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BRIDGE DECK SURFACE DURABILITY SURVEY

SAM I. THORNTON & LARRY G. PLEIMANN

The contents of this report reflect the view of the authors who are
responsible for the facts and the aceuracy of the data presented herein.
The contents do not necessarily reflect the official views or policies
of the Arkansas State Highway and Transportation Department or the Federal
Highway Administration. This report does not constitute a standard,
specification, or regulation.
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Implementation

Two equations, equations 5 and 6 of this report, were developed

which can be used to predict bridge deck rating to factors which include

depth of concrete cover over rei-nforcement steel, traffic, aBB, and

strength. The equations are a statistical evaluation of a limited data

base and indieate only general effects of the factors relevant to deck

design.
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Gains-Find ings-Conculs ions

Chloride application, for snow and ice removal from bridges, has

accelerated the deterioration of bridge decks.

The depth of concrete cover over steel reinforcement is the most

important factor in prolonging deck life.

Deck det.erioration in Arkansas is not as high as Ehe national average.
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SUMMARY

Bridge deck deterioration including eracking, scali-ng and spalling,

is a serious problem for transportation departments. The Arkansas Highway

and Transportation Department selected 45 bridges to be included in a

survey of bridge deck deterioration. Samples were taken from Ehe decks

and data, like deck finish and construction details, were recorded. The

samples were tested for chloride content, densi-ty, and strength. Findings

of the survey \^rere compared with an evaluation of the deck condition

Chlorides at the level of reinforcement steel is the pri.mary cause

of bridge deck deterioration. The use of deicing salt on bridge decks is

the primary source of chlorides.

' The depth of concrete cover over reinforcement steel is the most

important factor which prevents chlorides from reaching the reinforcement

steel. Age of the bridge deek, the amount of traffic, and strength of

the concrete are also factors which determine the condition of bri-dge

decks in the study.

Data from the survey is insufficient to prove that a tined deck finish

vs. a smooth finish contributes to deck deterioration.
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Chapter One

INTRODUCTION

Bridge decks are among the most severly exposed and loaded of

concrete structures. They are typically horizontal surfaces

subject to alternate wetting and drying, freezing and thawing.

They experience large temperature gradients and intense live-Ioad

stresses accompanied by fatigue and impact. Concrete covers of at

least 3 inches have long been recommended in marine environments to

prevent steel corrosion by salt water. Yet the specified cover on

many bridge decks remairred 1.5 inches until recently despite the

six-fold national increase in the use of deicing salts between 1961

and 1975 alone (ttCnnp Synthesis tl57).

Construction difficulties in consolidation, finishing, and

curing and problems caused by steel congestion can also weaken the

deck, especially at its surface where it is subject to traffic

abrasion.
' As a result, bridge deck <ieterioration continues to be a

se{ious problem facing highway engineers. In 1979, a National

Cooperative liighway Research Program Synthesis of llighway Practice

(tlCU.np Synthesis #57) estinn.ated that over 100,000 of the nationrs

bridges were in need of replacement or repair. The cost was

estimated conservatively at 23 billion dollars (Uillenbrand, 1977).

Bridge deck deterioration appears in three conmon phenoreena:

cracking, scaling, and spalling. Cracking and scaling affect the

riding surface of the cieck, and lead to furEher deterioration.
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Damage from spalling is more serious because repairs are difficult

and expensive. The appea-rance of spalling at a deck surface

indicates more extensive deterioration below the surface.

"Cracking (Figure 1.1) is characteristic of concrete because

of concreters low tensile strength and the relatively large volume

changes in response Eo changes in humidity and temperature" (NCHRP

Synthesis lt57). The effect of cracking upon the <iurability of a

deck depeuds upon the origin of the crack. Cracks due to shrinkage

or settlement of the falser+ork are usually fine and do not

adversely affect the durability of a deck, while maP or pattern

cracking due to reactive aggregrates can result in the complete

disintegration of the deck (NCIIRP Synthesis #57).

Scaliug (Figure 1.2) is the flaking of the surface Eortar.

The Eop one-quarter to one-half inch of the concrete flakes away,

leaving a rough area. Scaling is caused by the frost rleterioration

of the eoncrete and is increased by the use of deicing salts (NCHRP

Synthesis it57). Air entrainmenL is effective in reducing or

preventing scaling. But improper curing and fiaishiag will reduce

the dispersion of air in the concrete, naking Ehe air entrainnent

inadequate.

Spalling (Figure 1.3) is the result of the corrosion of the

reinforcing steel below the deck surface. Basically, spalling is

the disinEegration of a section of the concrete above the

reinforcing steel as expansive steel corrosion causes the concrete

cover to separate from the concrete below the steel leveI. Under

traffic small pieces will be knocked about, leaving a hole or

2



Figure 1.1 Cracking

Figure 1.2 Scaling (on left)
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Figure 1.3 Spalling
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spa1l, and exposing the top layers of reinforcing steel. The area

cf bridge deck affected can be up to several square feet. If not

repaired, the affected area will gror,v in size.

Spalling can endanger the structural integrity of a bridge

deck. The best method of repair is to coupletely remove and

replace all concrete to a depth of three or four inches lrhere the

concrete has cracked to the level of the reinforcing steel.

Replacing the concrete ruay not stop the spalling process. If the

spalling process is no! stopped, the new surface will deteriorate

rapidly.

In order to identify the factors contributiug to bridge deck

deterioration, the Arkansas Iiighway and Transportation Departuent

(AIITD) selected forty-five bridges of varying age and surface

finish for review and testiDg. The review examined construction

records for information relating to age, "mix designs, suppliers,

cont,ract,ors, sources, atrd any unusual aspects of the specific

bricige decks" (project proposal). Also included was "an evaluation.

of urainteuance costs by structure type as far as practical."

Testing included core and chloride samples taken from t,he selected

bridges by the AETD and tested by the University cf Arkansas for

"density, coupressive strength, total chloride ion content,

degradation, observed segregationr" wear, and delamination., and

"surface hardness with <iepth."

5



Chapter l'wo

LITERATURE REVIEW

coRRosroN PRgcEss

Corrosion is an electro-chemical process lchich requires three

elements to be present: an anode, a cathode, and an electrolyte

(NCHRP Synthesis #57). The anode, where corrosion talies place, is

t,he source for electrons. Ihe cathode <ioes not corrode but

rnaint.ains the ionic balance by receiving electrons frono. the arrode.

The electrolyte is the solution which is capable of conducting

electric current by ionic flow. In the bridge deck, water acts as

t.he electrolyte and the reinforcing steel acts as both the anode

and the catho<ie. If the steel is e:rposed, the anodes appear as

dark or rusted areas.

A corrosion ce11 exists in concrete because electrical

potential differences are preserrt. Iron, being high in the

electronotive force series, tends Lo enter iuto solution, thus

freeing electrous at the anode.

Arrodic Reaction: Fe+Fe(++) + 2e(-)

To maintain equilibrium, the free electrons are consutred at

the cathode. If hydrogen and oxygen are present in sufficient

quantities, hydroxyl ions are formed.

Cathodic Reaction: 02 + 2 HZO +4 e(-) +4 OH(-)

6



Ferrous hydroxide is deposited at the anodes.

2 Fe + 2 Ll2O + Q2 +2 fe(OU),

The ferrous hydroxide is converted to ferric hydroxide,

commonly known as rust.

4 re(Ott), + 2 \O + O, + 4 I'e(OH)3

As the corrosicn process continues, the iron oxides that

develop occupy up to 13 tines Ehe original volume of the steel and

"can create expansion pressures of as n'uch as 4 r7 00 pounds per

sguare inch," (Crunpton., 1985) nany times the tensile strength of

the concrete. Figure 2.1 shows photomicrographs of the growth of

rust crystals within the concrete matrix. These pressures exist

within the concrete deck when the rust crystal expansion is

prevente<i. Thus, horizontal fracture plaues begin to develop at

the level of the reinforcing steel. The area affected is referre<i

to as a delaminated area. The action of vehicular loading and ice

foruation breaks apart the concrete in this area and creates

spa1ls, ( 'poEholest) .

EFFECT OF CHLORIDES

Nonoally, concrete possesses a resistance t.o corrosiorr because

of a pH of approximately 11.4. Concreters high pH results frorn the

presence of calcium hydroxide and other alkalis which inhibit

corrosion (ltCHnp Synthesis 1i57). Ilowever, if enough chloride ions

1I
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exist in the concreEe, the resistance to corrosion is neutralized.

Deicing chemicals, which contaiu chlorides, are the prinary cause

of increased bridge deterioration. During the 60,s, when most

states a<iopted arbare pavement'policy of removing all ice and

sno\d cn roads, Ehe use of deicing chemicals increase<l by about 400

percent (Carrier & Cady, 1975).

As chlorides are applied to the wearing surface, the soluble

chlorides penetrate the <ieck. The natural resistance to corrosion,

supplied by the concrete, is neutralized whenever the percent

chlorides reaches a specific concentration (Clear, L976). The

concentration of chlorides necessary to induce corrosion is known

as the "corrosicn threshold." The corrosion threshold is dependent

upon cement content, but is approximately 0.2 percent Cl- per gram

of cemeut (Table 2.L).

Table 2.1 Total Chloride Corrosion Threshold
(Clear, L976)

Ceuent Factor Cement Content Total Cl Corrosion
94 Ib bass/cu.vd lbs/cu-vd threshoL<i,lLs--qug-,LJC

6.0
6.75
7.0
8.0
8.7 5

564
634.5
658
752
822.5

1 .13
1.27
L.32
1.5
1.65

AHTD "Standard Specifications for Highway Construction" ca1led

for a cemenE factor of 6.0 bags per yard for structural concrete

(C1ass S and S(AE)) until 1972 when the requirenent vas raised to

6.5 bags per yard for which the threshol<i is 1.22 lbs CUcu.yd.
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Unsalted concrete may contain 0.2 to 0.4 lbs. Cl/cu.yd. If water

and oxygen are present and the corrosjon threshold is exceeded at

the leve1 of reinforcing stee1, corrosion rgil1 normally begin.

CONCRETE FA ING DURABITITY

To increase the durability of the condrete and reduce

spalling, the penetration of chlorides into the deck nausE be

retarded. The rate of penetration for the sarne amount of chloride

ion concentration is dependant upon the perneability of the

concrete. The perrneability of the concrete depends cn the:

water/cement ratio, concrete-aggregrate ratio, air entrai ment:

degree of consolidatiorr, and curing. Iow perneability reduces the

penetration of chlorides and increases the life of the bridge. The

resistance of the bridge deck to corrosion is primarily deteruined

by the following factors (C1ear, L976):

l. Depth of clear cover clver steel
2. Concrete water/cement ratio
3. Degree of consolidation

Clear Cover:

The clear cover is the thickness cf concrete above the Eop

reinforcing bars. Depth of cover is probably the rcost important

factor that determines the resistance to corrosion. For good

concrete, the time required for corrosicrr to begin. varie.s vith the

square of the depth of concrete cover over the steel (Xmnp

Synthesis 1t57). For example, twice the cover requires four times

as long. Therefore, each additional inch of cover significantly

increases Ehe time before corrosion begins (table 2.2) .

