "low") wnile the other variables are the same (namely, “moderate"). As a
preliminary suygyestion, the sites should have the tollowiny characteristics to
represent moderate conditions:

Climate: Winter temperatures around 25 deyrees F (-4 degrees (),
sumner temperatures dround 80 deyrees F {2/ deyrees ()

Trattic level: Averaye daily traffic ot about 1U,UuUU

Uveriay thickness: 1.5 in (3.4 om} of asphalt concrete

brade: About 1%
It the effects of any variable other than those shown in Table 6 are required,
the number of the sites should be increased accordingly. [t not, the sites
should be selected with these variables in comnon, Each instaliation shouid

hdave & fuil width ot the bridye deck and be at ieast Loy ft lony. Tnus, each
deck can accommoddste more tnan one type of instailation. The conditions of
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€ach test site, such as contamination, corrosion, deterioration dand rebar
depth snould be determined in detail prior to waterproofing, The sites shouid
then Dbe rehabilitated accordiny to current specifications tor rehabilitation
and membrane waterproofing, Detailed conditions of the test sites should be
Obtained once more, immediately after rehabiiitation but prior to membrane
waterproofing, Testing the 1installations and sites should be conducted

continuously and the data should be studied as discussed earlier in Lhis
section,

Methodoioyy -- based on the information obtained durinyg the course ot
tmis study, it is sugyested that condition determination, including impermea-
bility of pavement/membrane system, corrosion ot reintorcing steel, ana

deterioration of concrete be accomplished through the foliowing field apprai-
sal metnods:

Impermeabitity ot [nstaiiations. Chloride content measurement  at
specitied depths and areas should be useg as the major test to detine
impermeability. A supplementary visual inspection could be conducted through
coring the AC overiay/membrane system,  Electrical resistivity testing shouta
not be used as the sole method to define impermeability unti) wmore knowledye
of the testing is obtained ana necessary refinements are made.

Corrosion of Steei. Electrical potential testiny is recommended on both
pavement/membrane  removal areas {during rehabilitation) as well as AC
overiay/imembrane core iocations (after rehabititation and waterproofing), It
pessible, a permanent connection should be established to the rebar to
tacilitate future measurements,

Deterioration ot Concrete: (Chain dragging and visual inspection should
be used tor this purpose until other methods such 4s thermography are fuily
developed, Chain dragyging exposed concrete should be conaucted during
renabiiitation, In adgition, measurement of rebar depth (pachometer survey)
al this stage is needed to determine it the deterioration is dassociated with
the concrete covers, After rehabilitation and waterprooting, AC overlay can
be chain dragged for determination ot concrete geterioration, Additionally,
the exposed concrete in AC overiay/membrane core locations can be visually
inspected and tapped with a hammer tor possibie deterioration.
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Layout of Revised Test Sections on Bridae 285/10 and Locations of Concrete Deck to be Exposed

Figure 4.
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Table 3.

Results of Chloride Content Measurement at the

Exposed Concrete, Columbia River Bridge Deck

Depth
Test | Sample | Melure |y c1”
Section i No. Concrete C??ﬁgete {(1b/cy)
X -1 0.62
1l-e Patch
1-1% 1.05
1
-1 0.98
5-e Patch .
1-1% --
-1 0.73
8,9-e Patch
1-1% 1.11
2
-1 0.42
13-e Patch
1 - 1% 1.14
1-1% 0.86
2-d Original g -2 0.31
; 2 - 2% 0.26
1-1% 0.15
6,7-¢ | Original 1 - 2 0.19
2 - 2% 0.83
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Table 4. Chloride Content Versus Depth
at Roza Canal Test Site

Sample 2-d Sample 1l-a
Concrete - Concrete 1"
bepam (b/ey) || T3t {(b/ey)
1/2 -1 1.13 vz -1 0.43
1-11/2 0.69 1-11/2 0.00
11/2 -2 0.59 11/2 -2 0.54
2 -21/2 0.02 2 -21/2 0.45

21/2 - 3 0.44 21/2-31/4 0.24

3-31/2 0.81 31/4-33/4 0.34

31/2-4 0.39 33/4-41/2 0.35

4-41/2 | 0.46 - -
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Table 5.

Chloride Intrusion into Concrete of Deck Since Installation

of Membrane

Bridae Sampling Concrete Ave. C1™ | Membrane
N eg Location Depth No. of | Intrusion| years of
am on Deck Range Samples | {1b/cy) | Service
(in)

Marysville side 1 0.23 9
Ebey 0.5-1.25
ug Everett side 3 1.ggx | 1974-1983
{around AC patches) :
Columbia . 0.39 7
River Repaired concrete 0.5-1.0 4 1976-1983
Roza Traffic lane 0.5-1.0 1 0.24 14
Canal | spoulder i 0.83 | 1969-1983

*Sampling depth 0.5 in to 1.00 in.

Table €. Range of Variables to be Evaluated in Future Studies
Site 1 2 3 4 5 6 7 8
Climate | high | Tow M M M M M M

Traffic .

Leve M M high | Tow M M M M

Overlay

Thick- M M M M high | low M M
ness

Grade M M M M M M high | Tow
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PERFORMANCE EVALUATION OF WATERPROOFING MEMBRANE PROTECTIVE SYSTEMS
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EXPERIMENT DESIGN AND TEST RESULTS
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1. INTRODUCTION

The purpose of this phase of the study entitled "Performance
Evaluation of Waterproofing Membrane Protective Systems for Concrete Bridge
Decks" is to design a field experiment and prepare a plan in order to give a
reasonable preliminary assessment of the effectiveness of certain membrane
systems applied on decks selected by WSDOT. It is also the aim of the
investigation that the information to be collected during the testing period
be wused to provide guidelines for a continuing long-range evaluation of the
waterproofing membrane installations.

WSDOT's recent specifications for protection of concrete bridge decks
against chloride deicing chemicals recommends application of membrane and
asphalt concrete (AC) overlay systems mainly for waterproofing of repaired
bridge decks. Generally, WSDOT prefers the use of impermeable concrete
overlays, such as dense and latex modified concrete overlays, rather than the
membrane system. However, the use of the latter is sometimes required as an
expedient method. An example is when traffic volumes influence the choice of
bridge deck protective systems, or where a bridge widening or reconstruction
involves an existing asphalt overlay. A requirement for application of
waterproofing membrane and AC overlay is the monitoring of installations,
since few data are yet available on the service performance and effects of
the system on the continuing corrosion of reinforcing steel,

From among the many bridge decks in Washington that have already
received a waterproofing membrane and asphalt concrete treatasnl, three
bridges were selected by the WSDOT Bridge Branch for evaluation. The
decks selected depended upon previous test data available on each as well as
geographical location, age of original structure, and time since the overlay
was applied. The following bridges were selected:

1. Bridge 285/10 (Columbia River)
2. Bridge 82/106 {Roza Canal)
3. Bridge 5/650 W (Ebey Slough)

After available data on the candidate bridges were assembled and
examined, a literature survey was conducted to obtain information developed
from previous investigations relating specifically to the methods of
evaluating the effectiveness of waterproofing membrane systems and which are
relative to this study. A summary of previous investigations is included in
Appendix A. Included in Appendix A is also the result of a computer
literature search conducted at the WSDOT technical library regarding methods
of membrane waterproofing reinforced concrete decks. Following this step,
test sections on each bridge deck were located and a plan was developed to

test  the waterproofed decks in conjunction with the WSDOT Materials
Laboratory.

Generally, the goal of the investigation is twofold -- first, to
determine if the membrane and AC overlay systems on the selected decks have
totally waterproofed the concrete decks against the ingress of chloride and
water, and second, to determine if the systems are effective in decreasing
the intensity of continuing corrosion of the reinforcing steel. The latter
corresponds to waterproofing existing decks, which does not raquire renoving
chloride-contaminated congreta.



In an attempt to determine these unknowns, several field evaluation
methods are proposed in the testing plan while taking the capabilities of the
WSDOT Materials Laboratory, as well as actual field conditions, into

consideration. Stated briefly, the following is a listing of the proposed
field evaluating methods:

a. Electrical resistivity

b. Chain dragging

c. Electrical potential

d. Core sampling

e. Rebar depth measurement (pachometer survey)
f. Chloride content measurement

Electrical resistivity testing determines the degree of impermeability
of a membrane. This can also be achieved by chloride content measurement, if
the baseline level of chloride is already available. Chain dragging defines
the areas of delamination in the concrete. Here again, the baseline level of
delamination is required for a meaningful evaluation of membranes. Electrical
potential measurement indicates the general Tevel of corrosion activity of
the reinforcing steel. A comparison with "before" condition data is not
always necessary but could be very useful in determining the effectiveness of
membranes. It should be mentigned that the electrical potential measurement
cannot be used to determine the rate of corrosion, which could be the best
indication of the state of continuing rebar corrosion. Corrosion rate
measurement is not included in this study for two reasons. First, a longer
period of time 1is needed for monitoring the rate of corrosion. Second,
although very promising , data are not yet available on the quantitative
accuracy of the measurement. Measurement of rebar depth is needed prior to
sampling concrete for chloride analysis. In addition, it could determine if
the deteioration of concrete and/or corrosion of the reinforcing steel are
associated with thin concrete covers.

In order to inspect the test sections on the selected bridges in advance
of field testing, field trips to the sites were made. This was accomplished
after a tentative test plan was submitted to WSDOT and the plan was generally
approved by both the Bridge Branch and the Materials Laboratory. Reports of
these field trips are included in Appendix G.

2. SUMMARY OF WSDOT SPECIFICATION FOR MEMBRANE WATERPROOF ING
CONCRETE BRIDGE DECKS

A full description of WSDOT specifications for membrane Waterproofing
concrete bridge decks is included in Appendix B.  Generally, ona of lhe
following membrane systems will be selected by the contractor:

System A: A factory laminated sheet composed of
either suitably plasticized coal tar
or rubberized asphalt reinforced with
a polypropylene fabric and primed in
accordance with the manufacturer's
recommendation.
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System B: A hot-applied rubberized elastomeric
membrane with primer if required by
the manufacturer.

System C: A hot-applied reclaimed rubber asphalt
membrane.

Prior to application of the primer or liquid membrane, the entire deck
shall be free of all foreign material such as dirt and grease. All dust and
loose material shall also be removed from the deck with compressed air.
Surface defects such as spalled areas, cracks, protrusions which decrease
membrane effectiveness by puncturing, and stretching shall be corrected
before application of the membrane. The deck shall be surface-dry at the

time of the application of the membrane and ambient air temperature shall be
abave 50 degrees F.

A1l membrane systems shall be protected from damage due to the paving
operation. The methods of membrane protection for systems A and B shall be
recommended by the manufacturer. The method of protection for System C will
be a polypropylene material fabric which will cover the membrane prior to
overlaying with asphalt concrete. The manufacturer will also specify the
procedures for placing asphalt concrete overlay, such as type of paving

machine and laydown temperature of asphalt concrete in order to protect the
membrane.

In the engineers' judgment, completed sections of waterproofing membrane
should be evaluated for waterproofing effectiveness prior to the application
of membrane protection. Electrical resistance testing should be used for
this purpose (WSDOT Test Method Ne. 413A). Any portion of the membrane
having resistance readings of less than 100,000 ohms shall be repaired. In
addition, those membranes which provide less than 70% readings above 250,000
ohms shall be replaced or repairs may be made to bring the membrane to the
acceptance level. After completion of the asphalt overlay, a final
evaluation shall be made wusing electrical resistance testing having an

acceptance level of 70% readings above 250,000 ohins and no single reading
below 100,000 ohms .

3. BRIDGE SELECTION AND DATA ASSIMILATION

From among the many bridge decks in the State of Washington that have
alrady received a waterproofing membrane and AC overlay, three bridges were
selected by the WSDOT Bridge Branch to investigate the protective
‘effectiveness of the membrane systems applied on them. The selected decks
depended upon the previous test data available on each as well as
geographical 1location, age of structure, and time since the overlay was
applied. The following is a list of the test bridges:

1. Bridge 285/10 (Columbia River) near Wenatchee
2. Bridge 82/106 (Roza Canal) near Yakima
3. Bridge 5/650W {Ebey Slough) near Everett

Geographical location of the bridges is shown in Figure 1, The

information provided by WSDOT on the condition of the three test bridges may
be sumnarized as shown in Table 1. The table is self-explanatory and
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be summarized as shown in Table ], the table s setf-explanatory and
contains - yeneral information on the deck  concrete, membrane, AC overiay,
types of tests and repairs previously conducted on the decks, etc. More
intormation regarding tne engineering properties of the test bridyes, as well
as the routine bridge inspection reports, can be found it Appendix {, which
includes WSDOT's briagye intormation cards for the three test bridges.

3.1. Bridge 285/10 (Columbia River)

Bridge 285/1U was built in 1950, It is 1208 tt (366 m) lony, carries
State Route 285 and is focated 0.3 miles (0.5 km) east of Junction State
Route 28. Two lypes of spans, steel arch and concrete T-beam, are used in
the superstructure. The plan and elevation of the bridye are illustrated in
Figyure 2. The deck slab in steel span is 6.5 in (16.5 cm} thick. The Lop mat
consists of transverse no. » reinforcing bars at 6 in {15.2 cm) centers over
longitudinal no. 4 bars at U in (/6.2 cm) centers. The concrete deck was
buitt in accordance with the oid specification (i.e., small rebar cover
thickness and high water/cement ratio), which did not provide waterprooting
to the top mat reinforcing steel, In 1975, a detaiied fieid conditiogn
survey, includiny visual survey, chloride content measurement , Corrosion and
delamination detectiun, was conducted on the deck |i]. The results of this
survey revealed the chloride contamination and delamination of the deck
concrete as well as the corrosion of the top mat reinforcing steel., A
summary of the results ot this investigation is shown in Tabie 2, Complete
data trom this survey are included in Appendix D. Due to the extensive
deterioration, the deck was scheduled for repairs and subsequent
waterprooting, In 1976, the delaminations were repaired by removing the
unsound concrete and placing a grout on the excavated areas (Z]. The
focation ot the repairea areas on the deck are shown in Appendix E. Atfter
completion of the repair Job, the deck was waterprooted with & hot-applied
rubberized asphalt membrane and 1.8 in (4.6 cm) AC overiay.

The waterprooted deck has been inspected by the Briage Brancn annualiy
and its condition has been reported as shown in Tabie 3,

3.2. Bridge 82/1Ub (Roza Canal)

Bridge B8z/iub was built in 14969, [t is U tt (31.8 m) iony, carries
State Route 82 and is located 6.3 miles (10.5 km) east of the Kittitas County
line, The structure consists of two paraliel bridges, L/N anda L/S bridyges,
on westbound and eastbound highways. Each bridge is made of one single span
supported by pretensioned concrete beams (see Figure 3 tor plan & elevation).
The deck slab is 6.9 in {16.5 cm) thick. The top mat consists of transverse
no. 5 reintorcing bars at 6 in (15.2 cm) centers over longitudinal no. 4 bars
at 1l in {27.9 cm) centers, The concrete deck wWas waterprooted with a water-
prooting membrane {Petromat) and 1.5 in (3.8 cm) AC overtay before openinyg  To
tratfic. No detailed field condition survey has been conducted on the deck,
but the deck has been inspected routinely by the Bridgye Branch annuaily and
its condition has been reported as shown in Tables 4 and 5 tor bridges L/S and
L/N, respectiveiy,

3.3. HBridge 5/650 W (Ebey Siough)

The bridge was built in 19%4. It is 1920 ft {581.8 m) lony, carries
State Route 5 and is located 4.6 miles (7.7 km) north of Junction State Route
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Z. Two types ot spans, concrete T-beam and steel girder, are used in  the

superstructure, The plan and elevation of the three segments of the bridge,
constructed under difterent contracts, are shown in Fiyures 4, b and 6, The
deck slab in the concrete span is 6.5 in (16,5 cm) thick. The top mat con-
sists of transverse no, b reinforcing bars at 6 in (1b.2 cm) centers over
fonyitudinal no. 4 bars. Like Bridge 285/10, no measures were taken at the
time ot construction to waterproof the concrete deck.. In 19/3, the deck was
waterproofed with a tabric waterproofing membrane (Petromat) membrane and 1.8
in (4.6 cm) ot asphalt overlay. No major repair was done on the deck before
waterproofing and no information is available to show the extent of contamina-
tion and/or deterioration ot the deck concrete prior to the application of the
membrane. In 1974, a visual survey and chloride analysis were conducted on
the waterproofed deck. A summary of this survey is inciuded in Table b.
Compiete information on the chloride content, as well as the location of the
concrete samples for chioride anatysis, is providea in Appendix 1),

The waterprooted deck has been given routine annual inspections by the
Bridye Branch and its condition has been reported as shown in Table 7,

4. TESTING PLAN

It was decided that among the three bridges selected only Bridge Z#b/1U0
(Columbia River) will have a complete set of tests requiring overlay and
membrane removal ana replacement, The other two bridyes, 82/106 (Roza Canal)
and b/650 W (Ebey Siough), will be inspected and tested, but without overlay
and membrane removal, - The reason behind this decision is to expedite the
testing process on the latter pridges so the testing could be accomplished
within one day with a minimum of disruption to tratfic, Since Bridye 285/1U
had already been tested in detail betore the application of waterproofinyg
membrane and had a considerable amount ot "before" condition data, it was

decided to remove the membrane and AC to collect similar, comparable data of
"after" conditions as well,

4.1, Bridyge 285/1U

Three representative test sections, each 96 ft (29.1 m) long by 11.b tt
{3.5 m}) wide, were located on the outside lane southbound, with a total area
of AC ana membrane removal of 3312 sqg ft (304.}F sqm) (see Fiqure 7 tor
layout of the test sections). As shown in Appendix D, a portion of the deck
{(1.e., outside lane southbound beyinning with the west pavement seat and
ending with the fourth expansion dam on the deck counted in the direction of
surveyiny) was surveyed for delaminations, electrical potential of rebar, and
chioride content betore repairing the delaminations and waterproofing the
deck, Taking this into considgeration, the test sections were |ocated ©n
those areas of the deck which had already been tested, However, due to a
small number of cnioride samples previously taken, only one chlorige content
data point was available for each test section, Anotner factor influencing
the location of the test sections was the rouyghness of concrete surtdce upon
which the membrane was placed. Studies conducted by the HNew York State
Department of Transportation | 3] indicate that serious consideration should
be given to a reqguirement for surface smoothness before any membrane 1is
placed on 4 renabilitated bridye deck. 1t was noticed that the concrete of
test section 1 was heavily repaired and patched prior to instaillation of the
membrane, whereas the concrete of test section ¢ and test secction 3 had
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consideration was given to convenience for testing and replacement. In

determining the length of the test sections, the estimated testing budget was
taker into consideration.

4.1.1. Sequence of Testing Activities

The testing activities to be conducted by the WSDOT Materials Laboratory
on each test section on bridge 285/10 and their sequence will be as follows
(see also Section 5 for general testing practice):

(A} Photograph and map the AC overlay surface condition, including
cracks of all types, raveling, patching, shoving, etc. Photograph and record
the condition of the curbs, such as cracks and spalling. Photograph and
record the condition of the deck from below, such as dry cracks, seepage,
efflorescence, spalling, etc.

{(B) Chain drag the AC overlay to locate possible debonding (or blisters)
between the concrete slab and AC overlay. Map and outline the areas of
debonding., (It should be mentioned at this point that the dull sound
resulting from striking the AC surface could be related to some of the
delaminations or scales of the concrete deck. A second chain dragging on the
bare concrete surface, as explained in item (G) below, will clarify the
source of the dull sound.)

(C) Conduct electrical resistivity testing on AC overlay using the grid
pattern shown in Figure 8 and record the resistivity of the membrane at the
intersecting points of the grid.  This pattern is adapted from ASTM D3633,
which requires 5 ft (1.5 m) spacing between data points and at least 1.5 ft
(0.5 m) clearance from curbing.

(D) Take four core samples through AC and membrane, two core samples
from the areas of high resistivity and two core samples from the areas of low
resistivity readings (i.e., > 500,000 and < 100,000 ohms}. Use the dry
method for core sampling. Examine the core samples, and characterize and
record the condition of membrane using the data form shown in Figure 9. In
addition, obtain 4 concrete samples from the level of top mat reinforcing
steel for chloride analysis from either the core locations or areas in close
vicinity to the core Tocations.

(E) Remove the existing AC overlay and membrane {(if possible remove 1 sq
ft or 0.1 sq m of the AC overlay by Jack-hammering in areas of high and/or
Tow resistivity readings with the membrane intact to directly evaluate the
condition of the membrane). Sandblast concrete surface to clean the surface
sufficiently to expose cracks and other distress of the concrete.

(F) Photograph and map the exposed concrete surface condition, including
all cracks, spalling, patching, scaling, popouts, exposed rebar, and any
other defects noted.

(G) Chain drag the entire exposed concrete surface, noting all apparent
delaminations. Map and outline the areas of delaminations.

(H) Conduct a pachometer survey on the concrete and record the average

depth of rebar at five points on the delaminated surface and five points on
the sound concrete. If possible, use the intersecting points of the grid
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shown in Figure 8. It should be mentioned that the results of research
conducted by the New York State Department of Transportation [4] indicate
that the presence or absence of deterioration of concrete decks is related to
cover depth. It would be desirable to take readings of rebar depth on the
grid pattern over the entire exposed section. However, since the intent is
not to study the effect of concrete cover, the number of readings should
depend on the time and staff available for the study.

(I) Conduct electrical potential testing on the entire exposed section
using the grid pattern of the electrical resistivity testing as shown in
Figure 8 and record the temperature. The intent is to collect comparable
half-cell data to the electrical resistivity data (if possible). Extra
measurements between the grid points should be taken in the areas of high

corrosion activity where adjacent readings exhibit differences exceeding
0.150 v.