10



Water /-CCInent Ra! :_S_:

Water/cement ratio is another uajor factor in determining

corrosion resistance. The lower the ruater content, the less porous

the concrete. Lower porosity' reduces the penetra.tion speeci of the

chlorides (Figure 2.2). Almost twice as r.tuch cover is necessary to

protect concrete with a 0.6 w/c ratio than is required to protect a

A.4 wlc ratio concrete for an equal length of time (Clear, L976),

The tine to corrosion is drastically decreased by higher

water/cement ratios (Table ?.2).

Table 2.2 Effect of Depth cf Cover and
Idater/Cement Ratio

on Time t.o Corrosion
(Clear, 1976)

Estimated Tine to Corrosion, Days
s/c=A.4 w/g=O.5 y/c=,0.6Depth cf cover

(inches) con c fe con e.1^€,ttr concrete

1.0
2.0
3.0

r20
I 000

>>1000

7to28
140
925

7

75
375

Conso lidation:

Effective consolid,ation produces dense concrete that impedes

chloride penetration. During construcrion, effective consolioation

can be routinely achieved by using internal r,ibration and

experienced personnel if the sluurp of the concrete is more than

about three inches (C1ear, L976).

Hovrever, in low-s1ump concretes, good construction practices

do not guarantee adequate consolidation (Clear, L976). Clear's

test specimens were compacted and screeded to the proper elevation

11
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by a finishing machine specially Cesigned for use rgith iow slump

concrete. The degree of consolidatiorr rsas checked rn'ith a nuclear

density guage. The random "improperly consoli<iated" concrete

exhibiteci a 4 to 6 percent reduction in density compared with the

equally randore "properly consolidated" concrete when it occurred.

The resulting higher porosity in the "improperly consolidated"

concrete required a 3.4 inch cover to provide the same amount of

protection provided by a 1.4 inch cover for the "properly

consolictated" slabs. The difference is shorsn in the chloride

profiles for the Iow water/ceu.ent ratio "Iowa" mix concrete in

Figure 2.3. Thus the attempt to achieve a dense inpervious

concrete by means of lcw-slurq.p can be offset by difficulty in

getting adequate corrsolidation..

coN CRETE FACTORS NoT AFFE CT rl!_c_-pU34.3JLITY

The following factors lrere found to have little or no effect,

on resistance to corrosion (C1ear, 1976):

l. Cement factor -- the number of bags of cement
per cubic yard of concrete

2. Allowing the concrete Eo "ag." one year
before salting.

Even though the corrosion Lhreshold varies with the cement

content. (table 2.1), chloride induced corrosion cannot be

significantly reduced by changing cement conlent (Clear , 1976).

The average chlori<ie penet.rations (Figure 2.4) for all three cement

contents are practically identical except at the one inch depth.

Allowing the deck to "age" one year before its first salting

will not increase its resistance to chloride penetration. On a

13
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test slab that lras aged one year, rust stains were seen ten months

after the initiation of daily salting (Clear, L976). The chloride

prof iles of aged concrete rr,€re rrot signif icantly cif ferent froxo.

those of freshly salted concrete.

IIEW CONST&UCII-OJ\I TE-CHNIQUE€

Nerrr const.ruction techniques are possible solutions to t.he

durability problen. New construction techniques are those

techniques which are not commonly used, most of vhich are still in

the research stage. The techniques reduce spalling by either

inhibiting the corrosion process, stopping the corrosiorr process,

or reducing the chloride penetration in the deck.

Inh i b i t ing .Co_rg.p g r-qg :

Non-Corrosive Reinforcement

Reinforcing steelts susceptibility to corrosion is noE

significantly affected by the type of steel used or the 1evel of

stress to which the steel is subjected (NCIIRP Synthesis {!57). A11

naLural weatheriug steels corrode in concrete contaiaing rooisture

and chlori<ies (ttCURP Synthesis #57). Stainless steel bars are

being produced in South Africa and England. They do resist

corrosion but are used in special applications only. The use of

stainless steel bars in bridge decks is currently not econonical.

Stainless steel clad bars are being tested as a lower cost

alternative to sotid stainless steel bars. The bars are coate<i

with a layer of stainless steel approxiurately 0.5 nm thick. Afrer

trrenLy months of daily salE applications, red rust staius and
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corrosion induced cracks appeared in test slabs using stainless

steel clad bars. The amount of corrosion was less for the

stainless steel clad bars than for the black steel control bars.

It was undetermined at that time whether "corrosion of the clad

bars was confined to black steel corrosion at defects in the

coating or whether corrosion of the cladding occurred" (NCHRP

syurhesis ti57 ) .

The st,rength, stiffnessr and bond behavior cf fiberglass

reinforcing bars are being tested at the University of Arkansas

(Pleiroann, 1985). Fiberglass reinforcement does uot corrode and

should perform well in an hostile environnent, such as in a

chloride contaminated deck. Results of the study are encouraging

and should be available in late 1986.

Coated Reinforcing Steel

Another attractive alternative to non-corrosive reinforcing

bars is to apply a coating to conveotional reinforcing bars. The

coatiug would isolate the steel frou chlorides and moisture thus

preventing corrosion. Powder epoxy coatings perforn satisfactorily

and may be economicalty feasible. In L977 , the atlditional in-place

cosE was reported as $0.I5 per pound (r.icunf Sy-nthesis #57). The

price would drop as riore epoxy-coated steel is used. The ePoxy

must be applied to the steel r,hen it is at a teuperature of 400-450

degrees F, ruling out field application. The bars roust be bent

before application since bending ni11 crack the coating.

The main problem in using epoxy coated bars is that the

coating is easily dauaged during transportation and handling.

Snall cracks can be repaired in the field using an epo:ly-resin
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compound. Small defects are not patched unless riamage exceeds 22

in straight areas and 5"1 in bent areas.

Iletallic coatirrgs are of two types: sacrif j.cia1 or

non-sacrificial. Sacrificial coatings are those that are higher

than iron in the electromotive series. When the coating is damaged

and the steel is exposed, the sacrificial coating becomes the

cathode and the steel becomes the electro<ie. The sacrificial

coating loses electrons and corrodes instead of the steel. Zinc is

a coramonly used coating. 0nce the sacrif icial uetal has cour.pletely

corroded, the reinforcing steel may begin to corrode.

Non-sacrificial metals only protect Ehe steel if the coatiuo

is unbroken. If exposed, the steel ruay corrode rapidly. The

corrosiou of the steel is what should theoretically happen, but in

the highly alkaline environment of the concrete, the activity of

metals may rrot be determined by the uetal's position in Ehe

electrorc.otive series (NCERP Synthesis tt57). Because of the

uncertain effectiveness of galvanized bars, the Federal Highway

Adrninistration liuits installations using galvanLzed steel to three

bridge decks per state (NCERP Synthesis ii57).

Corrosion Inhibitors

Corrosion inhibitors Eray be added to concreEe to reduce the

speed of the corrosion process. Compound groups, primarily

chromates, phosphates, hypophosphites, alkalines, and fluoriies are

being studied (NCXnp Synthesis tt57). Some reduce corrosion but

have negative side effects such as reduced compressive strength.

Others give conflicting results. The mechanism is complex and

there is not a general theory that applies to all situations. the

1B



appeal of inhibitors is that they would be simple to use and to

incorporate into design and constructior practices.

Stoppins. the Co-r-r-osi-o-n !rg-c-ess :

Cathodic Protection

Cathodic protection has been used for 30 years in protecting

pipelines, but only recently has it been applied to bridge decks

(NCHRP Synthesis ti57). The theory behind cathodic protection for

steel in concrete is to apply sufficient direct current to the

steel such that corroding anodes on the steel are prevented from

discharging ions. The current discharging anodes become current

receiving cathodes, thus the name "cathodic protection".

The two methods of cathodic protectior, are galvanic anodes and

impresse<i current. The galvanic anode system uses e netal higher

in electromotive series than the uetal to be protecte<i and connects

it to the protected metal. The protected metal acts as a cathode

and the protecting metal acts as the anode. The proLecEing metal

corrodes and must be replaced after being consumed. The

diiadvantage of this sysEem is that the eutrent voltages are low

and nrmerous anodes are required. The advantage is that

overlrotection is not possible. Zinc and magnesir:m are the nost

suitable anodes for the protection of steel reinforcing bars.

The impressed curren! system depends on a battery or a direct

current (DC) rectifier operating on an alternatiug current (AC)

line voltage for power. Ihe top nat of reinforcing steel nust be

electrically continuous. Also, the anodes placed in the deck must

be in an electrically conductive layer (Figure 2.5). The layer is
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usually a mixture of asphalt and coke. Coke is the resiciue of coal

after distillation.

WEARING COURSE
ANODE

CONDUCTIVE LAYER

REINFORCING
STEEL

CONCRETE BRID6E
DECK

CATFTf,DE

Figure 2.5 Cathodic ProEection Installation
(C1ear,1976)

Overprotection occurs when too nc,uch current is applied to the

deck. When too much current is applied, hydrogen bubbles foru at

the reinforcing sEeel. Ihe bubbles reduce th.e bond between the

concrete and reinforcing bars.

The iupressed current system requires expertise in design,

construction, inspection, and maintenance that doesnrt exist in

rnany highway departments. The value of cathodic protection is that

it hri1I stop active corrosion without the uecessity of removing alL

chloride eontaminated concrete.

Electroshock Therapy

Another process r,rhich is similiar to cathodic protection is

electroshock therapy. Electroshock therapy involves a direct

current applied to the deck but does uot have to be continous. The

unwanted chloride solution in a bridge deck \n'as assure<i to act as a

conductor of electricity (Spellnnan & Aaraes, 1967). The top surface

\das covered with a copper screen to forn a positive electrode. The
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reinforcing steel was useri as Ehe negati-ve electrode. Chloride

ions, being negative are drawn to the positive electrode, i.e., the

top of the deck. Chlorioe ions, according to the tests' were

reuroved frou the deck (Spellman & Aarnes ' L967) '

P.olirever, when the ions were reElovecl , l,oids were left betrind'

An attempt to fill these voids vith a polymer sealent v'as

unsuccessful. The polyner consisteri of a liquid possessing

-r------ 1:-...:a --^^ ---liarl fa the ton of theposr-t:.ve rons. The polymer liquid was applied t'o the top of the

deck and \|{as drawn to the negative electrodes, the reinforcing

bars. Eeat created in the concrete by the passage of the liquid

causedthepolynertobecoueahardplastic-likematerial.While

the polyner did move to the leve1 of the reinforcing steel, it did

not fill all of the voids and seal the bridge deck against further

chloride Penetraticn.

Pr eveq,t iqg Chlg]: r-ll-e .8epe!r-e!l-oE' :

Another approach in improving durability is to prevent the

penetraticn of chlorides into the <ieck by using sealants'

impregnants, overla)is, or rnembranes' The absence cf chlorides will

a1low the concrete to protect the reinforcing steel frora corrosion'

Sealant s

Sealants are raixEures that are applied to the concrete deck

and penetrate to a depth of about oue-quarter of an inch (ucunr

Synthesis 1t57). Sealants do not Prevent the penetration of

chlorides but do reta-rd penetration' ltany materials have been

tried including: linseed oi1, resins, ePoxys' emulsions' and rubber

(snyder, 1965). Linseed oil is presently used by nany highway
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department.s. Based on economy and performance, Rone of the oLher

raaterials are as good as linseed oil (Snyder, 1965). Linseed ci1

provides excellent protection against scaling especially in decks

that are iurproperly air entrained (Snyder, 1965). The problen with

sealants is that Ehey do not last long and they provide litt1e

protection against sPa1ling.