(J} Obtain four core samples of concrete, two from the area of high
half-cell readings and two from the area of low half-cell readings (i.e.,
> 0.35 and < 0.20 volts). The samples should be taken directly over the top
mat reinforcing steel, avoiding drilling through the rebar. Examine the core
samples and characterize and record the appearance of the concrete as well as
the corrosion state of the steel beneath the concrete. In addition, deter-
mine the chloride content at the level of rebar using either the concrete of
the core samples or concrete in close vicinity to the core locations.

(K} A chloride content versus depth profile should be taken 1in the

vicinity of the previous chloride data point taken in 1975 (use WSDOT
procedures for this as explained in [12].

(L) Install monitoring devices {if any) for future long-range evaluation
en  the membranes, This could include rate of corrosion measurement probes
installed at the level of reinforcing steel and the areas of high half-cell
readings (see [5] for more information). If possible, a permanent connection
should be established to the rebar to facilitate future measurements.

(M) Apply a new membrane on the exposed area on the test section. This
could be an opportunity to apply three different experimental membranes on

the three test sections and start long-range monitoring of their behavior
under service life.

(N) Upon completion of membrane application, but prior to repaving AC
overlay, take electrical resistivity readings as described in item {C) above.

(0) Photograph and record any damage done to the membrane during paving
the test section with asphaltic concrete overlay.

(P) After completion of the overlay, chain dragging should be repeated

once again as explained in item {B) above to check the integrity of the new
membrane and AC patch for possible debonding.

{Q) Following the chain dragging, take electrical resistivity readings,

once again, to determine if any damage to the membrane has occurred during
construction of the overlay.
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(R) Electrical resistivity readings could be taken at intervals of time
after the original installation to continuously monitor the service
performance of the membranes placed on the test sections.

4.2. Bridges 82/106 and 5/650 W

As mentioned earlier,  no overlay and membrane removal was planned for
these two bridges. On Bridge 82/106, a test section 105 ft (31.8 m} long by
18 ft (5.5 m) wide was located on almost the entire outside lane and shoulder
of the L/S bridge, due to the relatively small length of the bridge (i.e.,
105 ft or 31.8 m total length) as shown in Figure 10. As explained in
Section 3.2, no data on the condition of the deck concrete and membrane were
available for Bridge 82/106. However, the membrane and AC overlay were placed
on the deck prior to opening the deck to traffic. Thus, any sign of chloride
contamination of the deck concrete and/or corrosion of the rebar would be an
indication of unsatisfactory behavior of the waterproofing membrane at the
time of testing, eliminating the need for chain dragging the bare concrete.

On Bridge 5/560 W, only one test section, 150 ft (45.5 m) long and 13 ft
(3.9 m) wide, was located on the inside lane southbound as illustrated in
Figure 11.  The entire "before" condition data on this bridge are Timited to
five chloride content measurements taken almost every 300 ft (90.9 m) in the
direction parallel to the axis of the deck on tha inside lape southbound
after waterproofing the deck (for more information see Appendix D). Thus,
only one chloride content data point, which was also the highest among those
measured, could be identified on the test section. It is believed that this
section of the deck is the most appropriate place to evaluate the condition
of the membrane, since the area adjacent to that and toward Everett, which is
on grade, 1is highly patched and the membrane may be distorted, and the areq
in the other direction (i.e., toward Marysville) has much Tlower chloride
concentration. Since no data were available regarding the delamination of
concrete prior to waterproofing the deck, chain dragging the bare concrete to
detect delaminations would not be very ceaningful in this c¢ase. Byl
measurement of the electrical potential of the rebar could at least indicate
if corrosion s continuing after waterproofing and at the time of testing,
regardless of the availability of baseline data.

4.2.1. Sequence of Testing Activities

The testing activities to be conducted by the WSDOT Materials Laboratory
on each test section on Bridges 82/106 and 5/650 W and their sequence will be
as follows (see also Section 5 for general testing practice):

(A} Photograph and map the AC overlay surface condition, including
cracks of all types, raveling, patching, shoving, etc. Photograph and record
the condition of the curbs, such as cracks and spalling. Photograph and
record the condition of the deck from below, such as dry cracks, seepage,
efflorescence, spalling, etc.

(B) Conduct electrical resistivity testing on AC overlay and over the
entire test section using the grid patterns shown in Figures 12 and 13 for
Bridges 82/106 L/S and 5/560 W, respectively. The grid patterns are adopted
from ASTM D3633, which requires 5 ft (1.5 m) spacing between data points and
a minimum of 1.5 ft (0.5 m) clearance from curbing.
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{(C) Obtain a minimum of 15 core samples through AC and membrane at the
intersecting points of the grid used for electrical resistivity testing {use
dry coring). The Tocation of the core samples should be randomly selected
and spaced out over the entire width and length of the test section. Examine
the cores, and characterize and record the condition of the membrane wusing
the data form shown in Figure 9.

(D) Conduct electrical potential testing in the core locations where the
membrane has been punctured or removed and record the temperature. The
number of the readings will be equal to the number of the holes drilled.

(E) Obtain a minimum of 15 concrete samples from the level of top
reinforcing steel for chloride analysis. If possible, use the core locations
for this purpose. If not, use areas in close vicinity to the core locations.

(FY On Bridge 5/650 W, determine the chloride content in the vicinity
of each previous chloride data point taken in 1974 on the entire deck and at
the same depth for comparison. On Bridge 82/106, chloride content versus
depth profile as deep as 5 in in the concrete should be -taken on two
locations selected randomly on the deck. This is to determine the original
chloride content of the deck concrete caused by the aggregate only (if any).

{G) Waterproof core locations with a selected material and patch.

4.3. Discussion

The preceding test plans, explained in Sections 4.1.1 and 4.1.2, involve
many activities; therefore, planning and scheduling of each testing site
should be carefully done to minimize the disruption of traffic. On Bridge
285/10, which requires removal and replacement of existing AC overlay and
membrane, those activities prior to pavment removal as well as pavement
removal and cleaning (i.e., items (A) through (E) in Section 4.1.1) could
possibly be accomplished in one day. The second day could be dedicated to
activities performed after pavement removal and before membrane installation
(i.e., items (F) through (L) in Section 4.1.1. Finally, on the third day,
the installation of membrane and AC waterproofing system could be
accomplished, as well as testing required during and after installation
(i.e., items (M) through (R) in Section 4.1.1).

On Bridges 82/106 L/S and 5/650 W, which do not require removal of AC
overlay and membrane system, the whole testing program can possibly be
accomplished in one day with a minimum of disruption to traffic.

5. TYPES OF EXPERIMENTATION AND GENERAL TESTING PRACTICE

Section 4 dealt with different types of experimentation to be conducted
by the WSDOT Materials Laboratory and their sequence within the testing plan.
In this section, the emphasis will be on general practice of especially those
tests not normally included in WSDOT's routine inspection of bridge decks but
which are required as part of the testing plan.
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Stated briefly, the different experiments to be conducted in this study
could be categorized as follows:

A. Experimentations conducted routinely by WSDOT for
inspection of bridge decks.

A-1. Visual inspection of AC and/or PCC to
detect surface distress.

A-2. Chain dragging AC and/or PCC to detect
debonding and delaminations, respectively.

A-3. (Chloride analysis of concrete samples
obtained from bridge deck to deteraine the
content of chloride at rebar level and/or
to obtain chloride content versus depth

profile.

A-4. Electrical resistivity testing of membrane
to evaluate the permeabiTity of the membrane
under service. (This test is used by the WSDOT
Materials Laboratory to evaluate waterproofing
effectiveness of newly installed membrane/pave-
ment systems.)

B. Experiments not conducted routinely by WSDOT for
inspection of bridge decks.

B-1. Core sampling AC and membrane and/or deck
concrete to characterize the condition of
membrane and/or concrete above the rebar,
respectively.

B-2. Electrical potential testing to detect
corrosion of top mat reinforcing steel.

B-3. Pachometer survey to determine the depth and/or
location of rebar in the concrete.

5.1. Electrical Resistivity Testing

A full description of electrical resistivity testing has been pubTished
by ASTM (see Appendix F for ASTM D3633). This test is also adopted by the
WSDOT Materials Laboratory and is listed as Test Method No. 413A. The basic
configuration of the electrical circuit for electrical resistivity testing is
illustrated in Figure 14.

Several key points of the testing procedure as reported in ASTM [6]
include at least the following:

{A) The surface to be tested should be free of all foreign material by

swaeping or scraping, or both. Water should not be used for cleaning and the
surface qust be dry prior to testing.

2-10



(B Excessive moisture in the pavement and on top of the membrane can
cause 1invalid readings. The resistance between any two sites may be checked
before actual testing to assure a dry condition. To accomplish this, the
ohmmeter should be attached to two probes, rather than one, and the
reinforcing steel. Immediate 1low readings (10,000 + ohms) will be an
indication of excessive moisture in the pavement and on top of the membrane.

(C) A direct connection from the ohmmeter to the tdp mat of reinforcing
steel is desirable.*

(D} To check for a completely satisfactory circuit and especially to
ensure a good contact with the reinforcing steel, the probe should be placed
on exposed concrete deck curbing. In this case, the resistance reading on
the ohmmeter will normally range from 1,000 to 3,000 ochms. The probe should
then be placed at several locations along the curb and the resistance reading
must remain relatively constant.

(E) Water wused to saturate the sponge or wet the concrete surface at
test locations should be mixed with 1 oz/gal (8 m1/1) of wetting agent to
break the surface tension and promote the penetration of the water through
the bituminous pavement.

Some of the problems that can occur in measuring resistivity of the
membrane which could cause invalid readings are illustrated in Figure 15 [7].
As shown in the figure, if the AC overlay is moist and water is standing on
top of the membrane, a short circuit to the reinforcing steel can occur
through a deck drain, a steel expansion device, or around the edge of the
membrane adjacent to the curb, which causes low resistivity readings.

It should be kept in mind that the intent of the test is to identify
both the defective and sound areas in the membrane. It is reported [7] that
the locations most susceptible to Teakage are near the curbs and in the whee!l
paths, with center Tanes having the minimum damage. In locating the
electrical resistivity grid patterns (see Section 4) on the test sections,
attempts were made to consider the latter and to provide a 5 ft (1.5 m)
spacing for data points, as indicated in ASTM D3633.

5.2. Electrical Potential Testing

A full description of electrical potential testing has been published by
ASTM (see Appendix F for ASTM C876). Figure 16 1illustrates the basic

configuration of the electrical circuit of electrical potential testing using
copper/copper sulfate half-cells., '

Several key points of the testing procedure as reported in ASTM [8]
include at Teast the following:

(A) A direct connection to the reinforcing steel must be made, except in
cases where it can be documented that an exposed steel member is directly
attached to the reinforcing steel, Electrical continuity of steel components
with the reinforcing steel can be established by measuring the resistance

*A  permanent connection should be established in each unit by a thermal weld
to the top mat.
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between widely separated stee) components on the deck and reading duplicate
test measurements.

(B) If, after prewetting the concrete surface, the measured value of the
half-cell potential changes or Fluctuates with fi-js ONETrasTy,  ainhars o
elaectrical resistance of tha circuit is too Jraat Ly antaia valid i c.car

readings of the steel, or stray current from a nearby direct current traction

system or other fluctuating direct current, such as arc welding, is affecting
the readings.

(C) The electrical contact solution is composed of a mixture of 3.2 oz
(95 m1) of the wetting agent thoroughly mixed with 5 gal {19 1) of potable
water. For temperatures less than about 50 degrees F {10 degrees (),
approximately 15% by volume of denatured alcohol must be added to prevent
clouding of the electrical contact solution.

. (D} Spacing between measurements should generally be reduced where
adjacent readings exhibit algebraic reading differences exceading 150 v
(areas of high corrosion activity).

(E) Correct the half-cell readings for temperature if the half-cell
temperature is outside the range of 72 + 10 degrees F (22.2 + 5.5 degrees C).
The cell has a temperature coefficient of about 3.9005 v more Nagalive e
degraa F for the tedperatue2 rangs Froa 32 to 129 1232 © 00 29 10 Aagrany
C)O

(F) If positive readings are obtained, they generally indicate
insufficient moisture in the concrete and should not be considered valid.

It 1is important to note that the test cannot be performed when the deck
is frozen because of high electrical resistance of ice [7]1. Although the
test can be conducted at temperatures between freezing and 50 degrees F (10
degrees C), it is recommended that the test be performed when both the deck
and ambient temperature are above 50 degrees F {10 degrees C).

5.3. Pachometer Survey

The following is a general procedure to conduct a pachometer SUrvy
reported in NCHRP Project "Durability of Concrete Bridge Decks" [7].

A pachometer is generally operated in accordance with the manufacturer's
recommended procedure. In operating a hand-held pachometer, the long axis of
the probe is oriented parallel to the uppermost reinforcing bar at the point
of measuraaent, aad the avaraga depth of cover of tha Lag Hars on either side
of the point {s usually recorded by moving the probe at right angles until
the meter pointer indicates a maximum deflection. 1f the orientation of the
top mat reinforcing steel is not known at the time of testing, the probe is
rotated at several Jlocations until a sharply defined maximum deflection
(minfmum reading) is obtained. In this case, the probe is exactly above a bar
and the Tong axis of the probe coincides with the orientation of the bar. In
pachometer surveys, it should be kept in mind that measured values may be
Tess than actual depths of cover, depending on existence of particles of
magnetic iron in the concrete. Thus, a correction factor should bhe
established. This could be done by coring and measuring the difference
between recorded and actual value.

2-12



5.4. Core Sampling

Two different types of core sampling are required in this study: first,
core  sampling through AC and membrane; and second, core sampling through
concrute ap Lo the Tovel of fop wat reinforcing siaal. Yoo core saapling
through AC and membrane, dry sawing should be employed to obtain infaraaiion
about presence of water on the deck surface. The core diameter should be 4
in (10.2 cm) to make visual examination of the membrane possible and also to
avoid inducing fractures in the concrete during the coring operation of
concrete. Examination of core samples will be done in the WSDOT Materials
Lahoratory. This includes the condition of membrane, such as thickness, bond
to asphalt and concrete, and appearance, which should be noted in the core
log (see Figure 8). Nevertheless, some ddata should be obtained in the field,
such as moisture between membrane and asphalt, membrane and congrete, and
rusting of reinforcing bars in the case of concrete cores.

Examinations of core samples are generally subjective and depend on the
examiner's opinion, In determining the membrane bond to concrete and wearing
surfaza, the follaaing arocalnes, adjgtpd from a study conducted by the New
York Stita Dapartaent of Trinsportdt1on :31, could be used:

In both instances, the bond is considered "good" if the membrane could
not be removed by hand or easily with a small spatula, "fair" if the membrane
c0u1d be removed partially or totally by hand or with a small spatula, and

"poor" if there was no adhesion to the concrete or wearing surface (see
Figure 9).

In coring through AC and membrane, if no concrete portion is included it
may be possible to determine one bond (i.e., either membrane bond to AC or
membrane bond to concrete), in terms of pounds by pulling the core sample out
of the hole in the field and the other bond by using the "spatula wmethod"
described above.
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Table 1.

Summary of Data on Test Bridages

. \ 5/650 285/10 82/106
Bridge No. and Name Ebey Slough Columbia River Roza Canal
Year built 1954 1950 1969

Cover thickness 1.5 1.5 1.5
(_in) . . ]

4 Class A A AX

o | W/C ratio 0.45 0.45 0.44

(=]

z Slump {in)

QU

=~

o Cement content
<§ {b/c.y.) 610 610 660

Compressive st.

(psi) (28d) 3,600 3,600 4,000
3o Chloride content yes+ yes no
s
(o e] . .
+ 2 | Delamination no yes no
[s T =l

=
e
L& | Half-cell no yes no
Type of repair prior no major repair of .
to waterproofing repairs delaminations new bridae
Year waterproofed 1973 1976 1969

. rubberized :

Type of membrane Fabric asphalt Fabric

£ Class B B B

Q

QO m
<%

3 | Thickness (in) . 1.8 1.8 1.5
Grade (%) 0 to 2.248 1.00 1.6869
Ave. daily traffic 16,800 27,000 6,707
Ave. annual salt
application T 6 10

Ave. ann. railfall (in) 35 10 9
Climate* dry eastern

western

dry eastern

Ttested after waterproofing in 1974
*western, cold mountain, dry eastern
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Table 4.

WSDOT Inspection Report for Bridge 82/106 L/S

Bridge P~
Component || 5 9/24/80 6/16/81 7/20/82
A few short A few short A few short
Deck leaching cracks | leaching cracks | leaching cracks
at southeast. at southeast. at southeast.
AC, wearing in AC, wearing in AC, wearing in
. wheel lines. wheel lines. wheel lines,
Surfacing cracked down
center line.
: Some vertical Cracked and Scraped.
Curbs .
cracking. spalled.
Drains —— _— -———
Table 5. WSDOT Inspection Report for Bridoe 82/106 L/N
Bridge -
Component || < 9/24/80 6/16/81 7/20/82
Deck -—— ——— ————
AC, showing AC, showing AC, wearing 1in
Surfacing wear in wheel wear in wheel wheel Tines.
Tines., lines.
Curbs Some cracks. Some mrinor Minor scrapes.
scrapes.
Drains _—— —_— ————
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1. NEW YORK EXPERIENCE (summarized from [3], published 1977)

In 1970, considerable interest arose within the New York State
Department of Transportation to reassess the performance of a two-component
bituminous-epoxy waterproofing membrane which had been widely used for deck
rehabilitation from 1958 through 1974, and to evaluate the newer membranes
then coming on the market, as listed below:

- asphalt-fiberglass

- plasticized neoprene-hypocon (Durok-Rubber coat)

- heat-modified bituminous-resin sheet {Royston Bridge Membrane)
- hot bituminous mix with scrap rubber {Flo-Mix)

- PVC-coal tar and asbestos roofing felt (Posh NEA 4000)

- modified polyurethane-elastomer (Polytok 165)

- EPDM-rubber sheeting, unvolcanized (Nordel)

- liquid polyurethane (Bestaseal)

- cutback-coal tar epoxy resin (Pennetrant)

- hot-mixed rubberized coal tar {Nexus)

This called for a more systematic, quantitative evaluation of the
membranes than the ambiguous techniques of visual observation of deck leakage
used previously. Thus, a study was initiated in 1971 using the newly
developed elecrical resistivity and electrical potential testing to measure

the permeability of the membranes and to determine the corrosion activity of
the reinforcing steel, respectively.

1.1. Field Testing

(R)  Bituminous-Epoxy Membrane: Thirty existing bridge decks were
selected for evaluation of bituminous-epoxy membrane. Generally, only one
set of electrical resistance and electrical potential measurements were
taken.  The membranes ranged in age from one month to five years at the time
of measurement and all were placed during rehabilitation of existing decks
after excavating and repairing the unsound concrete. In addition, 4-in
diameter cores were drilled from preselected sites to clarify the condition
of the membrane, concrete, and steel in association with various levels of
electrical potential and resistance. Fach core was then examined visually
and the following characteristics noted:

membrane appearance

- membrane thickness

- concrete appearance

- rebar corrosion

- chloride content at the level of reinforcing steel

(B) Experimental Membranes: Twenty-three sites on 14 existing decks
were selected for the evaluation of the experimental membranes. FEach
experimental membrane was placed on the surface of the deck from which the
old wearing course had been removed, together with the old membrane, if
present, and from which unsound concrete had been excavated. - Subsequently,
electrical potential and resistance measurements on the experimental membrane
systems were conducted at different times. Thus, each installation had more
than one set of measurements. Generally, the installations were not designed
to provide definitive answers regarding the behavior of the membranes, and
they were regarded as a series of independent case experiments. -
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1.2. Results

The results from this investigation may be summarized as follows:

(A) The condition of concrete and reinforcing steel in the core samples
was in agreement with the interpretation of electrical potential values taken
from the same site. In other words, core samples associated with electrical
potential values greater than 0.35 v genrally had a higher frequency of

cracked or disintegrated concrete and rusted rebars than those associated
with potentials less than 0.20 v.

(B) The condition of membrane in the core samples was in agreement with
the interpretations of electrical resistance measurement taken from the same
site. In other words, core samples associated with electrical resistance
values less than 100 K generally had a higher frequency of poorly-appearing
membranes, and poor bond to concrete as well as to bituminous wearing
surface, than those associated with resistance values greater than 500 Xg.

(C) Electrical potential values greater than 0.35 v and those smaller
than 0.20 v were highly associated with chloride contents greater and smaller
than 1.1 1b/cy (0.65 kg/m’), respectively.

(D) Generally, analyzing the data obtained from the electrical
resistance and half-cell potential tests revealed that the corrosion of
reinforcing steel had continued in spite of the membrane treatment. The
results indicated that the bituminous-epoxy system failed to perform as
expected, and the experimental membrane systems as alternatives to the
bituminous-epoxy system, as a group, had performed better, but not
outstandingly so.

(E) It was noticed that three of the only four experimental membrane
installations (three Polytok 165 and one Royston membrane) that consistently
performed better than 75% of the bituminous-epoxy installations had been
preceded by careful Tleveling and smoothing of the deck surface. Thus,
serious consideration should be given to a requirement for surface smoothness
before any membrane is placed on a rehabilitated bridge deck.

2. ILLINOIS EXPERIENCE (summarized from [5], published 1981)

Performance of 20 chloride-contaminated, partially restored, and
membrane-waterproofed concrete bridge decks was evaluated in the State of
I1linois for three years, starting in 1977. Attempts were made to determine
the behavior and service lives of the membrane-bituminous wearing course
systems where chloride contents of the decks were over 2.0 lb/cy (1.18 kg/m*)
and reinforcing steel was actively corroding at the time the membrane and
bituminous wearing course were constructed.

I11inois concrete bridge deck rehabilitation procedure consists mainly
of repair and replacement of spalled and delaminated concrete, followed by
application of a primer with a coal-tar waterproofing membrane, adding a
sand-asphalt cushion and topping the system with a dense-graded bituminous
wearing course. All sound concrete remains in place regardless of the
chloride content.
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2.1. Field Testing

Generally, field testing included surface condition survey, delamination
detection, electrical potential measurement, chloride content measurement,
electrical resistivity measurement, and determination of rate of corrosion.
The testing was conducted in two phases, namely, preconstruction and
postcanstruction survey.

2.1.1. Preconstruction Survey

Prior to rehabilitation, corrosion of reinforcing steel was measured by
taking electrical potential readings on a 4-ft (1.2 m) grid in the deck.
Areas with readings more negative than -0.35 v were considered to be actively
corroding.

Surface conditions were mapped to scale and surface defects were
located.

Delaminations were 1located using a Delamtect. Traces were made
longitudinally starting from one end of the deck and returning from the other
end. The traces were aligned using the 4-ft (1.2 m) grid marks from the
electrical potential survey.

Concrete dust samples for chloride analysis were obtaind randomly from
undelaminated areas where the electrical potential measurements were less
negative than -0.35 v.  Ten samples were taken on each deck greater than 300

ft (90.9 m) in length and 5 samples on each deck smaller than 300 ft {90.9 m)
in length.

Using the data from the preconstruction survey, the conditions of the
decks to be membrane-waterproofed were determined by summation of the "% area
corroding” plus "% area with C1 > 2 1b/cy or 1.18 kg/m? ." The results
indicated that every deck had more than 50% of the concrete chloride
contaminated to a level exceeding the threshold level. If the 1974 FHWA
guidelines had been followed, complete deck replacement would have been
required for an acceptable permanent reconstruction.

2.1.2. Postconstruction Survey

After rehabilitating and waterproofing the decks, surface defects were
mapped every year. '

Delaminations were located using the Delamtect. Each year the traces
were made on 2-ft (0.6 m) centers, with the first trace starting about 1 ft
(0.3 m) from the outside curb.

To determine the permeability of the membranes, two methods were used.
In the first method, permeability measurements were made using electrical
resistance testing on the new surfaces. The second method was measuring the
resistance between pairs of copper strips, 4 in (10 cm) apart and 9 ft (2.7
m) Tong, placed transversely on the bare decks. Three sets of strips were
placed on each deck prior to the placement of the penetrating primer,
Resistance measurements were conducted annually.
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Rate of corrosion was determined in terms of mils (25.4u) per year of
corroding metal. It was assumed that a decrease in the rate of corrosion
would be an indication of an effective waterproofing. Two methods were used.
In the first method, Corrosometer probes were buried in the deck near the top
reinforcement. The measurements were taken frequently each year, and
corrosion rate in mils (25.4y) per year was calculated using the
manufacturer's formula. The second technique was based on polarization
resistance. Types of installations included 2-electrode and 3-electrode

systems {see [5] for more details regarding instrumentation and
installation).

2.2. Results

The results of this investigation may be summarized as follows:

(A) Surface Condition Survey: One year after rehabilitation and
waterproofing, some hairline cracks were observed in longitudinal
construction joints. Dish-shaped depressions were observed in the surfaces
of most of the decks. After two years of service, the Tlongitudinal
construction Jjoints were cracked. In additjon, transverse cracking was

observed on most decks. Y-shaped cracks were also observed in dish-shaped
depressions.

(B) Delamination Survey: After one year of service, the new decks
contained, on the average, 0.4% delaminated area. In the second and third
years, the averages were 0.6% and 0.3%, respectively. However, comparison of
the strip tapes from the Delamtect indicated that some delaminations
disappeared while others had moved. It was concluded that most of the
delaminations located on the bituminous wearing course were blisters under
the membrane. This was evidenced by observed dish-shaped depressions, the
apparent healing of delaminations, and movement of delaminations.

(C) Membrane Permeability Measurements: ResuTts of electrical
resistance testing showed good initial protection on 15 decks (readings
grater than 500 KQ? and 3-6% doubtful areas on the other 5 (readings between
500 Kg and 100 Kn). Results of all resistance measurements made on the
copper strips showed only one deck with questionable protection (readings
greater than 10 KQ represented good protection while any lesser value was
considered questionable). After three years of installation, only 70% of the
pairs of copper strips were still in service, since the lead wires were lost
due to snowplow damage and could not be located.

(D) Rate of Corrosion Measurements: Data from Corrosometer probes
indicated that the corrosion rate decreased with time at each installation.
After three years of service, most probes appeared to be totally inactive.
Polarization resistance installations, 1in general, showed little activity
before the completion of waterproofing and less after completion. However,
no definite conclusion could be reached based on the collected data, since no
information was available on the quantitative accuracy of the measurements.

(E} Conclusion: Regarding the entire testing program, it was concluded
that the original goal of the study, which was to determine if waterproofing
the surface of the concrete decks containing chioride in excess of the
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corrosion threshold would control future deterioration, could not be attained
at that time. Thus, it was recommended that another 5 to 7 years of study be

undertaken to continue the data collection analysis phase to assess the
performance trends.

3. LOUISIANA EXPERIENCE (summarized from [9], published 1978)

In an attempt to evaluate the effectiveness of waterproofing membrane
systems applied on concrete bridge decks, the Louisiana Department of
Transportation started a study in 1975 which included research evaluation of
experimental installations on the selected sites as well as laboratory
evaluation of the membrane systems. The following is a 1Tisting and
description of the six membrane systems included in this testing program:

System No. 1 (Superseal 4000) - a high or Tow heat, hot poured
material from a double boiler, single component hot applied
elastomeric PVC polymer membrane used with 65 1b roll roofing
paper (ASTM 224) as a part of the system.

System No. 2 (Hydro-Ban RVN-30) - a reinforced vinyl-neoprene
or vinyl-butyl elasotmeric waterproof membrane used with an

adhesive/ primer, a spray topping and tape weld as a part of
the system.

System No. 3 (Protecto Wrap) - a cold applied primer, membrane,
mastic and protection sheet. The membrane is a laminate of
premium grade aromatic tars modified with synthetic resins and
reinforced with a synthetic non-woven fabric.

System No. 4 (Heavy Duty Bituthene) - a high-strength, heat-
resistant mesh embedded between a self-adhesive rubberized
asphalt and non-tacky bituminous compound. A primer and a
mastic are part of the system.

System No. 5 - (Hydro-Ban RVN-45) - a reinforced vinyl-neoprene
or vinyl-butyl elastomeric waterproof membrane used with an

adhesive/primer, a spray topping and tape weld as a part of
the system.

System No. 6 (Royston) - a prefabricated laminate consisting of
an  impregrated fiberglass sandwiched between Tlayers of
bituminous mastic with a top surface of polyester film used
with a primer as a part of the system.

Figure A-1 gives the span location of the various waterproofing membrane
systems on the selected sites.

3.1. Laboratory Testing

This included electrical resistance test, tension test, bend test, and
heat-aged bend test conducted on the membranes as described below:

{A) Electrical Resistance Test: After the membrane was applied to a 2
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x b x 12 in (% x 1% x 3U cm} concrete block, the initial resistivity of the
membrane was determined at room temperature. The final resistivity was
determined at -5, U, b5 and 10 degrees F (-21, -18, -1b and -12 deyrees C)
atter the tension test was conducted.

(8) Tension Test: A membrane was applied on a test concrete bDlock
attached to a device which elonygated, causing the block to crack in tension,
The crack was allowed to open 1/10 in (2.5 mm). Tests were pertormed at -5,
U, b and lu degrees F {-21, -18, -15 and -12 degrees ().

(C) Bend Test: This test involved bending & 1 x 8 in (2.5 x 20.3 cm)
strip of membrane material around a 1 in (2.5 cm) diameter mandrel at the
temperatures mentioned previously. ,

{u) Heat-ayed Hend Test: This test was the same as the bend test
excepl the membranes were placed in an oven tor 28 days at 14U degrees F (6U
degyrees () prior to the test.

3.2. Field Testing

Field testing consisted mainiy of electrical resistivity readings of the
membranes and visual observations. Resistivity testing was conducted at
three ditfterent stayes as follows:

1. Upon compietion of the waterproofiny membrane systems
application, but prior to the asphaltic concrete overlay.

2. Aftter completion ot asphaltic concrete overiay Lo determine
it any damage to the membrane had occurred because of the
construction,

3. At intervals of time after the original installation when
weather and time conditions were favorabie,

3.3. Results
The results ot this study may be summarized as tollows:

{A) Reyarding the laboratory evaluation phase, systems 1 and 6 failed
the bend test and heat-aged test. Systems 2, 3, 4 ana b generally passed the
tests and looked promising for field tests.

(8) Reyarding visual observation of membrane performance, severe
overiay shoviny occurred with system 4 on some experimental sites. Systems 2
and 5 showed bonding troubie between membrane and overlay in some jocations,

(C) using field electrical resistivity readinys as the chief test for
waterprooting ability, all systems evaluated in the field failed to achieve
total impermeability of the concrete deck {acceptance level 250,000 ohms) at
the last field evaluation and test period. Previous test periods also had
indicated the same results, as far as resistivity readings were concerned.

(V) A recomwendation was made that the State of Louisiana not accept
the waterproofing membrane systems evaluated in the study for use as 1UU%
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impermeable materials on concrete bridge decks.

4. COLORADO EXPERIENCE (summarized from [10], published 1977)

In 1974, the Colorado Department of Transportation established g
continpuous testing program to evaluate service performance of the membrane
waterproofing systems using the electrical resistance test as the sole
method. Twenty bridges were selected in the State of Colorado representing a
wide range of membrane system types and environmental conditions. The
following is a 1ist of the membrane systems applied on the test bridges:

System 1. Built-Up

Included five Tayers of coal tar and emulsion and two of fiberglass, the
Tayers being placed one at a time. (This system has been phased out due to
the difficulty of construction and highly toxic nature of the materials,)

System 2. Prefabricated

Protecto Wrap - a Taminate of synthetic resin reinforced
coal tar and a non-woven synthetic fibrous mat.

Royston No. 10 - a laminate of an impregnated fiberglass
mesh sandwiched between layers of a bituminous mastic.

Heavy Duty Bituthene - a poelyethylene film with a rubberized
asphalt adhesive on one side.

System 3. Hot Applied Single Component

Superseal 4000 - an elastomeric PVC polymer.

Gilsabine No. 5 - a 25% rubber and 75% asphalt cement with
a small amount of extender oil,

Deckseal No. 5 - a 25% rubber and 75% asphalt cement with
& small amount of extender oil.

4,1. Results

A summary of the results of the continuous testing program on the
membrane systems through five years of service is shown in Table A-1. It was
concluded that the most important factor in membrane performance is how wel!l
it is placed. Well-constructed membranes of any type, in any type of
environment, tested well immediately after placement and continued to test
well, whereas poorly placed membranes tested poorly initially and continued
to test poorly. It was also noticed that there was a tendency for some
membranes to heal with time as indicated by increased resistance readings.

[t was decided that future plans should include drilling through the

asphalt and membrane to obtain concrete samples for chloride analysis, and to
make half-cell measurements.
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9. UNTARIU EXPERIENCE (summarized from £11])

In 1974, a project was approved to evaluate the service performance ot
waterproofing membranes applied on bridge decks in Untario, A total of 74
- bridyes were investigated, The number of bridges investigated may be broken

down by type ot waterproofiny membrane used:

32 bridyes - hot applied rubberized asphait

29 bridyes - hot applied rubberized mastic
13 bridges - experimental membranes

5.1. Field Testiny

Field testiny included resistance tests, corrosion tests, adnd sampling
for chtoride analysis, as well as visual examinations.

(A} Resistance Tests: After the deck to be tested was tocated, ten

locations were randomly chosen for resistance tests, and resistance readinygs
were taken,

{B) Corrosion Tests: Adjacent to the resistance test locations and
closer to the bridge centerline, a 1/2 in (1.27 cm} diameter hole was drilied
through the asphalt and membrane, After the dust in the hole was bilown out,
it was filled with copper sulfate solution and a hait-cel | voitaye was read
both n the Hhole and on the sponyes. The latter readings were usually
stightly higher than those recorded in the holes,

(C) Care Sampling: After the electrical resistance and hatf-cell
testing were conducted, 30 of the original 74 decks were revisited, and by
means of core sampling, 2-in (5.08 cm) diameter core sampies were obtained at
the location ot the highest and lowest resistance reading and highest and
lowest nalf-cell reading, The core sampies were examined visually in the
laboratory and the chloride content was determined. In addition to the core
sampling, a 1 ft (U.09 m ) section of the asphalt overiay was removed by dry
sawing, and the condition of the membrane, concrete surtace, etc, was noted,

h.2. Results

{A) Resistance Tests: There were indications that the resistance test
was not reliable due to the possibility ot water in the asphaltic concrete,
protection boards, etc., grounding the electrical circuit. It was believed
that the wmigration of the test solution under the sponges could torm
indeterminate and variable areas (see Figure A-2}. This teaking away of the
sofution could vary with the cross-tfall and grade ot the deck and it could
more readily happen where a protection board, an asphaltic felt board, was
used over the membrane, If this board were wet, it wouid act as & conductor
L0 drains or joints. Nevertheless, assuming the tests gave accurate
resistance readings, and consideriny a membrane with a resistance reading of
one or none out of 1V under 40U K ohms satistactory, the results indicated
that 48% and 29% of the decks waterproofed with rubberized mastic and
rubberized asphdlt, respectively, were pertorming satistactorily,
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(B) Corrosion Tests: There was no indication that the half-cell test
was not accurate. Assuming that bridge decks with no value of voltage greater

than 0.35 v* are satisfactory, the membranes rated by percent of bridge decks
not corroding were as follows:

- Hot rubberized asphalt decks - 58%
- Hot rubberized mastic decks « 48%

(C) Core Sampling and Visual Analysis: Generally there did not appear
to be any correTation between chToride content of the core samples and the
corrosion voltage or resistance value in the test sites. Visual analysis of
samples sawed from the deck with a dry blade appeared to be the most positive
means of evaluating the condition of the membranes, bond to concrete and
asphalt overlay, and the surface condition of the deck. The survey indicated
that the rubberized mastic tends to be more cracked and segregated, and it
hasless elasticity than the rubberized asphalt. Generally, the presence of
moisture between the membrane and concrete was the most conclusive evidence
of a breakdown in the moisture barrier.

(D)  Experimental Membranes: Due to the small number of samples of

experimental membranes tested, the relative effectiveness of these systems
could not be determined.

*It would be more appropriate to use half-cell values less negative than
0.20 v to represent non-corroding conditions (authors),
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APPENDLX B

WSDOT SPECIFICATION FOR MEMBRANE WATERPROOFING
CONCRETE BRIDGE DECKS
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This work shall consist ‘of furnishing and placing an approved
vaterproofing merxbrane over a properly prepared concrete bridge
deck prior to placing the asphalt concrete overlay, in accordance
vith these specifications, and in reasonably close conformity with
the plans cr as directed by the Engineer.

" The wvaterproofing membranz for +his project shall be selected by
thke Contractor from one of the follovwing systems:

A factory laminated shee+ composed of either suitably
Plasticized coal tar or rubberized asphalt reinforced with 3
polypropylene falric and oprimed in accordance with +the
manufacturer's recommendations. '

A hot-applisd, rubberized elastomeric membrane with primer if
required by the manufacturer.

AR hot-applied reclaimed rubber-asphalt menkrane,

‘Breparation cf Concrete Deck- :
The entire deck and the sides of the curb to the height 0f +he
asphalt overlay shall be essentially free of all foreign wmaterial
such as dirt, grease, etc. Pricr to applying the primer or liguig
menbrane, all dust and looss material shall be removed €rom +*he
deck with compr2ssed air. Any surface defects such as spalled
areas, cracks, protrusions, etc., <+hat vill decrease the
effectiveness of the membrane by puncturing, s*retching, etc.,
shall be correc*2d prior to applicatiorn of the membrarne

Beather and Meisture Limitatjons
Work shall no: be dore during wet weather conditions, nor when the
deck ard ambient air tempeatures are below 50 deqrees F. The
deck shall be surface-dry at the time of the application of th=
primer or liquid membrane,.

The Engineer may order work to be suspended inr accordance with

section 1-08.6 of the sctandard specifications because of the above
veather and moisture limita*ions.

Nev Concrete Areas ‘ :

Any area of *he deck that has less than 28 day o0ld concrzte shall
be allowed to curz for a period of time recommended by +tha
membrare manufazturer er as orderd by . the Engineer bzfors
application of +he memtrane.

GENERAL SPECIAL PRCVISIONS DIVISION 6 . Gd6-08-1
DECEMBER 13, 1982 Page 1
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Tha Contractor shall use care to protect-aIl concrete surfaceé

from damage. Any damage to 2xposed surfaces shall be repaired at
the Contractor's expencse. :

The primer and membrane wvaterproofing shall extend from the
roadway deck up onto the curb face the thickness of the asphalt
overlay. Special care shall be used at the curb face to Ssee that
the membrane adheres to the concrete.

The Contractor shall not begin application o¢f membrane
waterproofing deck seal to the bridge until he has demons*rated,
to the satisfaction of the Engineer, that all labor, equipmen+,
and materials necessary to apply the membrane and asphalt corncrete

overlay are either on hand or readily available to complete the
work in a timely mann=ar.

D e e S T S P i B

The menbrane wmaterial shill ke protected from damage due to the
paving operations. The method of membramne protection for Membrane
Systems A and © shall be as recommended Ly the manufacturer of the
menbrare system ard aprrovel by the Engineer. The method of
membrane protection for Membrane System C shall be as specifiad
under Membrane System C.

No ¢tragffic or equiprent except +that required for the actual
wvaterproofing anl paving oparations will be permitted +o travel or
rest on the membrane .waterproofing wuntil it 3is covered by the
asphalt overlay.

Asphalt Comcrete Qverl
The membrane manufacturer's recommendations shall be thoroughly
considered in +hs application of the asphalt concrete overlay
particularly as to the type of paving machire, laydown tempera‘ure
of the asphalt concrete, pro*ection of membrane while paving,
rolling temperature and technigue and other items unigue to each
membrane. . Differences in application procedure shall be resolved
by the Engineer and his decision shall be final. vibra*ory
rollers shall not b2 used on bridge decks.

Evaluatirg Waterproofing Bffectiveness

Rhen, 3in the Engineser's Judgment, it 4is 3indicated that the
cenrleted sectisns of tha waterproofing mesmbrane should be
evaluated for waterprcofing effectiveness prior to application of
membrarns protec*ion, testing by WSDOT Tes* Method ¥o. 4137 shall
be performed. Any fportion of the  @m=2mbrane found +o have a
resistance reading below 100,000 chms shall be repaired. Those
memtranes which provide less than 70 percent reagdinags abovs
250,000 ohms shall b= r2placed or, at the option of the
Centractor, repairs gay be made +to bring *he membrare *o +ho
acceptance level.

GENERAL SPECIAL PROVISIONS DIVISION 6 . Gd6-08-1
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After completion of the asphalt overlay, a final evaluation of the
wvaterproofing effectiveness of the memtrane/pavement system shall
be made 1imn accordance with WSDOT Test Method No. #13a. The
acceptance standards for the pavement/menmbrane system shall be 70
percent readings above 250,000 ohms and no single reading below
100,000 ohms. Those aresas requiring repair or replacement +o meet
acceptance stanlards shall be corrected as directed by <the
Engineer. ' .

The testing wiillbé conducted by state forces.

Memktrane System A

Haterials
Primer _
The primer used to bond membrane to deck and to seal
seams and patches shall be a water resistant adhesive
ccempatible with +he membrane. The primer shall be of
suitable consistency for application by brush, roller or
spray without further dilution.
Menbrane
The wm2mbrane shall be factory-laminated shee+ composed
of either suitably plasticized coal tar or rubberized.
asphalt reinforced with polypropylene fabric. It shall
be manufactured free from blemishes, discontinuni+ies ard
other defects. The membrans shall be supplied in rolls,
bhaving a minimum wid“«h of 36 inches, and shall conform
to the following requirements:

Thickness: 65 mils minimuam
Pliability (1): No cracks

{1} Place a1 4 inch by 1 inch membrane spzcimen in
@ -10 deqree F cold chapber for 2 hours.
While still in the cold chamber, bend the
specimen 180 degrees over a 1 4inch radius
mandrel. Remove specimen from cold chamber and
inspect for cracks.

Application

The primer shall be applied to the cleaned concrete surfaces
a8t the rate and according to the pProcedure recommended by the
memktrane pmanufacturer. A1l surface to be covered by the
membrane shall te thoroughly ang uniformly coated with
primer. Pracauticnary measures shall ba taken *o0 assure tha+
vools and *hick lavers of primer are not left on +he doack
surface +*0 scum over. Drying tims prior +*o applying %=
membrane shall normally be as recemmended by tha
manufacturer, howrvyar, the membrane shall no= ba arpli-d
until subs*antially all volatile material has dissipated fronm
the primer,

GENERAL SPECIAL PROVISIONS DIVISION 6 : | GB6-08-1
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The prefabricated membrane sh:11 be applied to the primed
curb and bridge deck surfaces by either hand methods or
mechanical applicators. The membrane shall be placed in such
manner that a shingling effect will be achieved and *ha+ any
wvater which accumulates will drain toward the curb and the
drain pipes. Each strip will be overlapped a minimum of &
inches. An adhesive or a wide tipped torch to cause *ackiness
shall ke used, if necessary, to assure a good seal of +the
joints., Hand rollers or other satisfactory pressure
apparatus shall be usel onr the applied membrane +to assure
firm and uniform contact with the primed concretsz surfaces.