Impregnant s

An irnpregnant is sirniliar to a sealant but the penetration is

increased. Deeper FenetratioE increases the life of the treatment

by filling the pores of the concrete. l'lost impregnants are sone

type of polymer but linseed oi1 has also been trie<l. The process

is to cast, the deck using normal procedures, a]lor,r the deck to dry,

vacuurtr soak the deck with a tuollotner, and polymerize the nonouer irl

the voids of the concrete.

Polymerization is the joining of the nolecules of the nononer

to forn a large-molecule plastic. The Inononler is polymerized by

garma radiation (X-rays) or chemical initiators. The problen with

polymerization is fhat the monomers are expensive and volatile, aad

the procedures involved are lengthy. The process, however is

successful in reducing deterioration.

Overlays

An overlay is an additional thickness cf wearing surface

adde<l to an existing deck. Overlays have been constructed of

polymer concrete, low-slunp Portland cement concrete, polymer or

latex modified concrete, and internally sealed Portland cepent

concrefe.
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Polymer overlays use a polyrrer corcrete Eortar applied to Lhe

deck in a one-half inch rayer. The advantage of polymer overlays

isthatfewmaterialsareused.Disadvantagesarerapid}Iear'lack

of flexibility at low temPeratures, differential therrnal expansion'

and shrir:kage. The coefficienr of thernal expansior' for epoxy

norEer ruay be as much as five times greater than that of

conventional concrete (Rooney, 1968)'

Concrete overlays rray be classif ie<i as lor+-sluu'p concrete'

polymer nodified concrete, cr internally sealed concrete' low

sltnup concrete consists of a very 1ow water/cement ratio' dense

Portland cement concrete. The water/cemenE ratio is usually around

0.32 (NCHRP Synthesis #57)' The maximum slump is about one inch

(NCERP Synthesis tt57). Consolidation must be checked with a

nuclear density guage and water ruust be added to hydrate the

concrete. The uateriels used are inexpensive bu! the procedure is

laborintensiveandreguirestheuseofspecializedequip'm.ent

(IICHRP synthesis 1f57) .

PolymernodifiedconcreteorlaEexmodifiedconcreteisrsore

expensive than 1ow s1r:mp concrete but requires less manpower and

can be placed by conventiorral equipurent (ltcgnp synthesis ii57) ' In

polymer or latex uodified concrete' polymers ere mixed with the

concrete. Twenty-four states have used polymer uodified concrete

and "performance has generally been saEisfactory though extensive

cracking and some debonding have been reported, especially in

over1ays , 314's of an inch thick" (t'lmnp synthesis ti5T) '

Internallysealedconcreteusesfusiblepolyraericparticles

nixed with the concrete. The particles are fused together with
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heat after the concrete has cured. A uixture of f,,lontan and parafin

wax has been the nost promising (tlCUnp SynEhesis ti'57). Montarr is a

brittle, mineral wax. The disadvantages of internally sealed

concrete are that the heating process is slow and causes cracking

(ucunP synrhesis ti57) .

Waterproof trlembranes -

Waterproof membranes prevent r'rater and chlorides from

penetrating to the leve1 of the reinforcing steel. The nembranes

iie underneath an asphalt wearing course. The asphalt wearing

course is necessary because tuost rqembranes ere not durable enough

t.o withstand the wear of traffic. l"{ost nsembranes are roof ing felt

or asphalt impregnated p.roLection boards. There are rnany problems

with nercbranes including leakage, blistering, aud insufficient

bonding. The bonding problem is such that uembranes are not

recommended on grades greater Ehan 4 percent or areas subject to

rapid acceleration or turning by traffic (NGHRP synthesis 1;57).

RECENT LITERITTURE

The general nature of concrete bridge deck deterioration is

sufficiently understood that the Aruerican Concrete Institute has

recently published a report, "Corrosion of Uetals in Concrete" (ACI

Conmittee 222, L985). !1uch of the report is concerned with the

same analysis of causes and methods of prevention t,hat are found in

the bulk of this chapter, but it does bring the discussion

up-to-date. A11 Ehe questions about the "corrosion of metals in

Coucrete" are not yet answered. An entire recent issue Of Concrete

Interna!-i-olLa! is dedicated to the subject of "chlorides in
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concrete..(ACI,1985).Several'ideasfromthetwoAClpublications

are important for inclusion here'

TheComrritt.ee222repoltre-emphasizeschlorideionsas',the

major cause of premature corrosion of steel reinforcement 
"'

although it also recognizes that "corrosion can occtrr in some

circumstances in the absence of chloride ions' however' For

example, carbonaticn of concrete results in reduction of its

alkalinityr thereby permitting corrosion of embedded steel" (ACI

committee 222, 1985). The reporL recognizes that "chloride ions

are courmon in nature and sma1l €mounts are unintentionally

contained in the nix ingrediants in concrete." It also notes that

"chloride ions ... Eay be intentionally added' most cften as a

constituent of accelerating admixtures"'

Thebackgroundchloric]econtentprovicedbythesesourcesis

normally distributed uniformly thoughout the concrete volume' Not

onlythechloridesbutalso'.bothoxygeBandnoisturemustbe

present if electrochemical corrosion is to occur." The report

emphasizes that "reinforced concrete with significant gradients in

chloride ion conEent is vulnerable to uacrocell corrosion,

especially if subjected to cycles of wetting and drying" (ACI

Corrmittee 222, L9B5).

The sources of the differential chl0ride concentrations which

drive the corrosion process ere external, i.e., "Bhen ChlOri<ie

permeatesfromthesurfaceofthehar<ienedconcrete,uniform

chloride contents vill aot exist around the steel because of

differences in the concentration of chl0rides on the concrete

surface (resulting from poor drainage' for example)' local
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differences in permeability, and variations in the depLh cf cover

to the steel" (ACI Cornrnittee 222, 1985).

The nodel described in Chapter Iour by which the Eest ciata was

analyzed is a one-dinensiorial one. It euphasizes the variation of

ctrloride content in t.he vertical directiou (particularly at t.he

Ieve1 of the highest <ieck reinforcing steel) and not the lateral

variation in Cl- content thaE drives the corrosion process.

Future refinement of the roodeling of corrosion deterioration

rsil1 need to distinguish between the initial background chloriCe

concentraticn and that which contributes to the corrosion process.

There is sorce indication that a test to "<iifferentia-te between the

<iif ferent sorts cf chloricle ions and . . . deternir:e only those which

are responsible for the corrosion Llrocess" (Hope, ACI, 1985) will

be available in the future.
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Chapter Three

ITIVESTIGAT I-O.\]

PR EL r }lr NA.P+ PR_0_C_EUU-RES

Forty-five briciges were selected for the deck durability

survey in Arkansas (Figure 3.I). The bridges were constructed

between 1.958 and 1980. Specific locations of the bridges are given

in Table 3.1, "Masterlist of Bridge Decks."

Each bri<ige deck was rated (table 3.1) by the AI1TD accorriing

to a Federal Eighway Adninistration (fnWa) system. According to

the systef,.i, each deck is given a category and ratiug' For example,

a deck uay be assigned category /i2 (Moderate Deterioration) with a

rating of 5 urhich means that spa11s will cover less than 52 of the

deck area and deck delanirr.ation rcil1 be between 20 and 407. of t}l,e

deck area. Details of the FIIWA system are given in Table 3.2.

SAI'IPLING AI{D TESTI}IG PROCEDURES

Chloricle and core samples were taken frorn the bridges during

the period of August to October, 1984. Samples were tested for

chlori<ie content at the laboratories of the Civil Engineering

Department of the University of Arkansas in Fayetteville. Core

samples were visually examined for type of surface, cover, and

general condition. They were then tested for compressive strength,

density, and curface hardness.

Eridge #8 (Structure #A5142) was across the state line in

Texas, and, therefcre' unavailable for testing. A contractor was
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Table 3.1

MASTERLIST OF BN.IDGE DECKS

----c0UNTY---
ID DIST NO NAI,m sE EJlc LocuJ_L! E-IELC JOB_/r IIl4e

t1
ZL
3r
42
52
62
72
83
o?

10 3

11 3

L24
134
t44
15 4
165
L75
rB 5
19 5

205
21 5

225
235
246
256
266
276
287
297
30 7

31 7

327
338
348
35 I
369
379
38 9

39 9

409
4t 10
ti2 10
43 10
44 10
45 r0

l Arliansas
35 Jefferson
35 Jefferson
35 Jefferson
46 }ii 1ler
46 Miller
55 Pike
4I Lirrle Riv
17 Crawford
17 Crawfor<i
I7 Crawford

68 St Francis
18 Crittenden
74 Woodruff

7 2 lia sh ingt orr
32 Independen
69 Stone
7 3 lihite
73 l.,hire
73 hhite
73 White
73 [IhiEe
73 White
43 Lonoke
43 Lonoke
60 Pulaski
60 Pulaski
10 Clark
10 Clark
52 Ouachita
52 Ouachita
52 Ouachita
58 Pope
58 Pope
58 Pope
44 l(adison
51 Newton
4 Benton
4 Benton
4 Eenton

l6 Craighead
16 Craighead
47 Mississippi
47 Mississippi
54 Phillips

40
40
64
I

65
65
65
7L
tl
70
7L
40
40
4A
16

r67
L4
67
67
57
67
67
67
40
40
10

430
30
51
79
79

40
40
4A
23
65
62
7L
7L
63
63
55
55
49

51 259.7 5
52 276.05
13 7 .31
5 2.96

L4 12.7 0
L4 16.60
L4 16.60
3 2.90
3 2.90
5 8.74
4 0.00

11 L2 .56
11 24 .49
11 2tr.49
2 3.93

L7 16.48
6 13.99

12 c.zl
L2 0.20
L2 2A.65
L2 20.65
13 0.59
13 0.59
4 17 4.00
4 L7 4.00
B 74.44

2L 0.88
L4 61.96
2 4.32
4 2.t5
4 10 .06
4 10 .06

22 80.30
22 73.97
22 85.80
9 4.08
3 1.20
2 7.Lt

19 5 .66
19 7 .84
7 2.26
7 2.26

L2 63.28
12 66.75
11 0.56

83 900
83114

3 823
33 86

A5611
45500
85500
ASL42
B5L42

3 089
5 B17

A3 BO7

A51 09
B5l 09

5464
5644
5466

A5O8B
85068
A553 5
8553 5
A5536
85536
L3227
83227
A153 B
A53 07
83 888
t4t2
5348
36L2

A36t 2
43 587
833 16
B.3967

3 583
3735
397 4
2757
56r4

A5203
85203
B.3L62
83 166

2899

DECK COND.
RATIN-G CAA

7
5

6
6
8
6
8
4
4
6

9

6
7

B

6
7

6
E

o

8
8
8
B

6
6
7

6
6
6
8
7

9
6
7

8
5
6
7

8
8
7

r166 I
11593
i1699

2599
27 83
27 82
27 82
3601
36 01
357 5
3824
4483
4527
4527
9t+37
56 81
5623
13 4.t
13 4e
5635
563 5
5635
563 5
66 80
66 80
667 B