Any torn or cut areas, or narrow overlaps, shall be patched
using a satisfactory adhesive and by Flacing s=ac*ions of +ha
menbrapne over the da2fective area in such a manner tha* *he
patch extends at least 6 inches beyond the defect. The patch
shall be rolled or firmly pressed onto the surface.

The fabric shall be neatly cut and contoured at all join*s as
directed by the Enginear.

After the membrane waterproofing has besn completed, the
membrane shall be cut with 2 right angle cuts a+ all gdeck
drain piges. The cuts shall be made to the inside diamester
of the drain pipes, after which the corners of the membrane .
waterproofing shall be turned down into the drains and laiad
in a coating of asphalt binder.

Membrane System B

Materials

. —

Primer .
The primer, if required, shall mzet the manufacturer's
recommendati ons.

Membrane
The membrane shall meet the following requirements:

Viscosity, . ASTM B 102 ~ 950-1350
SSF at 350 degrees F
Softening Point, ASTM D 2398 165 Min.
degrees F
Alhesion, PSI ASTM D 429(1) 15 Min.
Cold Bend Test,
Binus 10 degrees F {2) ¥o cracks
Compatibility with Asphalt Completa
(1) Alhesion ASTM D 829, tet*hod A{Modifiedy. ™his
is a tension test of wvulcanized —rTubber *o
steel, Coa* ths curfaces of the 2 rmotal
plates described in %h2 procedur= wi*h an

epexy rTesin of at least 2000 PSI tensile

GENERAL SPECIAL PROVISIONS DIVISION 6 , GB6-08-1
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(2)

strength. Stand +he coated ends on O+*tawa
sand (ASTM C 109). Apply a pressure of 10
lbs. for a minimum of 8 hours %o insure
adequate bedding of the =<sand in the resin.
Brush all loose particles from the +treated
metal surface and coat each with 0.3 gram of
primer.

Cover the bottom of a cylindrical thin film
oven test pan (ASTM D 1754) wi*th a release
pPager such as Technipeel No. 985 made by +he

_Brown Paper Company of Kalamazoo, Michigan.

Any release paper +*+hat retzains its relsace
prcperties after us2 is satisfactory.

Pour 50 grams of membrane (350 - 375 degrees
F) into the release-treated pan. Allow +he
meabrane to cool to ambient temperature.
Remova i+ from the pan and cut circular
sections +to fit the metal plates of discs
coated as altove.

Fit the circular section of membrane on one
metal disc and place the other metal disc over
it. Put this sandwich in a 140 deqre= F oven.

Place a 1 kg weight on it and leave in +he
overn fcr 2 hours.

Test in accordance with ASTM D 429, Method A,
and calculate adhesion as total 1load at
failure divided by area of adhered surface,
vhether failure occurred at bonded surface or
within the membrane material.

Cold Bend Tes*. Pour 50 grams of membrare in+to
a container, as described for the adhesion
test. Allow it to cool to ambient tempera*ure
and remove from the pan.

Dust both sides lightly with talc to prevent
stickiness.

L
Place the specimen in a -10 degree F cold
chamber for 2 hours. While s+ill in the cold
chamber, bend the specimen 180 d=grees over a
Tadius no* to exceed ore inch.

Remove the membrane from t+he cold chamber and
check for cracks. Only ma2terial which sheowvs
no cracks will be considered satisfacsery.

GENERAL SPECIAL PRCVISIONS DIVISION 6 . Ge6-08-1
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Application

Primer

The primer, if required, shall be applied +to0 the
pavement as specified by membrane manufacturer.

Membrane Application

If tha. primer has become contaminated, the pavement
shall be cleaned and a rew primer applied and allowed to
cure bafore the membrane is aprplied.

The membrane material shall bs heatad in accordance with
the manufacturer's recommendations. 1In order +o insyre
against overheating, a dcuble-boiler t¥pe h=ater shall
be usel and the membrane material shall be circulated or
agitated during the heating process.

The mambrane shall be applied to the clean, dry (primed)
surface at a nominal rate of 0.5 gallon per square vyard
and in accordance with the manufacturerts
recommandations as to application temperatures.,

Placement of the asphalt concre te wearing surface shall

be donz in accordance with the recommendations of +the
coating manufacturer. '

T -

The asphalt shall be paving grade asphalt meeting the
requirements for BAR-1000 as specified in the Uniform Pacific
Coast Asphal+t Specifications or it shall be AR-2000W or AR-
4000¢ ccnforming +to section 9-02.1(H) of the standarad
specifications.

The granulated rubber shall meet the following requirements:

It shall be free from fabric, wire, or other
contaminating materials except that up to & percent of
calcium carbonate may be included to prevent particles
from sticking together. The gradaticn of the rubber
shall meet one of the following and shall be a* the
option of the Contractor:

1. ¥hen only ground vulcanized rubber is ased, i+
Shall be at least 95 percent passing the No.
16 sieve and not more than 10 percan* shall
pass th> No. 25 sieve.

2. If powdered, reclaimed devulcanized rubbar is

used, aoproxima+aly 40 percsn* chall he a2idel
to 60 percent ground vulcarized rubber scrav

GENERAL SPECIAL PROVISIONS DIVISION 6 ‘ ‘ GB6-08-1
DECEMBER 13, 1982 : Page 6

2-72



and the total blend shall meet the following

gr ading:
Sizve : X Passing
No. 8 100
No. 30 60 - 80
No. 50 15 - 40
No. 100 0 - 15

v T e B U AT R T e o —

The asphalt and rubber shall be combined as rapidly as
possible in the proportions of a wminimum of 2 pounds of
rubber to 1 gallon of asphalt (standard @ 400 degrees P) +hen
held for such a time and temperature that the consistency of
the wmix approaches that of a semi-fluid material. The
temperature of the asphalt shall te between 400 degrees F and
450 degrees P. The use of up %o 9 percent diluen* %o assist
in the mixing of the rubber and the spray aprlication of +he
mixture will be permi+ted. If a diluent is used, it 'shall
have a beoiling point of at least 350. degrzes F. hfter
reaching the proper consistency, application shall rroceed
immediately, and in no case shall the material be held at
temperatures in excess of 350 dagrees F for more than 1 hour
after reaching that point.

The method and equipment for combining the rubber and asphalt
shall be so desigred and accessible <+hat the Engineer car
readily determine the percentages, by weigh:, of esach of *he
2 materials being inccrporated into the mixture.

Equipment

The eguipment used for mixing and spreading the asphalt and
rubber shall bs a self-powered pressure distributor equippad
with a separate powsr urit, @istributing pump capzbla of
pumping the specified material at the specified rate “hrough
the distributor tips, and eguipment for heating the
bituminous material. The distribution bar on the distributor
shall be fully circulating with nipples and valves so
constructed that they are bathed in the circulating asphalt
to the extent that ¢the nipples will no+t become partially
Plugged with congealing asphalt upon standing. Distributor
eguipment shall includs a tachom=ter, pressure gauges, volusne
measuring davices, and a thermometer for reading tempera‘tures
of tank contents. The spray bars on the distributor shall he
controlled by 2 bootman riding at the rear of +he distribu*or
in such a position that operation of all sprays is in full
viev and accessible to him fer controlling spread widths.

Avolication

The application rate of ¢the he* asphals-rubber mixturs shall
be 0.55 ¢ 0.10 gallon oper gquare2 yarl uniforrly apnliad,
GENERAL SPECIAL PROVISIONS DIVISION 6 . GB6-08-1
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All transverse joints shall be made by placing building paper
over the ends of the previocus applications, and the joining
application shall start on the building paper used. Once the
applicaticn process has progressed beyond the paper used, the
paper shall be removed and disposed of +o the satisfaction of
the Engineer. If the Contractor can demonstrate the ability
to produce satisfactory transverse joints without paper, no
paper will be required as long as the joints remain
satisfactory. Any unsatisfactory joint shall be repaired a+
the Ccntractor's expense.

hen i =R A - A

Prior +to overlaying with asphalt concrete, the.aspﬁalﬁ-rubber

mixture shall be coversd with fabric as specified helow:

The fabric shall be a polypropylene material having the
. fcllowing prcperties:

Tensile strength, either dirsction, min.%7 1bs.
(ASTH Kethod D 1682, Grab Method)

Waight, oz./sq. yd. 3 -6
Width, inches - ' 36 min.

- The fabric shall b2 aligned and carefully rolled and/or
broomed into the asphalt-rubber mixture. Rolling ard/or .
brooming . the fabric into the asphalt should be

. accomplished in such a way tha+ ary air bubbles which
form under the fabric will be removed. This can best be
accomplished by brooming from the center of the fabric
toward the outer edges. Initial alignment is very
important since the fabric direction cannot be changed
appreciably without causing wrinkles. If +the alignment
of the fabric mus* be changed, the fabric shall be cut
and realigned overlapping the previous material and
proceeding as before. All joints shall be overlapped a
mirinmua of one inch.

-After the mesbrane waterproofing has been completed, the

fabric shall be cut around the top inside of <the frame
of inlets and laid in a coating of asphalt binder.

GENERAL SPECIAL PROVISIONS DIVISION 6 . GB6-08-1
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Memtrane watergrocfing will be measured by the =quare yard. The
area to bz measured will be the area cf the kridqge deck_ ard curb
which is satisfactcrily sealed and accepted.

The unit ccntract price per square yard for “Mcumbrane
Waterproofing (Deck Seal)"™ shall te full ccEpensation. for
furnishing all latcr, materials, tocls, equipment &nd incidentals,
fcr doing the wcrk invelved in cleaning the surfaces *o he sealed
and in agplying the merbrane waterrroofing comglete in place ir
accordance with the requirements of these specifications, the
standard stecificaticns and as directed by the Engineer. The

| price paid shall include Tepairing ary damaged cor defective
wvaterproofing memkrane and damaged aspkalt overlay.

GENERAL SPECIAL FROVISIONS DIVISICN 6 GRG6-08-2
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Fayment :
The unit ccrtract price per square vyard for ®Mentrane
Waterprcofing (Deck Seal)" shall be full ccopensation for
furaishing all 1latcr, materials, tocls, equipment and incidentals,
for doing the werk involved in cleaning the surfaces tc be sealed
and in arglying the membrane waterrrocfing complete in place in
acccrdance sith the requirements cf +these specifications, +the
standard srecificaticns and as directed by the Fngineer. The
price paid shall include repairing any damaged or defec:jive
waterproofing membrane and damaged asrhalt cverlay.

GENERAL SPECIAL PROVISIONS DIVISICN 6 ' €B6-C8-3
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APPENDIX C

WSDOT BRIDGE INFORMATION CARDS
REGARDING BRIDGES 285/10, 82/106 AND 5/650 W

Including:

general card, railroad grade separation,
steel spans, concrete spans

Available from:

Washington State Department of Transportation
Bridge and Structures Branch
Olympia, WA 98504






APPENDIX D

RESULTS OF A WSDOT DETAILED DECK CONDITION SURVEY
CONDUCTED ON BRIDGES 285/10 AND 5/650 W
IN 1975 AND 1974, RESPECTIVELY
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APPENDIX E

LOCATION OF REPAIRED AREAS ON THE DECK OF BRIDGE 285/10
PRIOR TO WATERPROOFING IN 1976
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APPENDIX F
ASTM TESTING PROCEDURES






AMERICAN NATIONAL
’ STANDARD

-

Standard Test Method for

ANSI/ASTM C 876 - 77

. HALF CELL POTENTIALS OF REINFORCING STEEL IN

CONCRETE!

This Standard is issued under the Bxed designation C 876; the sumber immediately following the designation indicates

the year of original
your ol last respproval.

L. Scope ,

1.1 This method covers the estimation of
the electricat half cell potential of reinforcing
steel in concrete, for the purpose of determin-
ing the corrosion activity of the reinforcing
steel. This method mav be used advanta-
geowusly to assess the relaave extent and prog-
ress of corrosion of steel embedded in field
and laboratory concrete members. This
method is applicable 10 members regardless
of their size or the depth of concrete cover
over the reinforcing steel.

2. Siguificance sud Use

2.1 The results obtained by the use of this
method should not be considered as a means
for estimating the structural properties of the
steel or of the reinforced concrete member.

2.2 This method is limited by electrical
circuitry. A concrete surface that has dried to
the extent that it is a dielectric and surfaces
that are coated with a dietectric material will
not provide an acceptable electrical circuit,
The basic configuration of the electrical circuit
is shown in Fig. 1. .

3. Apparatus

3.1 The testing apparatus consists of the

I's

3.1.1 Half Celi:

3.1.1.1 A copper-copper sulfate half cell
(Note 1) is shown in Fig. 2. It consists of a
rigid tube or container composed of a dielec-
tric material that is nonreactive with copper
or copper sulfate, a porous wooden or plastic
plug that remains wet by capillary action, and
a copper rod that is immersed within the tube

2-87

adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the

in & saturated solution of copper sulfate. The

solution shall be prepared with reagent grade

copper sulfate crystals dissclved in 2isiilled or
deionized water. The solution may be consid-
ered saturated when an excess of crystals

(undissolved) lies at the bottom of the solu-

tion.

3.1.1.2 The rigid tube or container shall
#have an inside diameter of not less than 1 in.
(25 mm); the diameter of the porous plug
shall not be less than /3 in. (13 mm); the
diameter of the immersed copper rod shall
ot be less than !4 in. (6 mm), and the length
shall not be less than 2 in. (50 mm).

-3.1.1.3 Present criteria based upon the
half cell reaction of Cu ~» Cu** + 2e indicate
that the potential of the saturated copper-
copper sulfate half cell as referenced 10 the
hydrogen electrode is —0.316 V at 72°F
(22.2°C}. The cell has a temperature coeffi-
cient of about 0.0005 V more negative per °F
for the temperature range from 32 to 120°F
{0'to 49°C).

NoTE 1 —While this method specifies only one
type of half cell, that is, the copper-copper sulfate
Balf cell, others having similar measurement range.
accuracy, and precision characteristics may also be
used. In addition 1o copper-copper suifate cells.
czlomel cells have been used in laboratory studies.
Potentials measured by other than copper-copper
suifate haif cells should be converted o the copper-
copper siilfate equivalent potential. The conversion

technique is described in most physical chemistry or
haif ceil technology text books.

' This method is under the jurisdiction of ASTM Com-
mittee C-9 on Concrete and Concrete Aggregates and b
the direct responsibiiity of Subcommittee CHY.03 15 oo
Methods of Testing Concrete for Resistance 0 Weather-
ing.

Current edition approved Dec. 30, 1977. Published
February 1978.
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3.1.2 Electrical Junction Device — An elec-

trical junction device shall be used to provide °

s low electrical resistance liquid bridge be-
tween the surface of the concrete and the half
cell. It shall consist of a sponge or several
sponges pre-wetted with a low electrical re-
sistance contact solution. The sponge may be
folded around and attached to the tip of the
half cell so that it provides electrical continu-
ity between the porous plug and the concrete
member.

3.1.3 Electrical Contact Solution —In order
%0 standardize the potential drop through the
concrete portion of the circuit. an electrical
contact solution shall be used to wet the
electrical junction device. One such solution
is composed of a mixture of 95 ml of wetting
agent (commercially available wetting agent)
or & liquid household detergent thoroughly
mixed with 5 gal {19 litre) - potabie warer.
Under working temperatures of less than
sbout 50°F (10°C), approximately 15 % by
volume of either isopropyl or denatured alco-
biol must B8 added to prevent clouding of the
clectrical contact solution, since clouding may
inkibit penetration of water into the concrete
to be tested.

3.1.4 Voitmeter — The voltmeter shall have
the capacily of being battery operated and
bave £3 % end-of-scale accuracy at the volt-
age ranges in use. The input impedance shall
be no less than 10 million ) when operated at
a full scale of 100 mV. The divisions on the
scale used shall be such that a potential differ-
ence of 0.02 V or less can be read without
interpolation. :

3.1.5 Electrical Lead Wires — The eleutriczl'-

lead wire shall be of such dimension that its
electrical resistance for the length used will
not disturb the electrical circuit by more than
0.0001 V. This has been accomplished by
using no more than a total of 500 linear ft
(150 m) of at least AWG No. 24 wire. The
wire shal] be suitably coated with direct buriai
type of insulation.

4. Procedure

4.1 Spacing Between Measuremenits — While
there is no pre-defined minimum spacing be-
tween measurements on the surface of the
concrete member, it is of little value to take
two measurements from virtually the same

2-88
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poiut. Conversely, measurements taken with
very wide spacing may neither detect corro-
sion activity that is present or result in the
appropriate accumulation of data for evalua-
tion. The spacing shall therefore be consistent
with the member being investigated and the
intended end use of the measurements {Note
2).

Note 2—A spacing of 4 ft (1.2 m) has been
found satisfactory for evaiuation of bridge decks.
- Generally, larger spacings increase the probability
that localized corrosion arcas will not be detecied,
Measurements may be taken i ecither 2 grid or a
random pattern. Spacing between measurcments
should generaily be reduced where adjacent read-
ings exhibit algebraic reading differences exceeding
150 mV (areas of high corrosion activity), Mini-
mum spacing generally should provide at ieast a
100-mV difference between readings.

4.2 Electrical Connection to the Steel:

4.2.1 Make a direct _lectrical connection
to the reinforcing steel” by means of a
compression-type ground clamp, or by braz-
ing or welding a protruding rod. To ensure a
low electrical resistance connection, scrape
the bar or brush the wire before connecting to
the reinforcing steel. In certain cases. this
technique may require removal of some con-
crete to expose the reinforcing steel. Connect
the electrical connection to the reinforcing
steel to the negative terminazl of the voltmeter.

4.2.2 Attachment must be made directiy
to the reinforcing steel except in cases where
it can be documented that an exposed steel
member is directly attached to the reinforcing
steel. Certain members. such as expansion
dams, date plates, lift works. and parapet rails
may not be attached diractly to the reinforcing

.ssteel and, therefore, may yield invalid read-

ings. Electrical continuity of steel components
with the reinforcing steel can be established
- by measuring the resistance between widely
separated steel components on the deck.
Where duplicate test measurements are con-
tinued over a long period of time, identical
connection points should be used each time
for a given measurement.

4.3 Elecirical Connection to the Half Cell -
Electrically connect one end of the lead wire
to the half cell and the other end of this same
lead wire to the positive terminal of the
voitmeter.

4.4 Pre-Weuting of the Concrete Surface:

4.4.1 Under certain conditions, the con-
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crete surface or an overlaying material, or
both, must be pre-wetted by either of the two -
methods described in 4.4.3 or 4.4.4 with the
solution described in 3.1.2 1o decrease the
electrical resistance of the circuit.

. 4.4.2 A testto determine the need for pre-
wetting may be made as follows:

4.4.2.1 Place the haif cell on the concrete
surface and do not move.

..4.4.2.2 Observe the voltmeter for one of
the following conditions:

(@) The mecasured value of the half cell
potential does not change or fluctuate with
time.

{b) The measured value of the half cell
potential changes or fluctuates with time.

4.4.2.3 H condition (@) is observed, pre-
wetting the concrete surface is not necessary.
However, if condition (b) is observed, pre-
wetting is required for an ac-ouni of time such
that the needle voltage reading is constant
when observed for at least 5 min. If pre-
wetting cannot obtain condition (a). either
the electrical resistance ¢f the circuit is too
great to obtain valid half celt potential meas-
urements of the steel, or stray current from a
nearby direct current traction system or other
fluctuating direct current. such as arc welding,
is affecting the readings. In either case, the
half cell method shouid not be used.

4.4.3 Method A for Pre-Werning Concrete
Surfaces — Use Method A for those conditions
where a minimal amount of pre-wetting is
required to obtain condition (a) as described
in 4.4.2.2. Accomplish this by spraying or
otherwise wetting cither the entire concrete
surface or only the points of measurement. as
described in 4.1 with the solution described in
3.1.3. No free surface water should remain
between grid points when potential measure-
ments arc initiated.

4.4.4 Method B for Pre-Wetting Concrete
Surfaces —In this method, saturate sponges
with the solution described in 3.1.3 and place
on the concrete surface at locations described
in 4.1, Leave the sponges in place for the
period of time necessary to obtain condition
(@) described in 4.4.2.2. Do not remove the
sponges from the concrete surface until after
the half cell potential reading is made. in
making the half cell potential measurements,

place the electrical junction device described -

542

2-89

e

Ca7e

in 3.1.2 firmly on top of the pre-wetting
sponges for the duration of the measurement.

4.5 Underwater, Horitontal, and Verrcal
Measurements:

4.5.1 Potential measurements detect cor-
rosion activity, but not necessarily the loca-
tion of corrosion activity. The precise location
of corrosion activity requires knowledge of
the electrical resistance of the material be-
tween the half cell and the corroding steel.
While underwater measurements are possible,
resuits regarding the location of corrosion
must be interpreted very carefully. Often it is
not possible to precisely locate points of un-
derwater corrosion activity in salt water envi+
ronments because potentiai readings along
the member appear unitform. However, the
magnitude of readings does serve to indicate
whether or not active <arrosion is occurring.
Take caic during ai underwaler meosure-
ments that the half cell does not become
contaminated and that no pant other than the
porous tip of the copper-copper sulfate elec-
trode hailf cell comes in contact with water.

4.5.2 Perform horizontal and vertically up-
ward measurements exactly as verticaily
downward measurements. However, addi-
tionally ensure that the copper-copper suifate
solution in the half cell makes simultaneous
electrical contact with ihe porous plug and the
copper rod at all times.

4.6 Care of the Half Cell - The porous plug
should be covered when not in use for long
periods to ensure that it does not become
dried to the point that it becomes a diclectric
(upon drying. pores may become occtuded
with crystalline copper-sulfate). If cells do not
produce the reproducibility or agreement be-
tween ceils described in 3.1.1, cleaning the
copper rod in the half ceil may rectify the
problem. The rod may be cleaned by wiping it
with 'a dilute solution of hydrochloric acid.
The copper suifate solution shouid be re-
newed either monthly or before each use,
whichever is the longer period. At no time
should steei wool or any other contaminant
be used to clean the copper rod or half cell
tube.

5. Recording Half Cefl Potential Values

5.1 Record the electrical half cell poten-
tials to the nearest 0.01 V. By convention, 3
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pegative (—) sign is used for all readings.
Report 2!l half cell potential values in volts
and correct for temperature if the half cell
temperature is outside the range of 72 = 16°F
(22.2 = 5.5°C). The temperature coefficient
for the correction is given in 3.1.1.3.

6. Data Presentation

6.1 Test measurements may be presented
by one or both of two methods. The first, an
equipotential contour map. provides a graph-
ical delineation of areas in the member where
corrosion activity may be occurring. The sec-
ond method, the cumulative frequency dia-
gram, provides an indication of the magnitude
of affected area of the concrete member,

6.1.1 Eguipotentia! Contour Map —On a
suitably scaled plan view of the concrete
member, plot the locations of the half cell
potential values of the steel in concrete and
draw contours of equal potential through
points of equal or interpolated equal values.
The maximum contour interval shall be 0.10
V. An example is shown in Fig. 3.

6.1.2 Cumulative Frequency Disiribution —
To determine the distribution of the measured
half cell potentials for the concrete member,
make a plot of the data on normal probability
papert in the following manner:

6.1.2.1 Arrange and consecutively number
all half cell potentixis by ranking from least
negative potential to greatest negative poten-
tial.
6.1.2.2 Determine the plotting position of
each numbered half cell potential in accord-
ance with the following equation:

r .
f-*zm_ixmo o

where: :

fz = plotting position of total observationd.
for the observed value. %,

r = rank of individual half cell potential,
and

Sn = total number of observations.

6.1.2.3 Label the ordinate of the probabil-

ity paper “Half Cell Potential (Volts, CSE).”

where CSE is the designation for copper-cop-

per sulfate electrode. Label the abscissa of

the probability paper " Cumulative Frequency

{%)."” Draw twe horizontal parailel lines in-

tersecting the —0.20 and —0.35 V values on

Cars

the ordinate, respectively, across the chart.
6.1.2.4 After gplotting the half cell poten-
tials, draw a line of best fit through the value
(Note 3). An example of a completed plot is
shown in Fig, 4.
Note 3--It is not unusual to observe a break in

the straight line. In these cases, the line of best fit
shall be two straight lines that intersect at an angie.

7. Interpretation of Resuits®

7.1 Laboratory testing of reinforced con-
crete specimens indicates the following re-
garding the significance of the numerical value
of the potentials measured. Voltages listed
are referenced to the copper-copper sulfate
(CSE) half cell.

7.1.1 Ii poientiais over an area are numer-
ically less than —0.20 V CSE, there is a
greater than 90 % probability that no rein-
forcing steel corrosion is occurring in that
ar=a at the time of measr :ment.

7.1.2 If potentials over an area are in the
range of —0.20 10 —0.35 ¥V CSE, corrosion
activity of the reinforcing steel in that area is
uncertain.

7.1.3 If potentials over an area are numer-
ically greater than —0.35 V CSE, there is a
greater than 90 % probability that reinforcing
steel corrosion is oceurring in that area at the
time of measurement.

7.1.4 In laboratory tests where potentials
were numericaily greater than —0.50 V, ap-
proximately haif of the specimens cracked due
to corrosion activity.

7.1.5 Positive readings, if obtained, gen-
erally indicate insufficient moisture in the
concrete and should not be considered valid.

8. Report

8.1 The report shall inciude the following:
8.1.1 Type of cell used if other than cop-
per-copper sulfate.

* The following published reports give supportive detail
for interpretation of results: Speilman. D. L., and Stratfull,
R. F., “Concrete Variables and Corrosion Testing,” High-
way Retearch Record No. 433, 1973 Swuathll, R. F.,
~Hail-Cell Potentials and the Corrosion of Steel in Con-

. crete,” HMighway Research Record No. 423, 1973: and

Clear. K. C.. and Hav, R. £., “Time to Corrosion of
Reinforang Steel in Concrete Slabs,” Federal Highway
Administration, Vol 1 and 2, Interim Reports FHWA-RD-
73-32 ana 33, Apail 1973,
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8.1.2 The estimated average temperatire
of the half cell during the test.

. 8.1.3 The method for pre-wetting the con-
crete member and the method of attaching
the voltmeter lead to the reinforcing steel.

8.1.4 An equipotential contour map,
showing the iocation o reinforcing steel con-
tact, or a plot of the cumulative frequency
distribution of the half cell potentials, or both.

8.1.5 The percentage of the total half cell
potentials that are more negative than —0.35

Half Cell

locations.

e different cells should not exceed 20 mV.

Copper-Copper Sulfate

Movad sbout om surface
‘of concrete to measure
potential of reinforcing J
steel at various .

care
8.1.6 The percentage of the total half cell-

- potentials that are less negative than —0.20
V. :

9. Precision o
9.1 The difference between two half cell
readings taken at the same location with the
same cell should not exceed 10 mV when the
cell is disconnected and reconnected,
9.2 The difference between two half cell
readings-taken at the same location with two

o . '
- . Cuenu-’ . —
- Reinforcing .4 Ca - 1
tesl - - - e e ! A
- TL — ~—3 lad l
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AMERICAN NATIOMNAL

4

Standard Test Method for

ELECTRICAL RESISTIVITY OF MEMBRANE-PAVEMENT

SYSTEMS'

This Standard is issued under the fixed designation D 3633; the number immediately following the designation indicates
the year of original adoption or. in the case of revision, the year of last revision. A number in parentheses indicates the

yaar of last reapproval.

1. Scope

1.1 This method covers the measurement
of the electrical resistiviiy of membrane-pave-
ment systems when applied to conerete bridge
decks.

1.2 Measurements shall be ~=rformed on
the bituminous pavement surfaze covering the
waterproofing membrane. .

1.3 This method utilizes a measure of elec-
trical resistance between the saturated top
surface of the membrane and the reinforcing
steel embedded in the concrete bridge deck.

1.4 The values measured represent the
electrical resistance obtained with the equip-
ment and procedures stated herein and do
pot necessarily agree or correlate with those
using other equipment or procedures.

Nore 1-—The values stated in SI units are t0 be

regarded as the standard.
2. Significance and Use

2.1 The method for measuring the electri-
cal resistivity of membrane-pavement systems
may be interprered to indicate the effective-
ness of such systems.

2.2 The method is predicated on the fact
that an electrical connection between the sur-
face of the pavement and the reinforcing steel
in the concrete pavement cannot be made
through an impermeable insulating mem-

,

2.3 The method may be used for accept-
ance when the accepting agency specifies the
minimum resistance value desired.

3. Apparatus

3.1 Ohmmeter, d-c, 20 000 QfV rating
connected to a double-pole, double-throw
switch box or a-c chmmeter (switch box not
required).

1006
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'  Nore 2—When this method is used for accept-

ance, the accepting azency shoutd specify the type
of ohmmeter 10 be used.

3.2 Insulated Wire, Nao. 18, Belden test
probewire or equivalent. Two spools. mini-
mum 38 m (125 ft).

3.3 Copper Plate, 305 by 305 by 3.0 mm
(12 by 12 by /s in.), with the means for
connecting the ohmmeter lead and a wooden
handle approximately 1 m (39 in.) in length.

3.4 Polyurethcne Sponge, 305 by 305 by
13 mm (12 by 12 by ' in.), to be attached
to the copper plate with rubber bands or
other suitable means. When assembied this

_apparatus is called the probe.

3.5 Pressure Spray Can, 12-litre {3-gal)
capacity, with a nose and spray nozzie.

4. Reagent

4.1 A wetting agent which, when added to
the water, will break the surface tension and
promote the penetration of the water through
the bitumenous pavement,

5. Sampling

5.1 Determine locations on the bridge
deck 1o be tested by using cither a grid partern
similar to that iliustrated in Fig. 1 or by a
random location system that will ensure that
the bridge deck area to be tested will be
adequately represented.

6. Procedure

6.1 Prepare the surface to be tested by
removing all foreign material by sweeping of

1 This method is under the jurisdiction of ASTM Com-
mittee D-4 on Road and Paving Matenais, and 15 the
direct responsibiiy of Subcommittee DU4.36 on Brulye
Deck Protective Systems.

Current edinon approved Nov. 25, 1977. Published
January 1978,
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scraping, or both. Do not use water to clean.
The surface must be dry and ciean before
testing.

6.2 Uncoil an ample iength of wire to
reach all areas to be tested, attach the minus
(-) jack of the ohmmeter to the reinforcing
steel and the pius (+) jack to the 305 by 305
by 3.0-mm (12 by 12 by '/»-in.) copper plate
of the probe. Then saturate the sponge with
waler containing the wetting agent. -+

Nore 3 —A dircct connection from the ohmme-
ter to the top layer of reinforcing steef in the deck
i desirable. However, if it is not practieal to do
this, the bridge railing, expansion joints, light stan-
dards, drainage scuppers, or other exrosed steed,
which is known to have contact with the too mat of
reinforcing stecl, may be used to provide this con-
section.

6.2.1 Check the ohmmeter battery for sat-
isfactory charge, then zero the ohmmeter diai
indicator.

6.2.2 .Check for overall equipment opera-
tion and satisfactory circuit by placing the
probe on exposed concrete deck curbing and
observing the resistance reading on the
ohmmeter. This reading will normally range
from 1000 to 3000 Q for various bridge
decks. Place the probe at several locations
along the curb and observe the readings,
which must remain refatively consiant as an
indication of a complete electrical circuit and
especially to ensure a good contact with the
reinforcing steel.

Notz 4-Excessive moisture in the pavement
would cause invalid resisiance readings. To give a
measure of assurance against this. the resistance
between any two test sites may be checked prior to
the testing sequence descrined in 6.3 through 6.4.

is is accomplished by attachmng the onmmeter to
two probes, rather than a single probe. and the

reinforcing steel. Immediate iow teadings (10 O0U
% 1) will indicate excessive moisture in the pave-

ment and on top of the membrane and further '

festing of the entire deck. or at least such identified
portions of it, should be postponed.

6.3 By means of the pressure spray can
containing water mixed with 8 ml/litre (1 oz/
$3l) of wetting agent, wer a spot at each test
location as determined in 5.1. Each spot
should be large enough o0 accommodate the
Probe. Repeat the wetting of each test site
three to five times in series. Take care that
the wetted areas do not interconnect, either
9n the surface or at the pavement-membrane

Werface.
5.3.1 In order to be sure that the applied

.

D 3en

water has penetrated the pavement and is in
contact with the membrane, select a repre-
sentative, well-compacted, test location as a
check point. After allowing ampie time for
moisture penetration at all test sites, piace
the probe on the check point and determine
the resistance with the test apparatus assem-
bled as described in 6.2, Repeat the wetting
of all test sites foliowed by a determination of
the resistance at the check point. Do this
until the check point resistance reading has
stabilized. The time required for the wetting
process will vary, depending on the thickness
and permeability of the pavement layer (30
min is normaily sufficient).

Note 5—The reasoning behind the above re-
quirement is that when the dense, very well-com-
g:cted pavement at the check point, which has
>een wetted equally along witi. il other test loca-
tions, achieves a stajilized rosia “aICE, ihen iogiCaily
all other test sites should have stabilized also. It
has been found expedient in some cases (due 10
high ambient temperatures) to place prewetted
Sponges at cach test site after wetting in order to
maintain saturation.

6.4 Proceed to test the bridge deck for
electrical resistance. Place the probe at each
test location and allow the chmmeter reading
to settle; note it. For a d—c ohmmeter, reverse
the leads by tripping the double-pole switch.
When the reading has settled again, note it
and record the average of two such readings
as the resistance for each point. {See Fig. 2
for an example of the recording procedure.)

NoTE 6—Reversal of the d-¢ meter leads by
means of the switch box and averaging the readings
reduces the error induced by zalvanic coupling of
the probe and the reintorcir: sicel. This is not
necessary when using an a-¢ . mmeter. If readings

are taken using scales other -~1n the highest range
provided by the ohmmetez, note the scaie used.

6.5 If it is desired to further define areas
of low-resistance readings, establish a grid
pattern  with intersections at intermediate
points not previously tested. These points
shouid only be tested after allowing sufficient
time for the moisture in the pavemen! to
dissipate. Time for this will depend on the
density and thickness of the pavement, as
well as the ambient and pavement tempera-

tures (usually a minimum of 24 h should be
allowed).

7. Repont
7.1 The resistance vaiues shali be reported

1007
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in a manner similar to that shown in Fig. 2,
Areas that fail to meet any minimum require-
ments may be outlined on the grid sheer. If
desired, these same arcas may be outlined on
the bridge deck. Any repairs or corrections
that need to be made shall be noted on the
report sheet.

D 3633

8. Precision and Accuracy

8.1 Within the scope and significance of
this method, a precision or accuracy statement
has not been developed. A statement may be
developed at a future date when more expe-
rience is accumulated.
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The American Sociery for Testing and Moterials takes no position respecting the validity of any patent rights asserred
in comnection with any item mentioned in this standard. Users of this standard are expressiv advised that determination
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FIELD TRIP REPORT
Bridge 285/10, Columbia River

On Thursday, February 23, 1983, Khossrow Babaei, TRAC research engineer,
accompanied by Tom Roper, WSDOT Bridge Branch senior associate bridge
engineer, with Keith Anderson, assistant special projects engineer, and
Ronald Schultz, special projects engineer, both of the WSDOT Materials
Laboratory, visited Bridge 285/10 in Wenatchee, Washington, 0.3 miles (0.5
km) west of Junction SR 28. Prior to visiting the site, the tentative
testing plan prepared by TRAC was explained to David Malsch, District 2
materials engineer in Wenatchee.

Generally, the objective of this visit was to visually observe the deck
and evaluate the location of selected test sections on the deck. During the
observation, it was noticed that the spacing of the joints on the deck was
about 32 ft (9.7 m) as indicated in the bridge plans. Therefore, the joint
spacing indicated in the Materials Laboratory survey of 1975 (j.e., 24 ft or
7.3 m) (see Appendix D) was disregarded and the test sections were located to
conform with the 32 ft (9.7 m) joint spacing as well as the number of joints
and expansion dams shown in the Materials Laboratory survey

Due to adverse weather conditions and heavy traffic, complete
investigation of the condition of the deck was not possible. However, it was
noticed that the AC overlay was almost in good condition and there was a
transverse crack on the AC for almost every joint on the deck. Nicks and
spalls could also be seen along the edges of the curbing. No shoulder was
Tocated on the deck and the deck was divided into four lanes.

FIELD TRIP REPORT
Bridge 5/650 W, Ebey Slough

On Thursday, March 3, 1983, Khossrow Babaei, TRAC research engineer,
accompanied by Tom Roper, WSDOT Bridge Branch senior assistant bridge
engineer, and Keith Anderson, WSDOT Materials Laboratory assistant special

projects engineer, visited Bridge 5/650 W, 4.6 miles (7.7 km) north of
Junction SR 2 in Washington.

The objective of this visit was to visually observe the deck and
evaluate the location of the selected test section on the deck. During the
observation, it was noticed that the test section was located on a patched
and  repaired AC and maybe a distorted membrane.  This severe deterioration
could be related to the high concentration of the chlorides as well as the
high grade on the deck (i.e., about 2.24%) at this location. Therefore, a
new test section was Tocated with no patches on the AC.” The grade on the new
test section is zero and the chloride concentration, according to the Materials
Laboratory survey of 1974, is about 2.31 Tb/cy (1.36 kg/m ), which is the high-
st on the deck. '
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Further observation of the deck showed that, aside from the patched area
located at the south end of the bridge and on the grade, the AC was in fair
condition with some ravelling in the wheel Tines. Transverse cracks on the
AC and adjacent to almost every expansion dam were also noticed.
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1. [INTROOUCTION

The first part of the study entitled “"Pertormance Evaiuation of Water-
pruoting Membrane Protective Systems tor Concrete Bridge Decks" was yenerally
focused on obtaining backyround information regarding tne conditions of three
test Dbridges 1n Washington as well as designing a detailed testing plan 1in
order to evaludte the performance of the waterprootinyg membranes applied on
them. The following is a list or the test bridyes and their locations:

1. Bridye 285/10 {Columbia River) near Wenatchee
2. Bridye 82/1U6 (Roza Caral) near Yakima
3. Bridge 5/650 W (Ebey Siouyh) near Everett

This part of tne study {Part Two) involves field testiny and data collec-
tion froin the above Dridyes in accordance with the testing ptan prepared 1in
Part Une and in congunction with the WSDOT Materials Laboratory.

Stated brietly, the tieid testinyg proyram included the tollowiny
experiments which were conducted Dy the WSDUT Materials Laboratory with the
assistance of the WSDUT Bridge Branch and TRAC personnei:

. FElectrical resistivity testiny

. Chain drayying

. Electrical potential testiny

. Uepth of rebar measurement (pachometer survey)
. Lore sampiing AC overlay and membrane

. Chioride content measurement

T TN

In adaition, as a requirement for testiny Bridye 285/10, a portion of the AC
overtay and membrane on the deck wdas removed and aftter testing was replaced.
This portion ot the work was done by the District 2 maintenance crew,

Complying with the testing schedule, the actual date of testing tor each
bridye was coordindted with the weather. Field testing of Bridyes 5/6%U and
82/1U6 was accomplished during the month of April in accordance with the
initial testing plan. However, the testing of Bridge 285/1U, which required
overiay dnd membrane removal and repiacement, was revised due to the results
of a fieid triail conaucted in advance ot the testing, buring the tield trial,
a small portion of the asphalt overlay and membrane was removed and the
procedure was evaluatea, The results from this triail indicated that it would
De very tlne-consuming to remove the pavement and Clean the concrete surface
as initially planned., Thus, a revised testing plan was prepared tor Bridge
285/10 which minimized pavement removal and disruption to traffic as well. A
description of thne tield trial and revised testing plan are includea in Sec-
tion 2. The actual testing of Bridge 285/10 was accomplished during the month
0ot May.

Reyardiess of some minor chanyges in the work plan due to actual fielid
conditions, the testing phase yenerally tollowed the experimental desiyn in
every aspect of testing and no major difficulties were encountered 1in the
fietd. Atter testiny the first bridye {Eby Slouyh), the test team were able
10 coordinate their dactivities very efficiently, This maximized the rate of
obtaining ddta and minimized trattic problems. A description of the different

experimentations and field activities conducted duriny the testing phase can
be tound in Section 3,
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After the raw data, including both field and laboratory data, were col-
lected, they were tabulated, analyzed and plotted with a suitable format so
that a reasonabie assessment of the conditions of the membranes as well as the
concrete decks could be made. Section 4 of this report is allocated for this
purpose. Included also in Section 4 are the “before" condition data (if
available) arranged in the same format to make comparison easier, Although in
some cases the lack of "before" condition data may make comparison impossible,
the new data could be used as baseline information in the future to assess the

service lives of the waterproofing systems as well as the rate of deteriora-
tion of the decks,

2.  PAVEMENT REMOVAL FIELD TRIAL AND REVISED TESTING PLAN FOR COLUMBIA RIVER
BRIGE (285/10)

The initial testing plan of Bridge 285/10, as reported in Part One of
this study, required removing the existing asphalt concrete (AC) overlay and
waterproofing membrane on three test sections, each 96 ft {29.1 m) long by
11.5 ft (3.5 m) wide located on the outside lane southbound, with a total area
of 3312 sq ft (304.1 sq m) (see Figure 1 for layout of the test sections).
The AC overlay is a class B mix and the waterproofing membrane is a hot-
applied rubberized asphalt. The plan called for evaluation of the pavement
removal operation in advance of actually testing the bridge. On March 24,
1983 a field trial was conducted on Bridye 285/10 to remove a smali portion of
the AC overlay and membrane (i.e., 12 ft or 3.6 m long by 10 ft or 3.0 m wide,
as shown in Figure 1) and to evaluate the procedure.

The results of this trial indicated that it would be very time-consuming
to completely remove the pavement and clean the concrete surface at all three
test sections. Thus, a revised testing plan was prepared for Bridge 285/10 to
minimize pavement removal and disruption to traffic while stil] obtaining the
essential data to evaluate the condition of the membrane,

2.1. Description of Field Trial

Prior to pavement removal, the AC overlay in the trial area was chain
dragged. Chain dragging did not detect any defects under the AC overiay. Next,
an air hammer was used to cut the perimeter of the trial area up to the
surface of the concrete, Vibration caused by the hammer broke the bond be-
tween the membrane and concrete in those areas adjacent to the cut, as was
indicated by subsequent chain drayging. A motor grader was then used to
scarify the AC overlay and membrane longitudinally (i,e., paraliel to the deck
centerline) to divide the area into more than one piece. However, this re-
sulted in scarifying the concrete surface in some locations as well,  Subse-
quently, a front-end loader was used to lift the AC overlay up by startiny
from the cut perimeter and moving in a direction parallel to the deck center-
line. Pavement was 1ifted up together with the membrane in the areas with
broken bond (i.e,, in the vicinity of the cut). Nevertheless, the pavement
could not be lifted easily in other areas due to a strong bond at the inter-
face. The hammer was used once again to break the bond by vibration in a few
locations within the trial area. This eased removing the pavement and mem-
brane, but only in the vibrated areas.