6848
7 6t2
1 547
857 4

8488
9466
9435
9433
c:57 9

957 I
10743
10743
10616
106 16
11631

196 5
195 8
1964
r 961
197 4
t97 3
197 3
1967
1967
1961
I 980
L965
L967
t967
L97 2
L977
197 2
1 966
I 966
197 5
L97 5
197 6
L97 6
1961
1961
1 961
L97 2
196 5
1960
197 3
t962
197 8
L962
1962
1 966
L962
1964
1 966
L97 6
L97 7

I 967
1967
L959
195 9
I961

3
2
2
2
3
2
3
I
I
2
3
2
3

;
3
J
J
,
J

3
3
3
J
2
2
3

3
2
2
3
J
3
2
3
3
2
2
3
3
3
3

2
3
I

7 563
77 93
847 6
846t

10

6

7

3

29

\



Table 3.2

ARKANSAS STATE TIIGTIWAY AND TR\NSPORTNTION DEPARTMEI.IT

CONCRE'IE DECK EVALUATION - COI'IDITION RATING ITEI{ 58

Category
Class if ication

Adjectival
Ratinq Ratinq

on n ca r ea
ec e t on

Or Deteriorat-ion

Category #3

LighL
Deterioration

Nerv 9 None None

Good 8 None None

7 None Less 22
Category { 2

Moderate
Deterioration

Fair
6 Less 2t Less 208

5 Less 58 20 to 40*

Category *1

Extens ive
Deterioration

Marginal 4 GreaLer 58 40 to 608

Poor 3 Greater 5t Greater 608

Cr i Lica 1

2 Deck structural capacitY grosslY
inadeoua te

1

0 ttoles in deck - danger of other
sections of deck failing

Structural ly
Inadequate
Deck

NOTE: The specialized table can be used as a guide for evaluating
deck conditions using different conditLon indicators.

For furtl'rer inform.ttion regarding Electrical Potential or
Chloride Content Indicatorr s€€ FflI^iA RECORDIIIG AND CODING
curDE , 1979.

30

Spalls

Deck has failed completelY
P.eoairable by replacement onlY



busy with repair vork on Bridge 1tL4 (structure iiB5109) I larer

samples were Dot taken from this bridge. Neither cf the two

bridges were included in the statistical analysis of data.

Chloride Sampli-ng and Testing:

The bridges were sarnpled for chlorides at three iifferent

locations, usually the gutter, out,sicie wheel path, and between the

wheel paths. Using a rotary drill to pulverize the concrete

(Figure 3.2) , samples were taken at half-inch increments to a depth

cf three inches (Figure 3.3).

Ihe chlori<le saurples were tested for total content cf acid-

soluble chloride ions according to AASHTO 'L-260-82. However,

physical difficulties with the "poisoning" of the chloride-sensi-

tive electrode available required that t.he actual evaluation of the

chloride content be done by a titration procedure using uercuric

nitrate as found in Standard liethods_ fo_r_ Er+gine_t-r-e.F of llalSf anj

Wastewater. Detailed steps and illustrations of the procedure are

found in Appendix A.

Core Sarapline and_ Te.S!}-ng:

Using a coring truck (Figure 3.4) , two core samples were teken

frou each bridge. The cores are approximately four inches in

diameter and six to ten inches in height (Figure 3.5). The cores

were usually taken from both ends of the bridge. On long bridges,

the samples were taken approxiurately 100 feet apart. The samples

usually came frou. the insi<ie wheel path. The cores were visually

examined in the laboratory for cover, type of surface, consolida-
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tr'igure 3.2 Pulverizing Concrete

Figure 3.3 Collecting Sample
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I

Figure 3.4 Coring Truck

Figure 3.5 Core Samples
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tion, and general condition. One core from each pair vas tested

for density. The core lras sawn into disks approximately two inches

thick. Cores containing reinforcing steel were sawn into smaller

segrcents of cylinders if possible.

The density of each concrete disk l/as measured using ASTM

DlI88-83, Standar<i, Test }Iethod E-gr Bql& SpeciJic Gravitv and

Density of Compacted Li!-gnfno*vS_ liixtg;e-s Us-i.ng Pafef!-n-Coe-te4

Specimes-. Each disk was of knolru thickness and depth. The

densities were plotted at the center of each disk providing a

variation of density with <iepth. (Appendix C.) fUe density at a

level corre{i}.rcnding to half the clear cover of the deck was

evaluated for use in the statistical analysis. The average density

of the core was also calculated because there was little variation

of density with depth in most decks.

A literature search was ro.ade of possible methods of evaluating

the strength of concrete by some form of hardness testing. The

Schmiot rebound hamner vas the best and nrost, practical test

available. The compressive strength tests $ere per ASTM C39-83b,

Standar{ Test Method fp: CoUrpfe-q-si:re Ltfgeg.th. 9.f- -Qy-IisdJ-:.g!

Concretg E-pecfregg-, except for ninor changes which are described in

Appendix A. The tests for surface hardness were per ASTM C805-79,

Standard- Test l.{ethod- fol RebouIrJL Nuurb-e-r of Hardened. Concre-te,

except for minor changes which are described in Appendix A.
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Chapter Four

TEST IiESULTS /.}I:-D_EVAL UATION

ANALYSIS MODEL:

The rnodel assumes that concentration of chloride ions is the

major contributing factor to the spalling of bridge decks. Viewed

frouc the "vertical dimension" the m,ode1 of deck deEerioration is a

simple one. Chloride ions are <ieposited on Ehe surface of the

bridge aeck (Figure 4.1). The concrele cover hinders the chloride

ions reaching the steel reinforcement be1ow. Hindrance is provided

by both the length of the Path through which the chloride ions must

flow, and the resistance to flow provided by that path, the

"permeability."

Once the concentration of chloride ions at the first layer of

steel reaches the "corrosion thresholdr" the corrosion begins and

subsequently produces the delamination that finally results in

spalling (Figure 4.2).

From the time that the bridge is cast, aDd especially frora the

time that it is subjected to traffic, the chloride content

increases. Ilowever, it is only as the chloride content at the

level of the top layer of steel (i.e., at the clear cover level)

increases to the "corrosiop threshold" concentration that corrosion

and resulting deck distress begins.

Thus, one part of the analysis of the data is to estiuate the

time necessary to reach the "corrosion threshold" at the depth of

cover. The resulting "threshold age" vould then be included among

the other variables to be included in the final analysis.
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No at.tempt $as made to model the factors influencing the

lateraI variation of chloride content r.;hich drives the deteroratior,

l:rocess. The range of data required for such a task was outside

the scope of this project. Also, the understanding of those

factors is a subject of current discussion (ACI, l9)85).

DATA AND TEST RESU

The bridgets location, deck rating, and Ehe year when the

projecE was begun were given in Table 3.I. Table 4.1 contains the

bridge deck's surface finish (tined or non-tined), the clear cover

to the top of the first steel layer, the water/cement ratio, slunp,

curing method, and range of teurperatttres cn the day the <ieck was

cast as received from the construction ciiaries. Table 4.2 contains

the results of the chloriCe tests. The three Parts of Table 4.2

give the results for up to three samples for the same d.eck. The

values are givea in lbs.Cl-/cu.yd. of concrete at one-half inch

int.ervals down to three inches below the surface.

Table 4.3 contaius data about the <iates the bridges were cast

and open to traffic. It also contains the values from the tests

performed that were used in the st.atistical analysis. "Agecast" is

the length of time in years between the average casting date for

the spans sampled and the date r'rhen the chloride samples were

taken. "Ageopen" is the length of time between the tiate when the

project was openeC t.o traffic and the <iate rchen the chloride

samples were taken. For some eight of Lhe decks the openiug date

was unavailable. H.owever, the averages of the "Agecast" and

"Ageopen" values were one year aPart. So a value of "Agecast" -

3B



Table 4.1
DECK DATA FROI"I CONSTNI.]CTION DIAR.IES

Cover
Ins.

vI/c S lurnp
Ins-

Cure Cure
Id Bri<ise S rrr f ace ntio Iie th T r,nns-[d

I 83900
2 83114
3 3823
4 3-186

5 A5611
6 45500
7 85500
8 45L42
o, 85L42

10 3089
11 5817
12 43807
13 A5109
14 85109
15 546 4
16 5644
17 5t+66

18 A5088
19 B5OBB
20 A5535
2L v5535
22 A5536
23 85536
24 !3227
25 P'3227
26 A153 8
27 L5307
28 83888
29 L4l2
30 5348
31 3612
32 L36L2
33 43587
34 83316
35 83967
36 3583
37 3735
38 3974
39 2L57
40 56t4
41 A5203
42 85203
43 3L62
44 83166
45 2899

Smooth
Snooth
Sniooth
Smooth
Tined
Tirred
Tir.ed
Sraooth
Su,ooth
SmooEh
Tined
Srnooth
Sn:ooth
Smooth
Suooth
Tined
Tined
Sreooth
Suooth
Tined
Tined
Tined
Tined
Smooth
Su,ooth
Smooth
Tined
Su,ooth
Surooth
Tined
SnooEh*
Tined
Snooth
Sa,ooth
Suooth
Srlooth
Snr.ooth
Smooth
Tined
Tirred
Snooth
Suooth
Srnooth
Suooth
Sraooth

1.5
2.25
,q

2.4
2.4
lo
1.9
2.5
,q

3.0
2.8
1.75
1.875

.0

.0

.5

.25,(

.25

.75

.8

.0

.87 5

.87 5

.9

64-90
60-70

20- 50
70-90
60-90

a.44
a.49

0.;
0.44
0 .50

Bur Ia p
Comp.

Bur 1ap
Bur Iap
Bur lap
Bur 1ap

f,r. f rp
RetarC.

Bur lap
Bur 1ap

2.5
1.5

Coup.3.00.4

0

0 .50 L .7 5 Comp

- 40-7 0
Cot.I'iat 50-90

50-90

2.7 542

.0

.4

.4

.25

.0
(

.0

.64
-2
.25
.L

3.0

3
2
I
3
3
3
3
2
2
2
3
2
2
2
I
2
1

I
I
2
1

I
I

2.0-7 0
50- 90
70-90
50-80
20-60
20-6 0
20-6 0
20-6 0
60-90
60-90
60 B0

30-50
7 0-90

0
0
0
0
0
0

iu
46
44
44
44

:o

2.0
2.0
3.0
2.7 5

2.7 5

3.0

6 0-80
50-80
4A-7 0

7 0-1 00
40-80
50-80
7 0-90

60-90
60- 90

zlaa
3.0
2.0
1.8
L.25

0.50
0.50

2.7 5
2.7 5

0.55 2.50

G-Temperatures are the 1ow's and high's when deck tras cast.
*-Asphalt overlay, reported cover is thickness cf concrete.
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Table 4.2

CHLORIDE CONCENT}.,'JT]OI\S ( Tt,S./CU.Yd. )

Depth ( ir:s. )
_L0 2.5 _3.0I-d BridEe

Sample A
Pos. r. 1 .0 1.50-5

o.s
2.6
HS

n:

4.7
4.3

t.,
7.2
9.5
1.9
3.6
,:,

rl+
4.1

13.8
1.9
3.5
,:,

0.9
16 .8
1.2
L.4
L.2
0.9
1.9
1.1
0.8

t0.6

0.6
0.6
0.7

3.4
4.3
2.6
5.0
4.4
9.0
0.1
2.6

0
5.5
4.3
L.4
2.8
,_,

1.8
6.9
4.2
2.2
6.0
o-:u

t

3.6
10.6
I 8.7
4.9

;
G

G

G

G

G

G

G

o
G

G

S

I
G

G

I
G

0
0

:

G

0
G

G

G

G

G

0
o

.