After the AC overlay and membrane were removed completely, a dark colored
stain from the membrane which did not contain any rubber particles remained on
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the concrete surface. In spite of the dark color, the concrete surface could
be readily 1inspected. There was no evidence of moisture between the concrete
surface and membrane, although it had rained two days before the field trial,
Some transverse cracks could be seen on the concrete deck. A chain dragging
conducted on the exposed concrete indicated no delaminations in the concrete,
Subsequently, to visually inspect the concrete surface more clearly and to
clean the surface compietely, it was sand blasted. Althouyh somewhat time-
consuming, sand blasting was successful in totally cleaning and exposing the
concrete surface,

The entire pavement removal operation, including the time spent on
adjusting some of the equipment, took about three hours.

2.2. Detailed Revised Testing Plan

Three test sections, each 96 ft (29.1 m) long by 11.5 ft (3.5 m) wide,
were located on the outside lane southbound, with a total testing area of 3312
sq ft (304.1 sq. m) as shown in Figure 2. The locations of two of the test
sections {(i.e., Nos. 1 and 3) were the same as "old" test sections Nos. 1 and
2, respectively (see Figures 1 and 2). However, the location of the other
test section (i.e., No, 2) did not coincide with “old" test section No. 3,
since there was no evidence of breakdown in the membrane or deterioration of

the concrete in the proximity of "old" test section No, 3 during the pavement
removal trial,

The concrete of test section Nos. 1 and 2 in the revised testing plan had
been heavily repaired by excavating the delaminations and patching prior to
installation of the membrane, whereas the concrete of test section No. 3 did
not have any delaminations and repairs before waterproofing. Each test sec-
tion 1included an area of pavement removal which is 32 ft (8.7 m) long by 8.5
ft (2.6 m) wide (see Figures 2 and 3)., The pavement removal areas were
located on the portion of the test sections which had the highest degree of
delamination and repair in advance of waterproofingy., Exposing these areas and
examininyg them wouid reveal the effectiveness of the repair method as well as
the protective system,

2.2.1. Sequence of Testing Activities

The testing activities on each test section on Bridye 285/10 and their

sequence were revised as follows (see also Figure 5 for a summary of testing
activities):

{A) Photograph and map the AC overlay surface condition including cracks
of all types, raveling, patching, shoving, wet spots, etc. Photograph and
record the condition of the curbs, such as cracks and spalling. Photograph
and record the conditions of the deck from below, such as cracks, seepage,
efflorescence, wet spots, spalling, etc,

(B) Chain drag the AC overtay to locate possible debonding between the
concrete slab and AC overlay. Map and outline the areas of debonding.

{C} Conduct electrical resistivity testing (ASTM D3633) on AC overiay

using the grid pattern shown in Figure 3 and record the resistivity of the
membrane at the intersecting points of the grid. This pattern is adapted from
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ASTM D3633, which requires 5 ft (1,5 m) spacing between data points and at
least 1.5 ft {0.5 m} clearance from curbing.

(D) Obtain a minimum of 8 core samples through AC and membrane by dry
sawing at the intersecting points of the grid pattern used for electrical
resistivity testing. The location of core samples should be randomly selected
and spaced out over the portion of the test section not to be exposed,

Examine the core samples, and characterize and record the condition of the
membrane using the data form shown in Figure 4,

(E) Conduct electrical potential testing (ASTM C876) in the core loca-
tions where the membrane has been punctured or removed and record the tempera-
ture.  The number of readings will be equal to the number of holes drilled.

In addition, vrecord the depth of rebar at the highest and lowest half-cell
readings using a pachometer.

(F)  Waterproof core hole locations with a selected material and patch.
(This activity could be conducted after Item M below).

(G) Remove the existing AC overlay and membrane from the designated area
on the test section (see Figure 2) and sand blast the concrete surface to
clean the surface sufficiently so that cracks and other distress of the
concrete will be exposed.

(H) Photograph and map the exposed concrete surface condition, including

all cracks, spalling, patching, scaling, popouts, exposed rebar, and any other
defects noted.

(I} Chain drag the entire exposed concrete surface, noting all apparent
delaminations. Map and outline the areas of delamination,

(J) Conduct a pachometer survey on the exposed concrete and record the
depth of rebar at three points on the delaminated surface and three points on
the sound concrete.

{K) Conduct electrical potential testing {ASTM C876) on the exposed
section using the electrical potential testiny grid pattern shown in Figure 3.
The intent is to coilect half-cell data comparable to the resistivity data if
possible. Additional measurements between the grid points should be taken in
the areas of hiyh corrosion activity where adjacent readings exhibit differ-
ences exceeding 0.1% v,

(L) Determine chloride content at two locations, the highest and lowest
half-cell readings, at the ievel of rebar (this could 1include the core
tocations as well).

{M} Determine chloride content in the vicinity of each previous chloride
content data point taken in 1975 on the entire deck and at the same depth
{i.e., a total of four points on the entire deck).

(N) Apply a new membrane on the exposed area.

{0)  Upon completion of the membrane application, but prior to repaving
AC overlay, take electrical resistivity readings as described in Item C above.
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(P} Repave the test section with asphait concrete and photoyraph and
record any damage done to the membrane during this period.

{Q) After completion of the overiay, chain dragging should be repeated
once again as explained in Item B above to check the integrity of the new
pavement and concrete deck for possible debonding.

(R) Following chain dragging, take electrical resistivity readings once
again on the new AC overlay to determine if any damaye to the membrane has
occurred during construction of the overlay.

3. FIELD TESTING PROGRAM

The different experiments conducted in the testing phase of this study
could be categorized as follows:

A. Experiments conducted routinely by WSDOT for inspection of
bridge decks.

A-1. Visual inspection of AC overlay and/or concrete deck
to detect surface distress.

A-2. Chain drayging AC overiay and/or concrete deck to
detect defects under AC overlay and/or delaminations in
the concrete,

A-3. Chloride analysis of concrete samples obtained at the
decks to determine the chloride content at any depth
in the concrete,

A-4, Electrical resistivity testing of membrane to evaluate
the permeability of membrane under service. (This test is
not used by WSDOT for routine inspection of membrane water-
proofed decks under service. However, it is specified to
evaluate waterproofing effectiveness of newly installed
membrane/pavement systems).

B. Experiments not conducted routinely by WSDOT for inspection of
bridge decks.

B-1. Core sampling AC and membrane to characterize the con-
ditions of the membrane and the concrete underneath as
well, Also, to be able to conduct electrical potential
testing on the exposed concrete in the core location.

B-2. Electrical potential testing to detect corrosion of top
mat reinforcing steel,

B-3. Pachometer survey to determine the depth and/or location
of the rebar in concrete deck,

In addition to the above experiments, the field activities included rebar
exposure at each test bridge to provide ground for electrical resistivity and
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potential testing and pavement/membrane removal and replacement at Bridgye
285/10 to investigate the conditions of the exposed concrete deck.

3.1. Visual Inspection

Uniike exposed concrete decks, visual inspection of asphalt covered decks
is difficuit and needs more experience. Since the deck is overlayed, the
concrete defects might be undetected at the time of inspection. During the
visual inspection of the asphalt-covered test bridges, there was no major clue
which would denote the conditions of the deck slabs except for a portion of
Bridge 5/650 W, which was patched, possibly due to distress of underneath
concrete (see Figure 6). The condition of AC overlay on the test bridges
ranged from fair (Bridyes 5/650 W and 285/10) to good (Bridge 82/106 L/S) and
no cracks could be detected on the test sites. Nevertheless, there were some
transverse cracks along the expansion dams on Bridge 5/560 W {see Figure 7)
and directly above the siab joints covered with asphait overlay on Bridge
285/10 (see Figure 8) which might have been caused by other sources rather
than chloride-induced corrosion. The conditions of the curbs ranged from fair
(Bridge 5/650 W) to good {Bridyges 82/106 L/S and 285/10) with no noticeable
cracks or spalling at the test sites. However, the curbs were scraped on the
edge (Bridges 5/650 W and 285/10), possibly due to traffic abrasions (see
Figure 9). A thorough examination of the decks from the underside was
impossible since the undersides of the decks were nearly inaccessible. How-
ever, efflorescence could be seen intensively on the underside of Bridyge 5/560
W and 285/10 (see Figure 9-1) and rarely on the underside of Bridge 82/106 LS
(see Figure 9-2}. 1In general, except for a portion ot Bridge 5/650 W on grade
which was patched with asphalt (see Figure 6), no major key pointers to
defective concrete beneath the AC overiay could be found,

Visual inspection of exposed concrete was conducted only on Bridge
285/10.  After the exposed concrete was sand blasted, the previously repaired
areas on the original concrete could be clearly distinguished (see Figure 10).
Sand blasting also removed the loose concrete from the deck, thus providing
more opportunity to detect the distressed areas such as spalls and exposed
rebars (see Figure 11).

3.2. Chain Draygging

The device used for chain dragging was a simple shopmade tooi. A 1/2 in
(13 mm) diameter steel pipe was fabricated into a "T" shape, with wheels at
the tips of the flanges. Fastened to the flange of the "T" were six 3/8 in
{10 mm) steel chains spaced uniformiy (see Figure 12). Pushing the device
along the deck resulted in a dull sound to be heard when deiaminated areas in
the concrete or defects under AC overlay were encountered. The boundaries of
the defective areas were defined with just two or more passes of a single
chain {see Figure 13).

In general, chain draygging the AC overiays could not completely define
the poor bond under AC overlay and in the interface as identified in the core
locations, Neither was the procedure capable of determininy the delaminations
in tne concrete as defined by a subsequent pavement removal at test section 1
of Bridge 285/10. However, it detected defects under AC overlay on test
section 2 of Bridge 285/10. The resuits of a subsequent visual inspection and
chain dragging the exposed concrete on a portion of test section 2 sugyests
that the defects detected by chain dragging AC overlay may mainiy be highly
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progressed  delaminations 4nd/or spalls in the concrete deck (see 5Sections
4.1.2 and 4.,2.2)., At the Bridye 5/650 W test site, chain dragying the AC
overlay detected defects under AC overiay and along the expansion dams (see
Figure /). In this case also, the detects may be extensive delaminations or
spalling In the concrete produced by poundinyg ot trattic loads. Recently the
resulls ot research conducted by the uUntario Ministry ot Transportation (13]
have shown that by chain dragging asphalt covered decks, areas ot debonding
between AC overlay and concrete deck cannot be detected. But the same Study
nas indicated that the procedure is capable ot identitying surtace concrete

scales directly under AC overlay and about 13% of the total deiaminations in
the concrete,

3.3. sampliny Concrete for Chloride Analysis

Concrete sampliny for chloride content measurement was done by a rotary
percussion hammer with a 1 in (2% mm) diameter carbide-tipped precision
bit which obtained powdered concrete samples from the concrete deck for 1ab-
oratory wet chemical analysis (see Figures 14, 14-1 and 14-2),. Concrete
sampling was mainly done either in the AC and membrane core locations (see
Section 3.5) or where the overlay was removed, eliminating drilling through AC
overtay. The samples were taken by drilling a hole to a depth of about 0,5 in
{13 ) above the ievel of the desired depth and removiny the powdered con-
crete with a vacuum cleaner before drilling the addgitional 0.5 in (13 mm).
The drilling depth was checked periodically during the drilling process Dy
inserting o scale into the hole untii the proper depth was reached. An alter-
native to this procedure may be the use of a scribed depth indicator attached
L0 Lhe rotary hamuer 0 insure the proper sampling depth 1is reached while
driliing (tor more information see [141).

The use of & rotary percussion hammer for the concrete sampling has the
advantaye ot speed and economy, Since the concrete samples were not pul-
verized under controiled laboratory conditions, extra care was taken not to
contaminate samples at the sampling depth by abrading concrete trom the sides
of the hole, An alternative to overcome this probiem, as reported in |7}, may
be the reduction of the core diameter as each successive sample is taken.

3.4. Electrical Resistivity Testing

Electricat resistivity of waterprooting membranes is used as a measure ot
their impermeabiiity. The test was conducted after visuai inspection and
Chain dragging the AC overlays (ASTM Test Method D3633). The resistivity
measuring device (probe) was a 12 in (30.5 cm) by 12 in (30.5 cw) copper plate
with dn electrical connection made to the plate. Une sponge, 12 in (JU.% cm)
Py 12 in (3u.b cm), was fastened to the bottom of the plate by means of two
rubber bands in order to tacilitate contact with the deck surface. A handle
wdS atltached to the plate for convenience in moving and piaciny the probe at
vartous locations on the deck {see Figure i5). Prior to testiny, the yrid
points on the AC overidy were located and wetted by means ot a pressure spray
Can containiny water mixed with a wetting agent {see Fiyure 16), Fach wet
Spol wdas large enouyh to accommodate the probe. The solution was also used to
saturate the sponye ottdached to the probe. A digital DC ohmmeter was used to
record the resistivity of the membranes. The plus (+} lead of the ohmmeter
was - attached toe the probe and the minus (-) lead was attached directly to the
Lop mat reintorcing steel using a compression type ground clamp (see Fiyure
17). The latter was accomplished by locating & rebar on the deck by means
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0f a pachometer ana coring until it was exposed (see Section 3,8). Mean-
while, the wetting of the test sites was repeated to keep the solution pene-
trating into the A{ overtay, he probe was then placed at the tirst test
location and resistivity was recorded. ResiStivity was measured at a few
SuCCeeding test locations as well. Followiny this, the resistivity measurement
wds repedted in the same sequence. When the measurements stabiilzed and they
were constant at those locations, the S0dkiny time was considered sutticient
and the readings were recorded at ait yrid points on the test sections.

High resistance measured between the exposed rebars (ground) anu other
elements such as expansion dams and bridge railings on Bridges /650 W and
42/1Ub indicated that there was no electrical continuity between these ele-
ments and the top mat reintorcing steel, whereas in one case {Bridge 5/65u)
the resistance petween two exposed rebars (two grounds) 50 tt {15 m) apart on
the test section was only 7 ohms, which 1s an indication ot electrical conti-
nuity within the top mat reinforciny steel. An additional check L0 insure 4
good electrical continuity within the top mat reinforcing steel was accom-
ptished by placiny the probe at several locations alony the exposed concrete
curbing, in  this case, the resistivity was always in the range of lUuu to
2000 ohins (i.e., the ranye of resistivity of exposed concrete), which is an
indication ot a satistactory circuit,

d.5. Coriny Proyram

Subsequent to electrical resistivity testing, core samples of AC overiay
and membrane were taken at the yrid points of resistivity testing, selected
randomiy on tne test sections, in order to clarify the tollowiny:

A. Conditions of the membrane/pavement system

A-l. Bond of membrane to AC overiay and concrete deck
A-Z. Detects in membrane
A-3. Presence of moisture under membrane

B. Condition of exposed concrete
L. State of rebar corrosion by means ot a halt-cell

In adaition, concrete samples for chioride analysis were taken directly in
core locations, eliminating driiting throuyh AC overiay.

A truck-mounted, nitroyen-cooled COriny riy was used to core sample the
AC overiays down to the surtace of membrane (see Fiyure [8), The core dia-
meter was 4 in (lU.Z ¢m) and the coring process took about 5 minutes per core,
After coring, o chisel was placed in the circumterential core cut and struck
with a hammer, if the AC gisbondea within itseit or could not be removed
easily Dy ndnd and chisel, the membrane bond to AC overidy wds considered
“gooa.”  Utherwise the bond was considgered “tair" or “poor" dependinyg on  the
examiners' opinion, Following removal of the AC overiay, the Ttop ot the
membrane was checked for the presence of moisture. Next, the chisel was placey
On  the mewmbrane perimeter and struck by the hammer until the mewdrane was Cut
arourd the peridleter, AU this staye, if the wembrane could be removed by hanu
easily the membrane bond to concrete was considered “poor." Utherwise, the
bond  was considered "fair" to "yood" depenainy on the examiners' opinion.
After removing the membrane the presence of moisture on the expused concrete
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was checked 1mmediateiy, The core samples were then taken to the WSDUT
Materials Laboratory tor turther examination.

Ihe above description ot bond applies mainly to those membranes with
tabric (Bridye 5/650 W ana 82/106). 1n case of hot-applied rubberized asphait
membrane (Bridge 285/10), the membrane was always an inseparable part of the
AC  overlay (see Fiyure 1Y), Thus, the bond between the membrane and AC
overlay was recorded “ygooa" for ali core samples, This situation also made
the taboratory examination of the membrane difticuit,

After removing the AC overlay and membrane core samples, tne exposed
concrete in the core locations were inspected visually for surface distress.
The concrete surface in the core location was also tapped by a bhamner tor
possible delaminations, Finally, nhalf-ceil testing (see Section 3,6) was
conducted 1in the core location as well as concrete sampling for chiloride
measurement 1t needed (see Section 3.3).

After the testing in core locations was completed, they were waterproofed
and patched with a mixture ot cold asphait (see Figures 19-1 and 19-2).

3.b. Electrical Potential Testing

Electrical potential testing was conducted using a copper-copper sulfate
halr-cell (ASTM Test Method C 876). The instrument was a 3 ft (/b cm) ‘long
piece ot 1.5 in (3.8 cm) diameter plastic pipe with a sponge tip at the lower
end used as an electrical junction device., The pipe was filled with a copper
suitate solution and a copper rod was inserted through a rubber top pluy down
te the sponyge to complete the “saturated copper/copper sulfate haift-cetl,”

A digital DC voltmeter was used to record the electrical nalf-cell poten-
tial of tne reintorcing steel, Une terminal of the digital voltmeter was
attached to the haif-cell and the other terminal directly to the top mat
reintorcing steel using a compression type ground clamp (see Figyure 1/7). The
yround was the same as the one used for electricail resistivity testing. Hait-
celi potentials were recorded in the core focations by placing the sponyge tip
on the exposed concrete (see Fiyure 2U). Where the pavement and membrane were
stripped (Brigge 285/10), half-cell measurements were taken in a yria pattern
On the exposed concrete {see Figure 20-1). Un Bridges /650 W and 82/106, the
conditions ot the decks were such that they diga not require prewetting (i.e.,
half-cell values did not tluctuate with time)., However, on Bridge 285/10 some
test locations were prewetted in order to stabilize halt-cell readinys,

Halt-cell readings should be corrected tor temperature it the nalt-cell
temperature is outside the range of 72 + 1U°F (27 + 5.5°C}). Since the testing
temperature was dlways within the aboVémentioned—range, no  correction was
necessary, In one case (Bridge 5/6bU, patched area on AL overidy), one half-
Cell reading was taken airectly over an AC patch,  since 1t was known that no
menbrane (dielectric material) had been installed under the patch,

3./. Pachometer Survey

A hand-beld pachoneter (James Instruments, inc., Model C4Y46) was used
tor determindtion of rebar depth and location (see Figure 21). The instrument
has d battery, a probe, and a scale. When the probe is placed on the deck and
its lony axis oriented paraliel to the reintorcing steel, a& distortion is
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recorded on the sCale which 15 directly reiated Lo the distanCe between the
probe and rebar. The scale of the instrument is thus calibrdted to record the
distance between Lhe probe and rebar, Stnce the amount of the distortion is
281s0 related to the ber size, the calibration is made for daifterent bar
diameters. Prior to testing, the orientation of uppermost reinforcing steel

and their size had been determined by examining the plans tor thne test
bridyes.

In this study, the pachometer was used tor two reasons: first, to iocate
a rebar in the deck in order to expose the rebar and provide a gyround for
electrical resistivity anu potential testing; dnd second, to determine the
depth of rebar in order to obtain concrete semptes tor chioride analysis at
the level ot rebar, In aadition, on Bridge 285/1U a pachometer survey was
conducted on the exposed concrete deck in an attempt To ascertain 1if the
presence or dbsence Of tne concrete deterioration is related to rebar depth,

In  pacnometer surveys, the measured values flay be less than the actudli
depth of rebar depending on the existence ot particies ot mayneric materials
in the concrete or asphalt overlay if the survey is conducted on an asphdlt-
covered deck, 1o compensate for this possible error, prior to coring and
exposing a repar for ground, the rebar depth was recorded by the pachometer,
The actual redar depth was then obtained after the rebar exposure using 4
scale. By compdring the recorded and actual values, a COrrection tactor was
established for each case,

3.8. Rebar Exposure to Provide Ground

A requirement for conducting electrical resistivity and potential testing
is usually direct electrical connection {(yround) to the top mat reintorcing
steel. Tnis was accomplished by coring and exposing rebar at each test sec-
tion. Tne number ot yrounds on each bridye deck depended on the existence ot
expansion dams as well as the distance between different test sections. The
procedure to provide grouna was tirst using a pachometer to tocate a rebar
(see Figure 21) and then coring and removing the AC overlay and membrane as
explained 1in Section 3.b (see Figure 18). Subsequently, wet coriny was em-
ployed to core the concrete to about the level of rebar, Next, the concrete in
the core locdtion was moved by means of a rotary percussion hammer until the
rebar wds reached (see Fiyure 22). Usually at this stage the actual rebar
depth was wmeasured and compared Lo the rebar depth obtained directly by pacho-
meter to establish a correction factor tor pachometer readinys., Ihe electri-
cal connection to the reinforcing steel was made by means of 4 compression-
type yround ciamp (see Figure 17).