G

S

s
s

1 83 900
2 R3LL4
3 3823
4 3386
5 A5611
6 A5500

- 7 85500
8 45t42
9 85142

10 3089
11 5817
t2 /-se07
13 A5109
14 85109
l5 5464
16 564t+
17 5466
1B A5088
19 85088
20 A5535
2L ts5535
22 A5536
n f'5536
24 A3227
25 8,3227
26 A153 8
27 L5307
2B 83888
29 L4L2
30 5348
31 36L2
32 A3672
33 43 5t7
34 83316
35 83967
36 3583
37 3735
38 397 4
39 2t57
40 56L4
41 A5203
42 85243
43 r3t62
44 83L66
45 2899

7.2
,_,

0.,
0.8
0.3
0.5
0.7
0.2
o:,

0.,
0.5
0.4

1.0
1.9
4.3
2.9
2.8
7.0
0.0
0.7

0

ol,
8.5
0.4.
0.9
0.4
4.2
I.1
0.4
0.2

10 .8

1.0
2.0
1.9
4.L
2.7
7.3
0.0
0.8

0
5.3
3.3
1.3
7.0
,_t

2.5
4.5
3.0
8.2
0.0
I.2

0
5.8
J.J
1.4
9.2
,_o

4.7
1q

0.7
0.9
0.5
0.6
1.3
0.6
0.5
8.6

0.5
0.5
0.4

1

HS

1.1
,1, o

1.6
L.4
1.6
1.6
3.6
1.9
t.4

12.8
4.8
1.6
1.6
o:,

5.5
5.9
4.5
4.1
4.9
8.2
1.5
4.6

0
9.6
5.5
r.7
5.7
u_u

qo

6.0

7.0
50.4
2.7
2.6
2.7
,o
o1
3.6
4.4
6.3
6.8
3.0
3.0
,:t
R7

B.0
7.0
7.6
8.6

14.0
3.4
7.8
0.7

1.4.1
10.5

lr .0
16 .8

8.6

0.5
0.5
o:o

ES

2-.2

3.3

6

10.0 14.0 9.2

2.7
1.2
5.5
,_o

0.,
t.4
5.8

11

0.3
L.4
6.7

0.,
1.5
7.6

0.9
2.5

10.0

6

.4

0
3

1i

1.9
7.5

13 .5
I
8.9

* S-Shoulder G-Gutter O-Cutside wheel path l-Inside wheel path
B-Between the wheel paths lis-hit steel
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Tab 1e 4 .2 (Cont . )

2.6
4.2
0.4

2.6
6.8
2.0

1.3
HS

.3

.9

.5

.3
a

.4

.0

.2

.2

.2

.0

.3

.1

0.2

o.s
0.8
c.7
0.7

0.3
r.9

^_,

-
3.3
9.4
2.0
2.4
L.2

0.3
5.6
1.4
0.6
0.7
0.3

10 .4
4.2
1.5
,:,

4-.4

9.4
,:u

5-.g

6.7
1.5

0.8
0.7

13.4
4.7
1.7
3.5

_

4.5
9.1
6.6
3.4
1.0

6.3
8.0
3.4
1.3
0.9
0.9

19.1+
2.6
11

4.6
(o
0.6
3.4
2.8
4.0
3.2
8.0
8.7
5.6
2.6
4.5
0.5
t.4
1.4
,:o

:
o
o
o
0
o

o
o
0
0
o
0
E

0
C

o
0
G

0
0

:

0
G

E

0
0
o

:

o
o

:

o
0
0
o
o

1 83900
2 B3114
3 3823
4 3386
5 45611
6 A5500
7 85500
8 A5L42
9 85142

10 3089
1i 5817
L2 A3BO7
13 A5109
14 85I09
15 5464
i6 56t+4
L] 5466
iB A5OE8
19 B5OBB
20 A5535
2I R5535
22 45536
23 85536
24 A3227
25 83227
26 A153 6
27 45347
28 83888
29 L4L2
30 5348
31 36L2
32 l36t2
33 /J 587
34 83316
3_s 83967
36 3583
37 3735
36 397 4
39 2L57
40 56t4
41 A5203
42 85243
43 t3L62
44 83t66
45 2899

1.1

10.
10.
6.

1.

8

5

9
6
7

HS1.4
0.5
0.8
c.5
8..4
0.3
L.2
1.5

0.1
r.3
0.7
4.2
1.5
4.4
4.A
1.8
0.5
0.8
0.5
L.4
1.5
1.2

0.7
2.2
t_,

L2-.3

9.2
3.4
1.5
qE
Z o)

0.9
6.3
5.6
7.6
5.5

t3 .3
1.8
3.5
7.4
8.9
9.4

11.7
14.8
3.8
4.3
4.7
3.7
2.4
5.6
5.2

4.4
14.8
,_,

0
0
0
5

0
I
2

0
1

I
0
1

4
0I

HS

rls

0.1
1.3
0.8
c.5
1.8
6.0
4..t
1.8
0.6

o-.2

L.4
0.5
,:u

0.9
2.3
u_,

,.].
L.2
9.1
2.3
3.5

0
2

11

5

5

o.u
4.0
5.8
9.3
9.2

1

,.u
8.9

14.6
12.7
L4.6

.2
(

.4

.6

.5

.B

.6

.9

.6

.6

.3

5
8
4

.6

.7

:i

t,
.3
.7
.2
.3

0
1

I
1

2
6

5
3
1

J

I
1

0
2

0.
5.

2.0
19.4
,_, L6.

0.8
1.1

0.5

,.0
1.1
7.4
,:,

* S-Shoulder G-Gutter O-Outside wheel path I-Inside wheel path
B-Between the wheel. paths lls-hit steel
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CHLORIDE CONCEI{T}]"A1'l0n'S ( it,s . /cu. yd. )

Sarnple B Depth ( ins. )
Id Bride_e Pos.* 0.5 1.0 __1.5__"2.0 

-2.5 - 3.0



Table 4.2 (Cont . )

CT:LOB IDE CONCENTPJ.T] ONS ( it,S . / CU. Yd . )

Id Briclse
Sample C

Pos.* 0.5 1.
Depth ( ius. )
1.5 2.O 2.5 3.00

o

HS

_

3.0
11 .7
1.9
2.8
1.2

5.7
17
0.7
1.0
0.6
0.6
2.8
0.0

r.r
6.8
0.9
I.2
4.7
1.5
1.4
1.3
5.9
5.3
2.2
I.5
2.L
0.8
o:o

I

1.5
9.8
2.6
3.4
3.5
1.8
4.0
2.6
9.6
7.7
2.4

14.3
t.7
2.2
0.7

t.4
7.8
0.9
2.L
I.2
1.5
1.6
2.4
7.4
6.3
2.4

13.0
2.L
1.t
0.4

3.0
3.0
6.6
6.0

2.7
9.6
3.0
1.9
,:,

2.3
2.3
5.1
,_t

4-.0

12 .8
2.3
r.9
2.0

u.,
2.8
0.8
1.1
0.9
0.9
3.1
,:_,

L0.2
L6.2

(o

4.r
J.L

7.L
7.L

L7 .3
t:o

;
B

o
D

B

E

B

B

B

B

I
G
l:
!

;
I
0

I
0
B

B

I
I
o
G

B

B

S

S

G

:

lt

:

I

I 83900
2 R3LL4
3 3823
4 3386
5 45611
6 4550C
7 85500
8 A5142
I 85L42

10 3089
11 5817
t2 A3807
13 A5109
14 85109
15 5464
16 5644
77 5466
18 A5088
I 9 E5068
20 45535
27 R5535
22 A5536
23 85536
24 A3221
25 83227
26 A153 8
?_7 45307
28 83B8B
29 r4L2
30 5348
31 36L2
32 }.36L2
33 }J587
34 83316
35 E3 967
36 3583
37 3735
38 397 4
39 2L57
40 5614
4L l\5203
42 155203
43 83L62
44 83L66
45 2899

2.2 2

IlS
0.9
0.7
0.5
0.3
0.7
2.0
0.,,

1.3
0.7
0.8
0.7
0.7
1.5
o_,

2.1
0.7
0.9
0,6
0.9
i.3
0.1

4.L
0.3
0.6
0.2
1.5
1.1
0.9
7.7
4.3
t.4

ns

10 .6
7.5
0.9
1.6
3.4
2.0
5.9
3.8

1.6
14. B

9.1
6.3
8.0
3.6
5.8
6.4

11 .3
9.6
6.5

3 0.1
2.8
5.5
,:t

lts
0.3
0.6
0.0
1.5
0.5
0.5
3.7
2.3
o-'

1.7
0.6
0.4

HS

HS

1.6
t:,

HS

2.I
0.6
0.4

L-.7

L.7
2.6
,_,

0.,
0.1
0.5

0.,
0.6
4.9

3-.7

3.7
TL.7
8.6

olo
2.8

10.7
4

10.7

olt
9.6

L2.9
8.4

16.5

0.4
1.6
6.6

0.3
1.0
6.5

6.2 3.1

* S-Shoulder G-Gutter 0-0utside wheel path l-Inside wheel path
B-Betveen the wheel paths IIS-hit steel
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1.00 was used for each of the missing eight values of "Ageoper,."

Those eight calculated values of "Ageopen" are indicated with an

asteri sk.

"Chloride at 2 ins." is the value of the chloride concentra-

tion at a uniforn depth af 2.0 inches averaged among 1 to 3

samples. It was used in evaluating the growth of chloride

concentraticn rtrith Eime. The values of chloride concentratiori rcere

plotted (hppeudix C) and the values found at the <iepth cf the clear

cover. The average value at this <iepth for all samples for a given

deck is the "Chloride at Cover" value fron Table 4.3.

The values of density of the concrete at various levels rrere

plotted (Appendix C). The value of density at the half-clear-cover

Level is the variable marked "Density" in Table 4.3.

The average rebound numbers for terr readings at each depth for

each sample were alsc plotted (Appendix C). The variable "RN at

Cover" is the value of the Rebound Nuu.ber at the clear cover Ievel.

The value "RN A1,s1'4ge" is the average of the Rebound }lurrber aver-

ages from each of the four depths measured. The variable

"Strength" is the compressive strength of the cores in psi

corrected according to the height/diameter ratio of the specimen.

"Maintsum" is the total dollars that were spent on the

particular deck in the last eight years. "Trafsum" is the

stmnaticn of the Annual A.verage Daily Traffic Estimates for each

deck for the period of years from the opening date for the bridge

to 1984. The values were taken frou the yearly Traffic Volume maps

published by /,HTD,

No records lr'ere available for the anounts cf chloride
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delivered to each deek. Eor.rever, it was thought that deck deicer

chemicals delivered were in some way related to the ',Trafsurc,'

intensities especially since traffic evens out the distribution by

carrying some salts beLween decks.

Ratine:

Af,TD evaluates each bridge in the state every few years. The

rating given each bridge is an indicatior of the general condition

of the bridge and is determineci by the aniount of delamination and

spalliug present in the bridge deck. rhe relationship between the

extent of deterioration and rating is given in Table 3.2.

The rating, obtained for sll forty-five bridges (Table 3.I),

ranged frou. a 3 , which is an extensively deteriorated, bridge, to a

value of 9 for a new bridge. The average rating is a 6.84. A

ratitrg of 6 means a bridge has undergone moderate deterioration

with the area of spalls being less than two percent of the total
area and the area of deraminations being less than twenty percent

of the total area. A value of 7 means that no spalling is apparent

and that less than two percent of the <ieck area is delaminated.

Over sixty percent of the selected bridges exhibit ',none,, to

"1ight" detericraticn.

The "Rating" value is the only nr"rnericaL Eeasurenent of deck

deterioration available. rt is the value rorith respect to which all
the other values will be statistically cornpared. The rating value

is, hovever, an arbitrarily arranged set of indicators whose values

bear no continuous nrm,erical relation to the physical process of
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deterioration. Plots of age vs. ratinBr and age vs. percent

delamination illustrate this point (Figures 4.3 and 4.4).

In Figure 4.3 the ratings of the decks are plctted in reverse

orcier (Rating decreases a-e deterioratiorr increases ) r,ersus

"AgecasL." The progress of deterioration seeus a steady linear

pattern with some scatter. In Figure 4.4, hosever, the point for

an individual deck is plotted on a scale of increasing percent

<ielamination versus "Ageca6t.." The rating numbers of 9, B, 7 , 6,

5, and 4 represent ranges of percent tlelamination of 0r 0, 2, 18,

20, and 20 respectively. The points have been plotted at the

niid-height of the appropriate range. Thus location of the points

u.ight be anyr+here within the indicated range. Even with this

uncertainty of locatiorr the picture of the pattern of deterioration

sith time is quite <iif f erent. Iaany rnore of the decks are now

recognized as having only niuimal deteriorat.ion. A lesser nuuber

now show the possibility of significant damage. The lack of a

continuous relation betvreen the rating number and the actual

physical process of deterioration probably reduces the statistical

correlation of the <iata.

Another potential probleu is related Eo the measurenent of the

extent of deck deteriora.tion. A drag chain is used to evaluate the

percent of delaninatiorr orr rghich the F.ating number is partly based.

The drag chain method is subjective and results may vary due to

different operators. In turn, the statistical correlation may be

reduced.
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Surface:

Fourteen of the forty-three bridges had a tined finish. The

tine<i finish consists of shallo\d transverse grooves pressed into

the deck surface to improve skid resistance. The remaining

Luenty-nine ha<l srrooth finishes. The tined finish is relatively

new. A11 of the test bridges built in 1973 and later have tined

finishes. Bridges built before 1973 have smooth finishes. Grooves

j-n tined surfaces r.ay hol<i deicer salt concerrtrations on the

bridge, possibly increasing salt concentration in the bridge deck.

The cover is reduced by the depth of the groove. In adCition, the

finishing technigue may <iisturb and Lessen the near surface <iensity

of the bridge deck resultiug in reduced durability.

Cover:

The cover was known for all but two of the forty-three bridges

analyzed (table 4.1). The cover reported is the minimuc, measured

cover. Cover rrag rreasured in a spalled area, frorn the corer or

whenever steel was found vhen saupling for chlorides. The

rennaining covers were found from Beasurements ue-d.e aE the t.ime cf

the construction of the deck and contaiaed ia the project "Bridge

Books" on file at AHTD. The average cover vas 2.27 inches. The

naximr.ur cover vas 3.25 inches and the ninimum uas 1.2 inches. liost

actual covers were vrithin a quarter inch of the specified eover. A

plot of cover versus age of deck shows some trend to increase the

deck cover in nell bridges (Figure 4.5). The average cover for the

rnore recent tiped bridges is 2.66 inches, vhile that cf the

previous non-tined bridges is only 2.09 inches.

50



tr)
N

O

tr)

JC
o
o
c]
r+.t

o
ooc{ o0

u
o
l-{ lrdoo>>'o()
j4 S{

nOd
dOO)

CfFI (J
i.[.{
OH

o
ooo ,c

a
oa

o tr)
d \

o
!
J
0!.rl
E

c{

saqcuT (.ranoC .reaf3 Jo r{ldao

o

(

D

(
o

=o\o
sje

o lt

u
i(
o
o

11

t o

)

c e

+J
o
o

U)

Ur
o

o
c

(g.l

ir

o
o

eo

, @
A

{ {h
olal

3I

il
ol

3J

<fiI

I

a.rl
.Fl
fq

o
o
(d

l+-{

U)

€

oooc
E.llvrH
e<

O

51

aa!

I

I

I
I
I

e :
\o
\oil



llater/ Cemelt Ra_tj_o-:

The water/cement ratj.o was obtained from 6he records for L7 of

the 45 bridges (table 4.I). The average ratio is 0.46 rvith a low

of 0.4 and a high of 0.5. There were too few roiater/cement ratio

values given to contribute to the statistical analysis. The

influence of the water/cement ratio on the porosity of the concrete

was indirectly measured by Density and Strength for vhich a

significantly targer nuu.ber of values are available.

$Iunp:

The shirnp was found in the records for fourLeen decks (Table

4.1). The average slump was 2.5 inches with a range of frosr 1.5

inches to a high of 3.0 inches. .frgain, too few values were

available for statistical significance and the effect on "porosity"

is given with other data.

Curine llethod:

The method of curing was found in the records of thirteen

bridges (lable 4.1). These included the use of burlap sacks,

cotton naLting, sprayed curing compound, and, in one case,

retarding agents. Too few of the methods used were available for

statistical significance, especially in the number of bridges using

each methcd. Again, the effect is indirectly given in other iata

related to "porosity."

Ranee of Temperatgre_:

The range of temperature for the day that the decks were cast
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lsas available for twenty-nine of the forty-three <iecks examined.

Some ranges showed significant.ly 1o!d temperatures as well as others

r,rhich showed quite high ternperatures. Temperature was not included

in the statistical analysis since it was difficult to quantify.

Chloride Cont-egt-:

The chloride content *las measured for thirty-eight of the

forty-three bridges analyzed (Table 4.2). Samples were te.ken at

three locations; usually the gutter, outsi<ie r,uheel path, and

between the wheel paths. the concentration was reported in

lbs.Cl-/cu.yd. The top half-inch tended to have the highest

concenLration except in delaninated areas. In delaminated areas,

the highest concentration was found in the 1.5 to 2.0 inch depth.

There wa6 no significant difference in chloride concentration from

location Eo location on a bridge.

The variation of chloride lrrith dePth for each set of samples

fro,u: each deck are shown in the f igures in Appendix C. Also

plotteC is the intersection of the level of clear cover and the

threshold concentrat,ion appropriate to each deck (Table 2.1). The

concentration decreases quite rapidly r^,ith <iepth within the first

inch to two inches.

The iuportauce of adequate cover is emphasized in the chloride

concentration profiles of the decks (Appendix C). Of the

thirty-eight profiles shown, the concentration at the cover leve1

exceeds the threshold concentration in twenty-five decks. 0f the

thirteeu remaining plots, ten are of decks with Ratings of 7 or

above.
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Age of Deck

The age of the deck at the time of chloride sarnpling as

r,r€asur€d f ron the <iate the deck was cast ("Agecast") is available

all except for four clecks. Twc of the values are unavailable

because chloride sanples vere not taken; two are unavailable

t.ecause ccnstruction d.iar1, records are not available. Thirty-nine

values of "Ageopen" are available when the eight values estimate<i

f rorc. "Agecast" are included.

Densitv:

A measure of the density of rhe eoncrete in the deck is

available for all but five of the forty-three decks e:emiried.

The der'sities are quite uniform in value when plotteC with

depth below the surface of the slab (Appendix C). There is a

typical pattern of the density being slightly lower at the slab

surface and iucreasing r"rith depth. This variation is consistent

with the rising of bleed water.

The range of values of density was surprisingly wide with a

ninimr:m of L24.L pcf , a maximum of L52.5, and a mean of 141.6. The

sniaLler value was associated with a 15 year cld deck with a Rating

of 7, and the largest value came from a L2 year old deck nrith a

Ratiug of B.

Rebound Num!_er:

Rebound number data is available for all cf the forLy-Ehree

bridges examined. The coefficient of variation for the rebound

nurber readings at any particular <iepth varied widely. Therefore,
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little confioence is placed

rebound data inf luenced the

in the rebcund nl"mtrer resul-ts. The

statistical analyses slightl"v.

(;onpre s s i

Compressive strength values in psi are available for all of

the forty-three bridges analyzed. On the shole good strength and

probable corresponding low porosity are Present in the decks.

Unconfined compressive strength ranged between a niinimrmr of 3630 to

a maximum of.7569 with a nean of 5327 psL. A11 are above the

ninimusr value ca1led for in the AHTDTs Standard Specifications for

Structural Concrete. As a measure of porosity the Strength

variable was iucluded in the best predictive nodel.

Ilaintenance Cog-t:_

Maintenance costs lrere examined for the last eight years

(table 4.3). The average total uainten.ance cost for the last B

years was fairly low, $4,700. Ilost of the bridges had little

maintenance done while a few seemed to be consEantly needing repair

(Figure 4.6). If the six bridges that required the rc,ost

maintenance were excluded, Ehe average maintenance cost Cropped to

$t,5Zt. The bridges that did need a lot of maintenance tended to

be older. Iicwever, several older bridges were in good condition

r*ithout uajor repairs over the last eight years.

-Stmmatio-n of traff r fn!-e-n-st-t-i.e.p 'Lves-L:i-fe- oftslt-;

The sumnation of the Annual Average Daily Traffic Estimates

over the traffic life of the decks to present vere available for
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all but three of Ehe bridges. The use of the <iecks vary between

8.4 thousand cars Lo 494.E thousand vith a Eean af 122.3 thousan<i'

Traff ic, identif ie,<i as "Traf slrni" in the analysis, has a signif icant

effect .

s TAT.r S T II41L ANA!_Y-S-r-S

The sratistical Analysis systeB (ses) at the university of

ArkansasCornputerCenterl"asusedtoanalyzethegathereddataand

determiae if auy statistical relationships existed between Ehe

briclge rating and the data collected in this study'

SASisacomPutersysteEdevelopedfordataanalysis.SAScan

be use<i for information storage and retreival, data uodifications

and prograr.$ing, report lrriting, statistical analysis, and file

handling (SAS nasic Userrs Guide,1982)'

The first analysis was a direct correlation between the deck

ratiug and all the other variables to get soure initial

iCentification of those variables that night be particularly

inportant in conEributing to deck deterioration as ueasured by the

deck rating.

Correlation AnafYSiS=

correlation analysis is a statistical procedure that is used

to measure the strength of a relationship beEween two variables

(SAS Introductory Guide , Lg7 8, P8' 49) ' When two variables

correlate,thereisanaPparentlinearrelationsipbetweenthe

values of one variable and the values of the other. correlation
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coefficients, r, range from 1 to -1. A value of I or -1 means that

Ehe two variables are perfectllr qsaaelated. A value of zero means

t,here is ric correlatiorr. A correlacion is considered significant

when r is 0.84 or larger.