3.Y. Pavement/Membrane Removal and Replacement

As explained in Section 2.2.1, the testing plan of Bridge 285/1U required
removal and repiacement of a portion of the pavement/membrane system on  the
deck, This was accomplished by the District 2 maintenance crew. After a
pavement removal ared was {ocated on the deck, it wds cut around the perimetgr
by a jacknammer, The jackhammer was then used to remove the pavement within
the area desiynated tor pavement removdl {see Fiyure 23). The membrane and
the AC overiay came out together leaving a dark colored stain on the surface
of the exposed concrete,  Subseguently, sand blasting was used to ciean the
concrete surtace o expose repairs as well as any distress on the surtace.



Sand Dblasting test section 1 is shown in Figure 24 and the completed job is
illustrated in Figure 1U.

After testing the exposed concrete and patchiny the spalled areas (see
Figure 2b), a thin jayer of giue (primer) was applied to the concrete surface
and the permmeter ot the exposed area was sealed with an elastomeric mastic
(see Fiyure 25-1}. Next, a tactory-made, rubber asphait impreynated membrane
(system A) was unrolled by hand onto the slab {see Figure 26). AL the same
time the membrdane was flattened with a shovel to remove air bubbles and
wrinkies {see Fiyure 2/}, After the membrane was applied, a hand roller was
used to Dbriny the membrane completeiy in contact with the deck surtace (see
Figure 238). Atter the newly installed membrane was tested for resistivity
(see Figure 29), tne test section was paved with asphalt concrete. The asphalt
concrete mix was dumped on the test section and leveled by a motor yrader,
avoidiny contact of the tires with the membrane., A steel-drum compactor then
compacted the mix (see Figure 29-1).

4. PRESENTATION OF COLLECTED DATA

Atter the raw data, inciuding both field and laboratory data, were col-
fected, they were tabulated, analyzed, and plotted with 4 suitable format so
that 4 reasonable assessment of the conditions of the membranes as well as the
concrete deCks could be made, Included in this section are the “before" condi-
tion aata (it available) arranged in the same format to make comparison pos-
sible. Althouyh in some cases the lack of “"before" condition data may Make
comparison impossible, the data collected in this work could be used as base-
line 1information iJn the future to assess the service iives o0f the water-
proofing systens as well as the rate of deterioration of the decks.

4.1, Columbia River Bridye (285/1U), Testing Asphalt Covered Deck

Bridye 285%/lU was built in {yYhu. Due to extensive deterioration of the
deck concrete, the deck was repaired by removiny the delaminations and placing
4 yrout on the excavated areas in 1976. Jet Set Super X yrout was used to
repair approximately b5Us ot the deteriorated areas, The remainder of the
areds were paetched with a high early strength ¥ sack mixture of portiand
cement yrout 1. After completion of the repair job in 1976, the deck was
walerprootfed with a hot-applied reclaimed rubber asphalt membrane and a tayer
of class B asphalt concrete mix. More backyrouna intormation regarainy Bridge
285/1Y can be tounc in Part une of this study.

Testiny ot the asphalt covered deck was conducted on May Y and 10, 1983,
Weather conditions were ciear with temperature at /U°F (21° (). Three test
sections, each Y6 ft (29.1 m) fong by 11.5 ft (3.5 w) wide, were located on
Lhe outside lane southbound (see Figure 2). The ditferent test reading setups
on the three test sections are presented in Figures 3u, 31 and 32 for test
sections |, 2 and 3, respectively. The concrete deck of test sections 1 and 2
was heavily repaired prior to the instailation of the membrane in 197y,
whereas the concrete deck of test section 3 did not have any dejamindtions and
repairs prior to waterproofing, '
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4.1.1. Visua!l Inspection

The aspnait overlay on the test sections was in tair condition, showiny
Some  wear 1n wheel lines. No cracks could bpe visually detected on the
pavement at the test sections. The condition of the curb was 4ood with no
noticeable deterioration. The curt, however, was S5craped on the eqye,
Possibly due to trattic abrasion {see Figure Y). A portion ot tne deck in the
VIiCinity of test section 1 wds inspected from the undersige and considerable
transverse etftlorescence could be seen,

4.1.2. Chain Drayging

No defects under the pavement at test sections 1 and 3 could be detected
Dy chain drayging the asphalt overlay. However, on test section Z, Lthe impact
of the chain on the pavement in some areas resulted in a dull sound beiny
heard, These areas were marked and are presented in  Figure 33. As an
approximate estimate, they account for about 18% of the surveyed area ot the
outside iane limited to the test section (i.e., Y6 ft or 29.1 m by l3.» tt or
4.1 m). The percentaye of defects on the area desiynated tor pavement removal
(T.e., 32 tt or 9./ m Dy 8.5 ft or 2.6 m) is approxinately 9%,

4.1.3. Electrical Resistivity Testing

Ihe results of the electrical resistivity testing as recorded in tne
Tieild are given in Figures 34, 35 and 36 for test sections Ly 2 and 3, respec-
tively. The distribution curves of the resistivity readings are given in
Figure 3/, As shown in Figure 37, 18%, 39% and 42% of the readings on test
sections 1, 2 ang 3, respectiveiy, are lower than 25U,00u onms,  WSUUT speci-
tications for newly installed waterproofing membranes suyyests that no ore
»than 3U% of the readings be smatler than 250,000 ohms, it should be mentioned
that on test section 3, alwmost all of the readings in the vicinity ot the curb
{1.e., row C, 1.5 ft or U.5 m from the curb} were small (see Figure 36). This
may be the resutt ot a short circuit due to the wetness of the area alony the
curb, which might have been caused Dy the water cooiing riy whiie coring the
concrete in that erea to expose rebar, Figure 3/ aiso presents a distribution
Of the resistivity readinys on test section 3 aSsuminyg that the readings along
the curb (row C) are not valid. |[n this case, ounly about 13 £ ot the readings
are lower than 250,000 ohms, Another point to note trom Fiyure 37 1is that
about 1l%, 23%, and 33% ot the resistivity readinygs on test sections l, 2 ana
3 dre smaller than 100,000 ohms, which is considerea as the iower titmit for g
satisfactory waterproofiny membrane. However, on test section 3, by 1ynoriny
the readings cluse to the curb, only 3% ot the readings dre lower than LOU, 00y
ohms,

4.1.4, Corinyg Proyram

Location of the core samples of AC and membrane on test sections 1, ¢ and
3 are shown in Figures 30, 31 and 3¢, respectively. As indicated in the
tiyures, the coring program does not include the overlay removal areas on the
Lest sections. The tabulated uata trom the coriny proyram can be found in
Taples 1, 2 and 3 tor test sections 1, 2 and 3, respectively,

Membrane: The average AC and membrane thickness ot the core sampies

actually measured at the site was about [.8 in (4.6 ca), 1.5 in (3.8 an}, ana
L./ an (4.3 cm) ftor test sections 1, 2 and 3, respectively. There was 1ntey-
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rity Detween the membrane and asphalt overiay in all core sampies and the
membrane  was  dan inseparable part of the overlay. Thus, the bond of the
membrane to AC overlay was always recorded “yood." Bond of membrane to cone
crete on test section 1 was recorded »6% of the time as “yood," 33% as "fair,"
and 11% as "poor." On test section Z, the bond was “fair" 46% ot the time and
“poor” 44%.  For test section 3, membrane-concrete bond was “good" 3gs Ot the
time, “fair" 38% and “poor" 2%%. HBecause of the inteyrity between the mem-
brane and AC overlay core samples, pinholes were not visually detectible.

Concrete ieck:  Concrete surface in the core locations immediately after
removinyg the membrane/AC core samples was slightly wet only /% of the time (2
put ot 27 core locations, one at test section 1 and one at test section 2).
The exposed concrete 1n the core locations did not show any surtace distress.
No delaminations in the concrete couid be detected by tappiny the exposed
concrete in the core |ocations with a hammer, including the areas marked d4s
detects under the pavement and detected by chain drayying AC overlay, The
dverdge concrete cover thickness as measured by the pachometer over the AC
overlay and 1n the vicinity of the core locations {considerinyg the correction
tor magnetic bias as yiven in Tables 1, 2 and 3) was about 1./ in {4.3 cm),
L. an (3.8 cm) and 2.0 in (5.1 cm) tor test sections 1, 2 and 3, respect-
vely., It s reported L15) that in many cases maynetic bias is at the wmost
0.25 in {U.6 cm) when measurinyg rebers to a depth of 3 in (/.6 cm) 1in the
concrete, le is shown in Section 4.Z.% that the pachometer survey of the
exposed concrete O the deck yave da magnetic bias correction ot U.2 in (U.b
¢m}  for a depth of 2.2 in (b.6 cm) in the concrete. However, a&s yiven in
fables 1, 2 ana 3, the averaye correction tor maynetic bias when wmeasuring
rebar depth over asphait concrete is about 0.Y in (2.3 cm) for an averaye
depth of 3.6 in (Y.l cm) (L./ in or 4.3 cm AC and 1.9 in or 4.8 cm PCC). Two
tactors might have influenced the amount of the error when measuring the depth
over the asphelt concrete, The tirst factor is the actual total deptn {AC +
PCC}, which is hiyher than 3 in {7.b cm). The second factor is tne nature of
the asphalt concrete mix itselt, which might have contributed to this dispar-
ity. Almost similar errors were encountered when measuriny the rebar depth on

the asphalt covered decks at the Ebey Slouyn and Koza Canal test sites (see
Sections 4.5.4 and 4.4.4),

Electrical Potential Testing: The resuits of electrical potential
testinyg in the core locations as recorded in the tieid are yiven in Tabies 1,
¢ and 3 for test sections 1, ¢ and 3, respectively. The results of half-cell
readinys coliected in the core locations, together with those obtained on the

exposed concrete at  the pavement removal areas, are discussed in  Section
4.2.3.

4.1.5. LChioride Content Measurement {see also Section 4,7.4)

Sampling concrete for chloride analysis where the deck was covered with
asphaltl concrete waS iimited to two locations, where the 19/5 samples were
Laken. Aithouyh there were two more 1975 cnloride data points on the deck,
the original concrete on those areas was repaired and patched with a new yrout
in 14/6, wmaking resampliny impossible. The results of the chloride content
measurements, as well as the location of the data points, can be touna in
Table 4, As shown in Table 4, cnloride has increased in the focations sampied
for chioride since 19/5 with an average amount of 1.46 Ib/cy (U.86 kg/m ) or
bd4% (averaye is based on 2 measurements at a depth of 1 in or 2.5 cm to l.b in
or 3.8 ¢m in the concrete).



4.2. Columbia River Bridye (285/1u), Testinyg Exposea Concrete veck

The location of pavement removal areds and exposed concrete on  test
sections 1, ¢ and 3 are shown in Figures 3u, 31 and 32, respectively. tach

area is 32 tt {9./ m) lony by 8.5 ft (2.6 m) wide and | ft (V.3 m) apart from
the curb,

4.2.1. Visual Inspection

After removing the pavement/membrane systew and sand bilasting, the
exposed concrete was visually inspected. Un test section 1, the repaired
areas were darker than the origindl concrete im coior {(see Figures 10 and 38).
However, no detects could be visually detected in the area, Un test section
Z, 1the repaired areas as well as three spalls and two exposed rebars located
in two oOf the spalled areas were detected as illustrated in Fiyure 34 ({see
also Figyure 11). It is interesting to note that the detective areas were nedr
the bounddries of the original and repaired concrete, Un test section 3, no
repaired concrete was located on the exposed concrete and ng distress in  the
concrete couid be visually detected,

4,2.2. Chain Uragying

The delaminations d4$ detected by chain drayginy the exposed concrete ot
test sections 1 and 2 are shown in Figures 38 and 3Y, respectively, The
delaminated dareas are aimost always in the boundaries of the original ang
repaired concrete, The delaminations count for approximately 8% and LU% ot
the exposed drea (32 tt or Y./ m by 8,5 ft or 2.b m) for test sections | and
2, respectively. As mentioned eariier (Section 4.1.2), the defects under the
AC overlay on test section 2 and at the area designated for pavement removal
as detected by chain dragying AC overiay (see Figure 33) was approximately Y&.
Nevertheless, the patterns of the defects in Figures 33 and 34 are not
compietely the same, This may be due to possible errors in markiny and
mapping these areas. C(hain dragginy the exposed concrete on test section 3
did not show any delaminations in the concrete,

4.2.3. Electrical Potenttal Measurement

The results of eiectrical potential testing as recorded in the tield on
the exposed concrete are given in Figures 4U, 41 and 42 for test sections |, 7
and 3, respectively., The distribution of the halt-cell readings are shgwn in
Fiyures 43, 44 and 45 tor test sections I, ¢ and 3, respectively, The distri-
bution curves inciude the halt-cell measurements in the core locations ds well
{see Section 4.1.3.). Also yiven in Fiyures 43, 44 and 45 are the distribu-
tion curves of the hait-ceil readinys taken on the locations of the three test
sections in 1979 {(for more intormation see Part Une of this study),

Test Section 1: in the 1983 survey, the highest and lowest halt-cell
potentials were -U.35 and -U.UL voits, respeclively, whereas in  the 19/5
survey, the highest and lowest potentials were -U.52 and -U.24 volts,
respectively (see Fiyure 43). About 36% of the readinygs in 1933 were smaller
than -U.20 volts, which is the lower [imit of the active corrosion of steel 1in
concrete. All ot the readings taken ip 1Y/% were nigher than -U,20 voits, No
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reading in 1933 was nigner than -U.3% voits, which is the higher limit of the
active corrosion of steel in concrete, whereas HU% of the readings in  {97%
were higher than -0.3% voits (see Figure 43). Generally, shitting ot the halr-
cell distribution curve for 1983 to the left ot that tor 14/% suygests lower
corrosion activity at the time of testing n 1Y83.

Test section Z: The 1983 survey showed the highest and lowest haift-celi
potentials of -U.43 and -U,U3 voits, respectively. In 1975 the highest and
lowest potentials were -U.6¢ and -0.29 volts, respectively (see Figure 44),
About 6U% of the readings in 1983 were smaller than -0.20 volts {lower {imit
of corrosion). AllL of the readings in 14975 were higher than -U.20 voits.
About /% of the 1933 readings were higner than -4.3% {nigher Ilimit of
corrosion). This number tor the 19/5 survey waS about ¥2#% (see Figure 44},
Here aygain, shiftiny ot the half-cel} distribution curve tor 1983 to the left
ot the curve representing the 1Y/ survey sugyests tower corrosion activity at
the time of testing in 1484,

Test  Section 3:  The half-cell survey on the exposed concrete was con-
ducted on May 11, one day after exposing the concrete. As given in Figure 42,
the readinys taken dlong the curb (row ¢) were mainly positive, Positive
values of potentidl are yeneraily indicative ot dry concrete (13], Due to
this discrepancy, halt-ceil readings are presented in two d¢itferent ways:
tirst, consideriny that the pesitive readinys are invalid and amalyziny only
the negative readinys; and second, studying the range of haif-ceil potentials
ds  well as the absolute values ot the potentials -- 1n other words, addiny 4
fAeydative value to the halt-cell readinys (neyative and positive) taken on the
exposed concrete until the hiyhest positive readiny becomes zero,

The daistribution of 1983 half-cell readings on the test section with and
without positive readings are found in Figure 45, Assuming the positive
readinys are invalid, the 1983 survey yave maximum and minimum potential
values ot -0.19 and -U.ULl volts, respectiveiy. Taking positive readings under
consideration, tnese values will be -0,3% and U.0U volts or a shifting ot

U.i6 volts (only tor those half-cell potentials taken on the exposed
concrete) which 1s equal to the highest positive readinyg, Also presented in
Figure 45 dare maximum and minimum half-cell potentials of the 1Y75 survey,
which were -U./U and -U,33 volts, respectively. Disreyarding the positive
readinys, all of the recorded haif-cell values in 1943 dare smalier than -0,20
(lower limit ot corrosion}, Considering positive readings, about /5% of the
readings are smaller tnan -U,20 volts, [In either case, no nalt-cell potential
is  nigher than -U.3% volts {(higher limit ot corrosion), whereas in the 1475
survey (Figure 45}, all ot the half-cell potentials were higher than -u.Z2U
volts and only 6% of them were smalier than -U,35 volts {i.e., Y4% nigher than
-U.3% voits). Comparison of the 14975 half-cell agistribution curves witn those

ot 1983 aydin suyyests lower corrosion activity at the Time of testing in
1483,

4.2.4. Chioride Content Measurement

Location of chloride samples taken on the exposed dreas are shown in
Fiyures 38, 39 and 42 for test sections 1, 2 and 3, respectively. 0Un test
sections 1 and 2 the samples were taken from the repaired areas protected by
the waterproofing system immediately after the repair job in 1476, 0n test
section 3, sampliny was done on the original concrete, Each test section had
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two chlorige aata points and each chloride data point gave the cnioride con-
tent at two ditferent deptns at test sections | and 2, and at tnree difterent
depths at test section 3. The results ot the taboratory chloride analysis ot
the samples dre given in Table 5 and iilustrated in Figure 46, As indicated
in Figure 46, tor those sampies taken from the patches, the chlorige content
increases with depth in the concrete, which is rather contusing. Une explanda-
tion may be that while sampling at the aepth of 1.0 tn (2.5 an) to l.o in (3.4
cm) the original concrete {contaminated) was nit, thus yiving higher chioride
content values tor that depth, Assuminyg the oriyinal chloride content of the
patch concrete to be about U,3U Ib/cy (U.18 kg/ma) {as determined tor the Koza
Canal Bridye deck In Section 4.4.5), tne maximum chloride increase at test
section | at the deptnh ot 1.y in (2.5 cm) since 1976 will be {(U.98) - (v.3U) =
U.b8  Ib/cy (U.40 ky/m®),  Using the same procedure tor test section 2, the
maximum increase at the Same aepth will be (U.73) - (U.30) = U.43 Io/cy (L.2/
kg/m? j. To obtain the amount of chioride increase at test section 3, the
results of the resampling in Table 4 could be useq, Sample no. 1 in the tabte
was locatea 1n test section 3 and ondy 11 ft {3.3 m) apart rrom the exposed
concrete of tne test section., As given in Tabie 4, the amount of chioride
increase tor sampie no. | since 1975 is (5.20) - (3.49) = 1./v Ib/cy (1.us
ky/m?) at the depth of 1.5 in (3.8 cm). The latter result is somewndt contra-
dictory to what is iliustratea ftor test section 3 in Figure 4., For example,
the chigoride protile of sampie b,7-c at test section 3, which is about 15 tt
apart ftrom sample 1 in Table 4, shows a maximum chioride content of only 4.33
lo/cy (V.50 ky/m ) (compared with 5.20 Ib/cy ot sample 1). Tne other sanple
in  test section 3 (sample 2-d) also shows a maximum chioride content or .86
Ib/cy (U.51 ky/m®). In adaition, the trend ot chloride profile for saiple
6,/-C is quite different from that ot sample 2-d {see Figure 46), In  otner
words, there i1s no unitorm behavior tor the protile curves.

4.Z2.5. Pachometer Survey

Results of the pachometer survey on the exposed concrete and location ot
the measurements are presented in Figures 40, 41 and 47 for test sections 1, 2
and 3, respectively. All pachometer readings are converted inte inches con-
sideriny a correction of 0.2 in (V.5 ¢m} for a pachometer depth ot 2 in  (4,l
cm). The correction was found when sampliny concrete for chioride analysis on
the exposed concrete at test section 3 (chioride sample 6,/-c) and reaching
the rebar. According to the pachometer survey, the average cover thickness on
test section 1 is about 1.5 in (3.8 cm) with a maximum and minimun ot 1.8 ang
L. in (4.6 and 3,6 cn), respectiveiy. un test section 7 the average cover
thickness 1is about 1.2 1n (3.U cm) with a maximum and minlaum of 1.4 and i.u
in (3.6 ana 2.5 cm), respectively, For test section 3 the pachometer showed
an - averaye Cover thickness ot about 2.4 in (b,l cm) with the nighest and
fowest thicknesses of 2.5 in (5.6 cm) and 2.2 in (b.4 cm), respectively,

4.3. Columbia giver Bridge (285/1U), Testing Newly Waterprooted Deck

un May 11, 1983, the exposed concrete on test sections L, 2 and 3 were
waterproofed and paved with a membrane and asphait concrete {see Section 3.9).
The following is a description ot the tests conducted during this perioa,
4.,3.1. tlectrical Resistivity Testing of Newly Installied Membrane

Afver 1installinyg the system (A) waterprooting membrane on the exposed
concrete (see Section 3.9), it was tmmediately tested for resistivity (see
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Fiyure 729). The results tor test sections 1, ¢ and 3 are tound in Figures 4/,
4% and 49, respectively, Except at one location on test section | {see Fiyure
4/), wnhich showed a resistivity of 19,000 ohms, the readings were either
infinity or very niyh values, which were an indication of satisfactory water-

prootiny membrane at the time of application.

4.3.2. Electricai Resistivity Testing of Newly Instalied Pavement/
Membrane System

The electrical resistivity readings taken on the newly paved asphalt
concrete of test section 1 were yenerally infinity, except for two locations
close to the oid pavement which showed 180,000 and 154,000 onhms. It was
possible that the relatively low readings in this case were due L0 excessive
moisture on the pavement caused Dy the steel-drum compactor wnile compacting
the mixture, This moisture miyht have shorted the circuit in those areas.