The CORR procedure in SAS computes correlatioc coefficients

between variables and the significance probability of the

correlation. The correlation coefficients are computed by the

Pearson product-monent method (SAS Int,ro. Guide , I97 8, pg. 49),

The significance probability is the probability that the computed

correlation coefficient vras obtained by chance alone and the

correlation coefficient is actualLy zero. The significance

probability is considered to be statieticall-v significant if it is

lower than 0.05. The Pearson product-Eoment correlation

coefficients for rating versus all factors are given in Table 4.4.

Tab1e 4.4

Corre lat ion Co_ef fj-ci_eLt9

Number of Correlation Probability
Variab_Le___0bSC-Ivations Co_ef f ic_i_e3fp -- Sienif icance

Agecast 39
Ageopen 39
Surface finish 43
Cover 4l
Chloride at 2" 37
Chloride at Cover 36
Density 38
RN at Cover 39
P..II average 41
Compr. Strength 4L
Traffic Sumgta. 40
l'hintenance Cost 42
( last 8 years)

-0.7 54
-0.741

0.536
0.318

-0.378
-0.503
-0 .025
-0.209
-0 .1 59
-0 .1 07

-a.294
-0.549

0.0001
0.0001
0.0002
a.0425
0.0210
0.0018
0 .8827
0.202L
0 .3 206
0 .506 0
0 .06 52
0.0002
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To test fcr correlations betr,reen Rating snd ghe other factors,

the surface firrish was coded. A tined strrface was coded as a 1 and

a non-tined surface was coded as a 0.

Rating decreases , i. e. , lrorserrs, r,rith increaseci age , high

chloride content, decreased cover, smooth surface, higher

naintenance costs, and larger traffjc volumes. Rating also worsens

r'=ith iucreaseci density and rebound nur,rber. These last two trends

are opposite to what uouli norriralLl' be assrmed. The ratiug also

worsens with decreased compressive strengEh which is expected-

St e pwis e Reer e-s-gl-opi

Statistically, the correlation coefficients are not high

enougli to state that there is a correlation betveen Rating and any

of the ir.dividual factors laentioEed above. However, the "r" values

for age, cover, chloride at cover, traffic sunmation, and

maintenance cost seem large enough to warrant the use of stepwise

regression to build a predictive u.odel of Rating decrease with time

and a cornbination of other factors.

The "r" value for surface finish indicaLes deterioration frouc.

a snooth finish. The explanatior, of course, is that the tined

surface is relatively rlelil and the bridges have not had time to

deteriorete and, Eherefore, have a high Rating value.

The strong "r" value for maintenance cost occurs because high

naintenance costs will be associated with deterioratiag decks.

Budget constraints and human decisions aE to which decks will be

repaired are probably why the correlation coefficient is not

larger.
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Stepr.iise Regression \,ras used to identif5, the best raethoC of

predicting the age of the <ieck at r,;hich the chloride concentratiorr

reaches the threshold concentra-tion at Lhe cover 1evel. The "Age

Frou Threshold" thus calculated was then used in a second Stepwise

Regression to <ieterrnine if the deck Rating coulC be predicted by a

linear cornbination of the variables, incluCing the calculat.ed "Age

Eo Threshold" concertration time.

STEPWISE is a program of linear regression provided by SAS. A

set of independent variables that are of interest can be put in the

form of an equation, knovn as the Eodel. STEPL'ISE regression

sterts with no variables in the nodel and computes the equation

correlation coefficient for the one variable model vrith the highest

correlation coefficients. SAS adds variables one at a time and

couput.es equation correlation coefficents fcr the nevr node1. The

variable that is added is the one that will produce the largest

increase in the correlation coefficient. SAS also computes the

probability significance for the nodel and each variable in the

nodel. SAS will continue to add variables until all variables of

interest are added or the remaining variables bave a probability

significance above a seE Iimit. Ihe STEPIIISE procedure n:ay not

arrive at the nodel rrith the highest correletion coefficient if it

does aot contain all relevant variables in the uodel. STEPHISE is

used when there ere !:any independent variebles and one wishes to

k-nov which variables should be included in a regression equation.

The best equation for prediction nust Eeet two requirements.

Tbe correlation factor nust be high and the probability

significance for the equation and el1 variables in the eguation
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nrust be Iow. The coumonly accepted values is for a correiatiop

factor (r) greater than 0.84 arrd a probability significance less

than 0.05. Sometimes, if an equation has a variable whose

probability significance is slightly trigher than 0.05, the equation

rEill still be used if the correlation coefficient is drastically

reciuceC when the variab,le in guestion is excluded. The equatior.

with the variable is used because it is more accurate at predictiug

Ehe result wiEhout a significant reduction in confidence.

If any data points are missing, SAS siill not include that

cbservation in the analysis. Therefore, the variables used in each

model were chosen so as to use as many variables as possible so as

Eo exclude as few bridges as possible.

The best two models confornring to the sinple theory cf Figure

4.2 were the following:

S ignif icance
Probabi litJ-

"C1- at Cover" = -
+

EQUATTON 1

(r = 0 .737)

"C1- at Cover" = -

EQUATTON 2
(r = 0.740)

+ 29.L7 43/Cover
- 22.697 glCover**Z

7 .5395
0.1 828(Agecast )
0 .007 487 (Traf sriu)

7 .5,qgl
0.1355(Ageopen)
0 .007 /r14(Traf sun)

+

0.0027
0.0111
0 .037 9
G.0665

0.0023
0 .0109
0 .0315
0.0558

+ 29.9932lCover
- 23 '5008/Cover**2

Equations I and 2 were Ehen used to predict the age in years

aecessary for the chloricle content aE the level of cover of the

deck to reach an interrsity equal to the threshold concentration.
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That is, they ryere each solved for the Age of the deck; either

"AgecasL" or "Ageopen." Values of Chloride content of L.L3 ox I.22

roere substituted for what tra.d been "ChloriCe at Cover" depending on

vhether the bridge had been built before 1972 or after. The

resulting equatioris became :

"Age to Threshold From Casting" =

EQUATION 3

"Age to Threshold From Openirrg" =

EquATIo\] 4

4t.2249
5.467 B(Threshold Cl-)
0.04094(Traf srm)

59 .51 9/ Cover
24.L081 Cover**2

40.9633
5 .-1905(Ttrreshol<i C1- )
A .W997 (Traf sr:n)

6l .67 8/ Cover
26 .6BL lQeYga:k*!

+
1-

-1
-r1

+

+

-1
+1

Equations 3 and 4 were used to calculate predicted "Ages to

Chloride Threshold" for decks for which all the above variables

r.rere available. The resultiug ages, neasured both frou the Casting

Date (Agecast) and frou the Opening Date (Ageopen), are shotrn in

Table 4.5.

Soue values of "Age Eo Threshold ..." are negative, indicating

the chloricle content at the beginning of the deck's life

. was already at the threshold concentration level or above. This

result would be consistent with high background levels of chlori<ie

concentration entering with lhe construction naterials. Some

values of "Age to Threshold ... " are greater than the age of the

deck when the chloride samples rdere taken. This indicates that the
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Table 4.5
AGE TO CHLORIDE THRES}IOLD CONCENTRAI]]ON AT CCVER

iD Bridee

Chloriie
Thre shc Ld

Ibs /cv

Age to Threshold Age to Threshold
frou Casting Date fron: Opening Date

Eguation 3 Equaticn 4

1 83900
2 B3Ll4
3 3823
4. 33 86

5 45611
6 45500
7 85500*
9 85L42

10 3089
11 5817
t2 43807*
13 A5109
15 51.54
16 56 4.4r,r,
L7 5466
1B A5088
19 B5OEB
2C A5535
2L 85535
22 A5536
23 L5536
24 Ai227
25 T,3227
26 A153 8
27 A53 07
28 83888
29 t4l2
30 5348
31 3612
32 L36t2
33 A3587
34 83316
35 83967
36 3583
37 3735
38 397 4
39 2L57
4.0 5614*"*
4t A5203
42 85203
43 83162*
44 83166*
1!.5 2899

I .13
1.13
I .13
1 .13
1.22
L.22

I .13
1 .13
1.22

I .13
L.22

6.410
13.319
5.664
3.839
5.489
0.548

r.6.789
10 .3 21

7 .958

3.126
9.060

tt.7 92
12 .83 0

I .113

5.523
12.227

4.81 0
3.005
t,.62L

-0 .2 84

L7 .623
9.484
7 .L3L

2.227
8.266

1 0 .889
LL.c)37

1

I
I
I
I
'I

I
I

I
I
1

I
I
I
1

I
1

I
I
I
1

I
I

.zL

.13

.13

.22

.22
.,1

.22

.13

.13

.13

.LZ

.13

.13

.22

.13

.22

.13

.13

1 .13
1 .13

I .13

6. 856
3 .661
1-207

13 .7 64
13 .7 64
t3 .7 64
tt.7 74
15.195
15.195
2t .27 B

15.7 05
10.630
0.235
7 .694
3.428
2.107
7 .166
3.493
4.116

-0.498
-0 .03 0
0.498
1.472

8.058
2.7 58
0.44.4

t2.c,tL
L2.9tL
L2..gLT
10 .84.8
I 4.0 91
1 4.0 91
I 9.991
r4.1 45

9.6 5B

-0 .5 88
6.832
3.001
L.286
6 .6 50
2.591
3.195

-1 .3 03

-0.854
-0 .33 8

0.227

.13

.13

.13

.13

.22
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* casting and/or opening dates not available
** cover not available for use in equations
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chloride concentration at the cover level has not yet reactred the

threshcld concentratiorr. A fev other seeming inconsistencies exist

in the results vith respect to the physical data measured in the

individual decks but that is to be expected when the nodel is based

cn a Stepwise Regressic,r, whose "r" was riot large enough to assure

"Statistical Signif icance. "

Predicted ages for reaching the threshoki concentrations were

then usei in various trial models for correlation with the F.ating

values of the decks. The best nodels attained are indi.cated below:

S ignificance
Probabi litv

Rating = - 
l.ii8f(Agecast - Age.rrc)

EQUATION 5 + 45.5722lCover
( 31 de cks ) - 3 4 '87 6 8/ cover:t*2
(r= o'8e7) - ti^;3'."'riSllfl:;-'

0.0001
0.0001
0.0001
0.0001
0 .0155

0.0001
0.0001
0.0001
0.0001
0.0207
0.L217

P.ating = -

EQUATI0N 6 +
(31 decks) -
(r= 0.896) 

:
!-

I .83 90
0.2034(Ageopen - Agettfo)

43.377 0/Cover
32.98341 Cover**2
0.00802.i (Traf surc.)

8260.57 /Strength
25.9381/(RN Average)

"Agettfc" is the predicted age at which the chloride concentration

at Ehe cover leve1 would reach the "threshold concentration" as

rneasured fron the Casting Date. Thus, (Agecast - Agettfc) is the

age of the deck at the date of chloride sampling rceasured frou the

assumed reaching of the chloride threshold.
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similarly, the (Ageopen - Agettf o ) value is another ri:ode1 of
the age at the date of chlori<ie sampling measured from the assuned

reaching of the chlori<ie threshold, but using Equation 4. Equation

5 for rating is slightry nore accurate and both are within the

range of "r" value for statistical significance.