4.3.3. Chain Drayyiny Newly Paved Asphalt Concrete

Chain dragyiny newiy paved asphalt concrete resulted in a low amplitude
sound to  be hedard ail over the area, thus making the detection of defects
Tmpossible., This was probably because the asphalt concrete was not set up
enouyh to al low sound to be rebound,

4.4, Roza Canal Bridge (82/106) Testiny Aspnalt (overed Ueck

The bridge was buill in j¥6Y and the concrete deck was waterprooted at
the same time, The waterprooting system from top to bottom consists of a
layer of class B asphalt concrete, a non-woven polypropylene fabric (Petro-
mat), and asphalt emulsion applied on the concrete., Part une of this study
yives more backyround information reyarding this bridye,

Testiny wds conducted on April 1Y, Weather conditions were clear with
a1r temperatures in the low /Us°F (21°C). A test section 1U% tt (31.8 m)
lony by I8 tt (5.5 m) wide was located on aimost the entire outside lane and
shoulder ot the 82/106 L/S bridye. The test section and its test reading
setup dre shown in kigure 5uU,

4.4,1. Visual lnspection

Asphalt concrete on the test section was almost in good condition and no
detects could be detected, The pavement in the traffic lane \looked nhiyghly
dense  and rich in binder, Concrete of tne curbiny was in good shape with no
appdrent deterioration, Examining the deck from the underside was ditticult,
However, & portion ot the deck {southwest corner) was visually inspected trom
the wundersiae and ettlorescence could rarely be detected {see Figure 9Y-2),
Generally, no major key pointers to defective con¢crete under the asphalt
overigy could be tound by visual inspection,

4.4.2. Cnain Urayying

Chain dragying the asphait overtay on the test section did not detect any
detects under the pavement.



4.4.3. Electrical Resistivity Testiny

The resuits ot the electrical resistivity testing recorded in the tield
are snown in Figure 51, T[ne distribution of the Tesistivity readings is yiven
I Fiyure 52, As indicated in the figure, about Yuz ot the resistivity
readings at  the test section are smalier than 2oU,UU0  ohms  (WSUUT passing
level for newly installed pavement/membrane Systems 15 JU% lower than 250,00y
ohms) . As shewn in Fiyure 9¢, about /5% of the readings dare 4iso Sualler than
lou,uu00 onms (lower Iimit for a satistactory waterproofing mendbrane) ,

4.4.4, Coring Proyram

Location ot the core Sampies of AC and membrane are shown in Fiyure by,
dand the data trom the coring proyram are tabulated in Table 6,

Membrane: The averaye AC and membrane thickness of tne core  sampies
actually measured at the site was about U9 in (2.3 e¢m), Tne bong ot nembrane
Lo AC overlay was recorded yood 33% of the time, fair 4ut, ana poor 2/%4. The
Dond Delween membrane and concrete was recorded good 3% of the time, ftair 4/%
and poor 33%,  Generally, those core samples in the tratfic iane (rows a and
b} showed good to tair ponds in the interface, whereas the intertace bond tor
Lhose in the shoulder areas (rows ¢ anu d) was tair to poor,  Exdamination ot
the cored wembranes 4t the WSDUT Materials Laboratory ingicated that 4us, ¢/%
and /% ot the aembrane samples had severe, moderate, and sliynt pinholes,
respectiveiy (a4 total ot /4% ot the samples),  Amony the wmembrane samples
tdken at the tratfic lane (rows a and D), B6% showed pinnotes, whereas at the
shoulder (rows ¢ and d), 63% of the samples hag pinholes,

Concrete Ueck: The concrete surtace in the core focations tmnediately
after removiny the wembrane was severely wet /% ot the Time, moderately wet
2/, and sligntly wet 2U% (a totdl of 4% of Lhe core locatiuns). All ot the
Cores located alony the curb (row d) showed moisture on the concrete  surtace,
However, at the trattic iane and at the shoulder but close to Che trafttic lane
(rows a, D and c), only 3U% of the cores had moisture on the concrete surtace
afler removing the membrane.  The exposed concrete in the core |ocations did
not show any surtdce distress, No delaminations in the concrete could be
detected by tapping the exposed concrete in the core locations with a hanmer
The averayge concrete cover thickness as measured by the pachometer over the A(
overlay (considering an averaye correction of U.4 in or 1.0 cn for any depth
measured Dy the pachometer as determined in the tield by dctual corinyg and
mieasuring at the locdtion of core Z-d and gyround) was about 1.8 in (4.6 cm).

Electrical Potential Testing: The results of electrical potential test-
ing as recorded in the tield are yiven in Tabie 6. 1ihe distribution ot the
haif-cell potential values measured in the core locations is illustrated in
Figure 53, The hignest and lowest negative hait-cell potentials were -0.1u3
and -U.U4U volts, respectively. As indicated in Figure %3, the redadings were
considerably lower than -U,20 volts (lower iimit ot corrosion) .

4.4.5. Chiloride Content Measurement

Location ot chioride datae points on the test section, including both
thtoride content at the level of rebar and chloride content versus concrete
depth, s yiven in Figure s0. Laboratory resuits ot chloride analysis arc
yiven in Tabies b «nd / for chloride content ot the level of rebar and  chlo-
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rde content versus concrete depth, respectively. The chloride content depth
profile s plotted in Figure 54, As shown in the tigure, chloride has pene-
trated 1nto  the concrete deck in the area close to the curb {sample 2-d)}.
However, chioride penetration in the area close to the centerline {sample }1-
a) 1s much lower, A possible reason for tnis may be a higher density of the
AL overlay in the trattfic lane in congunction with the cross-tall of the deck,
which leads the water to the curb side. Figure 54 aiso suygests that the
originai chloride content in the concrete should pe in the range ot U,30 to
U.45 Ib/cy (V.18 to U.27 ky/m®), Takiny this under consideration, the pene-
tration ot chloride into the concrete at the area close to the curb (sample ¢2-
d) end &t a depth ot U.5 to 1 in (1.3 to 2.% cm) s about (1.13) - (u.3u) =
U.83 Ib/cy (V.49 ky/m®).  Table 6 indicates that the highest chioride content
Measured at  the level ot rebar is U.6Y9 Ib/cy (V.41 kg/m3 ) (samples 2-a},
which is about (U,6Y9) - (U.3U) = U.39 Ib/cy (U.1/ ky/m?) nigher than the
oriyinal chioride content of the concrete, The rest of the sampies in Table b
(samples 6-b, /-d, lU-c, l4-c, and 18-a) almost have a chioride content in the
ranyge nedr that obtained for the oriyginal chloride content, except sample |i-
d, which hds a chloridge content of about U.24 Ib/cy (U.14 ky/m3} above that ot
the griyindl chioride content.

The total chioride content corrosion thresnold for & concrete deck 1is
U.20% bdSed on the cement weiynt (assuming that 75% ot chloride is soiluble,
see [14]). Relating tnis u,20% ClI to the concrete of the deck, with a cement
content ot bbU Ib/cy (38Y ky/m3) (class AX mix), the total chioride content
corrasion threshola is approximately (66U)x(U,20%) = 1.32 ipfcy (UJ/8 ky/m? ),
The results ot chioride measurement in Table b indicate that the concentration

of chloride 4t the level of rebar and in the tested areas 15 lower than the
thresigid vatue,

Because ot the smatl values of cnioride content at the level of rebar
associated with the small vatues of the electricai potential ot the rebar (sce
Table b), o meaningtul correlation between chloride content dand electrical
potential does not dppear 1o be possibie in this case,

4.5. Ebey Slouyh Bridge (5/650 W), Testing Asphait Covered Deck

fhe Ebey Slough Bridge was built in 1954, In 1973 the deck was water-
prooted with an asphelt/membrane protective systam, The system from top to
bottom consisted ot a layer ot class B asphatt concrete, a non-woven polypro-
pyilene fabric (Petromat), and asphatt emutsion applied on the concrete sur-
tace, No maJor repair was done on the deck prior to the waterprooting (tor
more Dackground information, see Part Une of this study) .

Testing was conducted on April %, 6 and /. Weather conditions were
Ccledr, overcast, ana overcast for Aprit 5, 6 and /, respectively, ana it had
rained the aiynt betore April /. The air temperdture was at 60 F (16 ) for
the perioa ot testing. A test section 1b0 ft (49.5 m) long by 13 tt (3.9 m)
wide, 4s snown in Figure 5%, was located on the inside lane and shoulder of
the southbound iane tor a complete set of tests, The test sectiun beyan with
eXpPansion dam no. 3 and ended with expansion dam no, 1 (see Figure 99) . This
contiyuration reduced the number of rebar exposures {(yround} tor electrical
resistivity and potential testinyg., Figure bb snows the test reading setup on
the test section, In aadition, the testing program included extra core
Sampiing on  the inside i{ane southbound and south of the test section (see



Figures 5> ana b/}, Inis orea was locatea on yrade and the AC overidy wds
heavily patched, possibly due 10 concrete deterioration (see Fiyure b).

4.9.1. Visual [nspection

The asphalt overlay on the test section was raveliny in the wheel paths
up Lo U In (1.3 cm}, A tew small areas Z2-3 in (9.1 - /.b ¢m) deep could be
detected in the riyht wheel path. Transverse ¢racks on the AC overlay alony
the expansion dams Could be seen (see Figure /). The concrete of Lhe Sidewalk
and ratling was in fair condition, The curb wds scraped on the edye, possibly
due To trattic abrasion, A portion ot the deCck wdsS insSpected tronm the under-
side and considerable transverse ettliorescence could be noticed,

4.9.2. Chain brayying

No detects under the AL overlay at the test section could be detected by
chain drayying the AL overiay, except in the areds alonyg the expansion dams.

4.5.3. Electrical Resistivity Testing

In Figure 93 are snown the results of electrical resistivity testing as
recorded in tnhe tield, Tne distribution of the resistivity values is yiven in
Fiyure 52, As presented in Figure %2, apout 85% of the resistivity values at
the test section were smaiier than 250,000 ohms (WSDJT passing level tor newly
installed pavement/membrane system is 3U% for 250,000 ohims), It can dlso be
seen  1n Fiyure 52 that about 83% of the resistivity readinys are 1{ower tLhan
100,000 ohms, which s the lower iimit tor a satistactory membrane, The
distribution curve also indgicates that the magjority of the reqdinygs {about
/%) were smaller than 1u,JUU ohms, which is considerdbly [Ow.

4.5.4, Coriny Proyrainl

- The location ot tne core samples ot AC ang membrane at the test section,
as well @s tnose near the AC patches on yrade, are yiven in Figyures 5o and 5/,
respectively, Tne tabulated data from the corinyg proyram are shown in Tabie d.

Mefidrane The average AL overiay and membrane thickness actually
measured  in the fiela was dabout 1.5 in (3.8 cm) and 1.1 in (Z.8 cn) Tor the
test section and the patched area, respectively. At the test section tne bond
Delween mnembrane and AC overiay was recorded as good Z24% ot the time, Tair 59%
of the time, and poor 1d% of the time, The bond of wmembrane Lo the concrete
deCck at the test section was yood Lg% of the time, tair 41%, and poor d4l%. In
yeneral, with 4 few exceptions, those core saiples in the tratiic iane {rows 4
and b) showed yood to tair bonginy in the intertace, whereas the 1ntertace
bond for those in the shoulder area (row ¢ was tair to poor, un yrade and
near the patched areas, tnhe bond in the interface was recorded as poor for all
core samples. Laboratory examinations of the cored medbrane samples 1ngicated
that ¢6%, 2b% and 21% of the membrane samples in the core locations had
severe, moderate and siiygnt pinholes, respectively (a total ot /3% of the
samples). Amony the membrane samples taken at the tratfic lane (rows a and b),
b47 Shuwed pinhules, whereas all ot the membrane samples Laken a4t the shoulder
{row o) hda pinnoles, This result 1s contradictory to thal of the Roza (Canal
test  site, of  which the trattic tane had relatively more pinnoles than  tne
shoulder  ared.  Une passible reason might ve that the core focations at  the
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tratfic lane of the Ebey Slough test site did not coincide with the wheel
paths,

{oncrete Ueck: The exposed concrete surface in the core locations was
severely wet 14% of the time, moderately wet 1Y%, and siightly wet 43% (a
total of 76% of the core locations). Among tne core locations along the curb
(row <c¢), 83% showed moisture on the concrete surface, In the traftfic lane
(rows a and b), this number was- 73%. On the test section, 12% ot the core
iocations (2 out of 17) showed surface distress in the concrete. Un the
patched area, 25% of the core locations (1 out of 4) showed delaminations as
indicated by a hammer, The average cover thickness as measured by the pacho-
meter over the AL overlay (considering a correction of U.7 in {1.8 cm) for a4
total pachometer depth of 2.8 in (/.1 cm} as determined by comparison of
sample 2U-c¢ and gyround 3) was 2.0 in (5.1 cm) ana 1.3 in (3.3 cm) for the test
section and the patched area, respectively.

Electrical Potential Testing: The results of electrical potential
testiny as recorded in the tield are given in Table 3, The distribution of
halt-celi potentials measured in the core locations is illustrated in Figure
3. The highest and lowest negative readings on the test section were -0.114
and -U.0l] voits, respectively. As indicated in Figure %3, tne naif-ceil
potentials on the test section are significantly lower than the lower {imit
tfor active corrosion of steel in concrete (-U.20 volts). Tne distribution of
the potentiais on the Ebey Slough test section is more or less like that of
the Roza Canal test site. hevertheless, on the Ebey Siough Bridye deck, where
the AC patches are located, the half-cell potentials were siygnificantly higher
than those on the test section., The potential distribution curve for this
area is yiven in Figure 53, 1in which tne curve is located to the right of the
one representing the Ebey Slouyh test section., Tne highest nalf-cell
potential at the patched area {-0.370 volts) was taken directly over one of
the asphalt patches, knowing that there was no membrane {dielectric material)
installed underneath, The rest of the half-cell potentials at the patched

area were taken in the core locations around the patches (see Figure 46 for
core locations),

4.5.5., Cnhloride Content Measurement

Location of cnloride content data points at the fevel ot rebar at the
test section, as well as the patched area, is ygiven in Figures b6 and &7,
respectively., Location of the resamples of the 19/4 chioride measurement on
the deck 1s yiven in Figure 55, Results of the laboratory chloride analysis
are presented in Tables 8 and Y for chioride at the level of rebar and
resamptes of the 1974 survey, respectively, As given in Table Y, chioride has
penetrated 1nt0 the concrete deck since 1974 with an average amount of U,»Y
16/cy (V.35 kg!m ) or 33% (average of 4 measurements at different locations at
a depth ot U.5 1n or 1.3 cm to L.25 in or 3,2 cm in the concrete),

No compdarison can be made for those chloride contents obtained at the
level of rebar {Table 8) since no baseline data are available. However, if
the total chloride content corrosion threshold of U.2% based on the weight of
cement 1S used (see {14]), the threshold for the concrete of the deck having a
cement content of 61U ib/cy (360 ky/m®) (class A mix) wit) be: (610)x{0.20) =
1.22 ibfcy (.72 ky/m *). Tne results in Table 8 indicate that the
concentration of chloride at the level of rebar exceeds the threshold vaiue.
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A correlation may be possible between chloride content at the ievel of rebar

and the corresponding half-cell potentials tor the Ebey Stouygh test sight, as
shown in Figure 59,
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LOCATION

ACTIVITY

Entire 1. Visual survey
Test .
Section 2. Chain dragging
on
AC 3. Resistivity reading

Porticn of :

Test Site 1. Core sampling AC and membrane (dry}
ot to be 2. Half-cell reading in core locations
L.xposed

1. Visual survey
2. Chain dragginag
Exposed 3. Pachometer survey
OE?S 4. Half-cell reading
5. Chloride content measurement*
6. Membrane installation
7. Resistivity testing on new membrane
8. Paving
9. Chain dragging new AC
10. Resistivity testing on new AC

*not limited to exposed concrete

Figure 5.

Surmary of Testing Activities on Fach Test Section
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Figure 6. AC Patches on Ebey Slough Bridge Deck on Grade

Figure 7. Transverse Crack Along S“xpansion Dam
on Ebey Slough Bridoe Deck
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Figure 8. Transverse Crack Above Slab Joint Covered with
Asphalt Overlay (Columbia River Bridge Deck)

Figure §9. Curb Scraped on Edge (Columbia River Bridge Deck)
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Figure 9-1. Transverse Efflorescence on Underside
of Ebey Slough Bridge Deck

Figure 9-2. Efflorescence on Underside of Roza Canal Bridge Deck
(see conjunction of beam and diaphragm)
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Figure 10. Exposed Concrete After Sand Blasting (note previous
repaired areas in darker color) {(Columbia River
Bridge Deck, test section 1)

Figure 11. Spalling Area on Exposed Concrete {Columbia River
Bridge Deck, test section 2)
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Figure 12. Chain Dragging AC Overlay
{Columbia River Bridge Deck)

Figure 13. Defining Boundaries of Defective Areas
Under AC Overlay (Columbia River Bridge
Deck)
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Figure 14. Sampling Concrete for Chloride Analysis in a Core
Location Using a Rotary Hammer (Roza Canal Test Site)

Figure 14-1. Obtaining Powdered Concrete in a Core Location
for Chloride Analysis (Roza Canal Test Site)
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Figure 14-2. Sampling Concrete for Chloride Analysis on Exposed
Concrete with Rotary Harmer (Columbia River Bridae
Deck, test section 2)

Figure 15. Taking Electrical Resistivity Readino on AC Overlay
(Ebey Slough Bridge Test Site}
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Figure 16. Wetting Grid Points with Water and Wetting Agent Solution

Prior to Electrical Resistivity Testing (Ebey Slough
Bridge Test Site)

Figure 17. Direct Electrical Continuity to Top Mat Reinforcing Steel

by Means of Compression Type Ground Clamp (Columbia River
Bridge Deck)
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Figure 18. Core Sampling AC Overlay and Membrane by Truck-Mounted,
Nitrogen-Cooled Coring Rig (Columbia River Bridge Deck)

e s BB
o vt e B T T

Figure 19. AC Overlay Core Sample Stuck to Membrane (Rubberized Asphalt)
Removed from Core Location by Hammer and Chisel (Columbia
River Bridge Deck)

3-38



Figure 19-1. MWaterproofing Core Location with a Piece of Membrane
(Roza Canal Test Site)

Figure 19-2. Patching Core Location with a Cold Asphalt Mix
(Roza Canal Test Site)
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Figure 20. Half-Cell Measurement on Exposed Concrete in a
Core Location (Ebey Slough Bridge Deck)

Figure 20-1. Half-Cell Measurement on Exposed Concrete Deck
(Columbia River Bridge Deck, test section 3)
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Figure 21. Locating a Rebar by Pachometer to Provide Ground
(Columbia River Bridge Deck)
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e

Figure 22. Diaging Concrete in Core lLocation to Reach Rebar
for Ground {Columbia River Bridge Deck)

Figure 23. Removing Pavement/Membrane System Using a
Jackhammer {Columbia River Bridge Deck)
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Figure 24. Sand Blasting Exposed Concrete Surface
(Columbia River Bridge Deck, test
section 1)

Figure 25. Patching a Spalled Area on Exposed Surface Prior to

Waterproofing with Membrane (Columbia River Bridge
Deck, test section 2)
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Figure 25-1.

Sealing Perimeter of Exposed Area with
Elastomeric Mastic After Application of
Glue (Primer) on Concrete Surface
{Columbia River Bridge Deck, test
section 2)
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Figure 26. Unrol1ing Membrane on Exposed Concrete Surface
(Columbia River Bridage Deck)

Figure 27. Removing ilrinkles and Air Bubbles with a Shovel
While Unrolling Membrane on Concrete Surface
(Columbia River Bridge Deck)
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Figure 28. Using a Hand Roller to Bring Membrane Completely in
Contact with Concrete Surface (Columbia River
Bridge Deck)

Figure 29. Conducting Electrical Resistivity Testing on
Newly Installed Membrane (Columbia River
Bridge Deck)
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Figure 29-1.

Compacting Asphalt Concrete Mix Applied cn
Newly Installed Membrane by Steel-Drum
Compactor (Columbia River Bridge Deck,
test section 1)
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T 1 | T
COLUMBIA RIVER BRIDGE
B PATC H
(TEST SECTIONS 1 AMND 2)
=
- .“>>“OEKMNAL CONCRETE
7 (TEST SECTION 3)
| | | |
(@) O.5 { N 2. z5
CHLORIDE, \bley
Figure 46. Chloride Content Versus Concrete Depth at Exposed

Concrete Areas, Columbia River Bridae Deck
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Figure 54. Chloride Content Versus Concrete Depth Profile
at Roza Canal Test Site
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Location of Test Section and Extra Core Sampling at Ebey Slough Bridge Deck

Figure 55.
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Figure 53. A Possible Correlation Between Chloride Content at the
Level of Rebar and Corresponding Half-Cell Potentials
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Table 5.

Results of Chloride Content Measurement at the

Exposed Concrete, Columbia River Bridge Deck

Depth
Test | Sample "aggre in c1”
Section No. Concrete C??ggete {(1b/cy)
-1 0.62
l-e Patch
1-1% 1.05
1
L -1 0.98
5-e Patch
1-1% --
L -1 0.73
8,9-e Patch
1-1% 1.11
2
L -1 0.42
13-e Patch
1 - 1% 1.14
1-1% 0.86
2-d Original 15 - 2 0.31‘#1
2 - 2% 0.26
3
1-1% 0.15
6,7-¢ Original 15 - 2 0.19
2 - 25 0.83
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Table 7. Chioride Content Versus Depth
at Roza Canal Test Site

Sample 2-d Sample 11-a
Concrete c1- Concrete c1”
AR NOIYEOR B AU ({739
1/2 - 1 1.13 172 - 1 0.43.
1-11/2 0.69 1-11/2 0.00
11/2 -2 0.59 11/2 -2 . 0.54
2 -21/2 0.02 2-21/2 0.45

21/2 -3 0.44 21/2-31/4 0.24

3-31/2 0.81 31/4-33/4 0.34

31/2 -4 0.39 33/4-41/72 0.35

4 - 4172 0.46 - -
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