Equations 5 and 6 represert the use of thirty-one of the

thirty-four decks for which alI pieces of data were available. The

three oecks not included are those riith tn nurnbers of 6, 34, and

45- rf data for rD/f 6 is included the ,,r,,values for Equations 5

and 6 go to 0.840 and 0.826 respectively, at the edge of

statistical significance. If data for TDlf 34 is also includerl the

"r" values decrease to 0.729 anc, a.7fi respectivery, outside the

range of statistical significance. rncrusion of data f.ox rDli 45

with an actual rating of 3 further lowers the',r,,values to 0.674

and 0.664 respectively.

Table 4.6 gives Ratings calculated by both of these equatious

for the thirty-four decks for rghich all of the active variables

were available. Figures 4.7 and 4.8 show a graphical comparison of
the calculateci and actual ratiugs for the same decks. The points

correspondirig to the three omitted ciecks are plotted and identified
in Figures 4.7 and 4.8. The three points in question are a) at the

extreme of the range of calculated values of Rating at their
particular Level of neasured Rating, aadlor b) have low values of
measured Rating. The latter would seemingly indicate that the

predictive models of Equations 5 and 6 are ad.equate cnly for
briCges in fairly good condition irr the early stages of

de terioret ion.
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Table 4.6
},,EASURED VERSUS CALCUI.A.TED IiATINCS

Calculated Calculated
Actual RaEing Rating

I_D nric;Se Ratinq Equari-og, 5 Equa!i-S-p- 6

I 83900
2 E3 114
3 -? E23
4 3386
5 A5611
6 A5500
7 85500
9 85L42

10 3089
11 5817
t2 A3807
L3 1,51C9
15 5464
16 s644
i7 5466
1B A5088
i9 85088
20 A5535
21 85535
22 A5536
23 85536
24 A3227
25 83227
26 A1538
27 A5307
28 83B8B
29 L4l2
30 5348
31 3612
32 A3612
33 43 587
31. 83316
35 83967
36 3583
37 3735
38 3974
39 2L57
40 56L4
4L L52A3
42 Y'5243
43 83162
44 83166
45 2899

7x
5

6

6
B

6

8?k*
l+

6

9
oft^

7

I

8
8
B

8
I
8
8
6
6
7

B

6
6
B

7

9
6
7

B

5

6
7*
Bx

7

6
o^^
7 *'*
3

6 .913
5.578
6 .146
5 .831
7 .61L
u.83 2

6 .167
5.756
6.223
5 .951
7.558
E.849

5.264
5.264
9.323

7 .367
7.578

6.637
6.639

5.7L7

5.279
).JL>
9 .505

7 .429
7.574

.890

.967

.556

.17 B

.507

.738

.L29

.L32

.56 8

.9 86

.t64

.904

.615

7.789
7.C13
7 .625
8.3 59
7 .365
8.483
8.1 54
5.954
5.424
6.093
7.758
6.188
5.541
7 .913
6.532
9.233
6.601
5.698
7 .693
5.960
6.622
6.942
a 01 0

.080

. slB

.L97

7

6
1

8
7

7

B

6

5

5

B

5
(

B

6

9
6

5

7

6
6

6

I

.662

.97 0

.631

.082

.47 5

.97 2

.990

6 .948
6.B12

5.589

* raEing calculated but insufficient <iata
for inclusion in rating equation regression

** insufficient <iata to calculate ratiug or
for inclusion in rating equation regression
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Iiowever, the dashed line in Figures 4.7 and 4.8 is drawn

through the centroid of each set of points with the same meastired

Rating. The rconotonic character of this line suggests that if the

variables measured were analysed by a rnore sop,histicated non-linear

procedure they night correlate very ve11 with a continuous Beasure

of deterioration such as the percent of delanination.

In both equations the rating is reduced (torsened) by the

irrcrease of both the age of the deck as ueasured fron Lhe predi.cted

reaching of the threshol<i, and the stmnation of traffic

intensities. The sururation of the level of traffic experienced by

the bricge is obviously an important fe.ctor to be included in

further refinement of the node1.

The rating is increased (improved) Uy ttre "Cover" teru. Eut

the inprovement is lessened as the cover depth gets larger. The

rating is decreased (worsened) by the term containing the square of

the cover (Cover**2).

There is a seeming contradiction in the effects of the

coupressive Strength of the concrete and the Rebound Nuurber at the

cover level.

Although the suurration cf uaintenance nonies sPent rras a

factor in the initial correlation rrith Rating, it did noE enter

either Equation 5 or 6. llaintenance monies spen.t are the result of

deterioration rather than part of the physical system of

<ieterioretion. Horeover, the nature of the decision of lrhether t,o

spend them or Dot nay exclude a close correlation between the

amounts spent and the extent of deterioration.

Although the average chloride eoncentration at the depth of
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cover was included in the regression procedure it did not appear in

either equat.ion. Reaching the threshold concentration at the steel

leve1 is sufficient to trigger the corrosion process. The spread

of the corrosion in the form of delaneination t.hen correlates best

wirh rhe time siuce Lhe threshold was reache<i, not. with increasing

chlorioe presence beyond Ehe threshold conceutration.

Possible Uses of Ehe Predictive }iodel:

Equation 5 or 6 can be used for prediction of future rating

values of existing decks with a reasonable degree of accuracy for

ratings as low as 5. Use of the equation may aiti in the planning

of maintenance resources. The equaEions night also be useful in

pre<iicting a design raEing at Ehe eud of a selecteci period of tiue.

However, the equations represent a model thaE is only marginally

significanE statistically because of the problems inherent in the

use of the Rating term. They reflect only a statistical analysis

of a limited dat,a base and should not be used for design of a

specific bridge deck for a long design life.
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Chapter I'ive

CONCTUSIONS

De t e r io r at i on-$eyeli!y-:

In 1978 the NCIIRP Synthesis of Highway Fractice li57 reported

that "nearly one-third of all highway bridge decks in the United

States are seriously deteriorated due to corrosion of reinforcing

steel." By cou.parison, Arkansas bridge decks do not aPPear in as

bad a condition. Of the forty-three decks investi-gated, only

seventeerr (39.5"/.) evidenced rjeck Ratings of 6 or less indicating

noderate deterioration or wor6e. Cnly four (9.3%) of the oeventeen

had P"atings of 5 or less indicating greater than 20 Percent

delamination. Those four ranged in age frou. 21.3 to 26.3 years

since cast.

The difficulty with evaluating the "severity" of deterioration

is the need for comparison. There is no Present standard for deck

life expectancy. A suggestion for a future standarri was iurplied ia

the objectives of a recent P.FP fron NCIIRP (NCIIRP, 85) "A long-term

cbjective of research in this program area is to develop a guide

for the design and constrrr,etion- of reinforced concreEe bririge decks

nith a service life of 50 years or Eore." Arkansas bridge decks do

not presently meet this projected standard.

Tined Finish:

This study found nothing conclusive as regards the possible

contribution of tined finishes to the accelerated deterioration of

bridge decks. The tined finish has been used for sueh a short
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period of tine (since 1973) that only coe of the fourteen tined

decks examined showed a moderate deterioration of even 2Z

delaminatiou. A better conparison in the future, if the ciata is

available, should be betrueen the statistical histories cf

deterioration of su,ooth decks in the same age range as that since

1973 for the tined-finish <iecks. Such a comparison, of course,

sould have to consider the different leveIs of deicer applications

during the two comparison periods.

There is a coiucidence in the beginning of the use of the

tined finish and the increased use of deicer chemicals in the

state. There are no smooth decks in the same period for use in

comparison. The tined finish and the resultiag deck surface

texture may, in fact, trap a significantLy larger proportiou of

surface chetnicals for a longer period than a snooth finish. This

may in turn increase the ingress of chlorides near the gutter,

contributing to the differential concentration in the deck that

drives the corrosion process. The riata is presently not available

for establishing whether this is true or Dot.

Deck Salti_ns:

Arkansas bridge decks are deterioratiug faster since the use

of salt to clear ice was begun. Use of deicer chemicals in recent

years has been the major factor in faster d,eck deterioration in

other states.

A number of variables are known to contribute to the corrosion

problem. The results of the statistical analysis perfcrmed in this

study are consistent with what has been found el.sewhere. Chief
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among the variables, of course, is the use of chloride salts as

deicer cheuricals. rf t.he use of sart for deicing is stopped, the

life of bridge decks nould be extended. stopping the use of deicer

chemicals will not, however, add significantr"y to the life cf

e>:isting decks in which Ehe threshold concentratiorr has been

exceeded.

Clear Cover:

The depth cf clear cover is the nost important factor which

determines the life of a bridge deck. 0n heavily trarzeled routes,

a uinimun clear cover of three inches is recosmended. One reascn a

large depth of clear cover is iuportant is that the effectiveness

varies as the sguare of the cover; i.e., a cover of 3 inches is
four times as effective as a cover of 1.5 inches.

Permeability of the concrete in the clear cover is also an

important fact,or. concrete tr'ith row permeability will protect the

reirrforcenent steel better. concrete rdith high density and

strength has lower perrneability.

- These u.ajor variables identified in the analysis of deck

deterioration are consistent r.rith a suuulary ic the cournittee 222

report: "rn reiaforced concrete nembers exposed to chlorides and

eubjected to intermittent wetting, the degree of protection against

corrosion is determined primarily by the depEh of cover to the

reinforcing steel and the permeability of the concrete.'i (acr

Committee 222, L9B5)

Equations 5 and 6 of this report can be used to predict deck

rating on bridges which are being designed.
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Appendi>r A

Appendix A contains the laboratory proce<iure used in the
f,leasurerlent of chlorides for this project, and the nodifj-catj-ons
f,1ace to the procedures for rceastrr€lc€rrt of rebound nunber and
couipressive strengt.h.
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-@r-e fo:: Iieas-ur-eEregt cf ch-Ios:-ce;

The samples were Eested by t,he following procedure: Steps 1-10 are

based on AASHTO T-26A-82. Steps 11-16 are frou, the raercuric

rritrate r.ethod for roeasuring chlorides found in Standard Methods

for Examinat-i-g-E of lialef end llastewq-t-e-r.

1 Se
A.

ive powdered concrete sample throt.gh a if50 seive (Figure
r).

2. Weigh out 3.0 grans cf sanrple.

3. Add 10 url. cf distill.ed water to sarnple.

4. Add 3.0 ul of nitric acid to sample.

5. Add hot distilled water to saePle until volume equals
approxiroately 50 nI.

6. Stir thoroughly

7. Add 5 drops of neEhyl crange indicator and stir. If yellow to
yellow-orange color appears, add sufficient nitric acid until a

faint pink or red color persists.

B. Cover with a watch glass and heat the sol-ution to boiling.
Boil for about one minute.

9. rilter solution through rlouble f ilter paper, using hrhatnan tiAl
over #40. (Figure A.2)

10. Hash filter paper with hot distilled water until filter
solution equals about 150 81.

11. Add sodir;m hydroxide until solution's ph is approximately 8.0
(Figure A.3 ) .

12. Filter solution through ii41 filter.

14. Dilure to 200 rnl.

15. Pour out 100 ul in a beaker. Add one Diphenylcarbazone Reagent
Powder Pi1low (Hach /1836) and stir.

16. Titrate sample with 0.0141N u.ercuric nitrat
cief iuite purple end point (Figures A.4 ar.d .

ante titr
A.5).

to

17. Determirre blank by titratiag t00ul distilled water contaicing
10 urg. NaHCO3 .
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Figure A.1 Sample

Figure A.2 Filtering Samples
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Figure A.3 Raising pH
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Figure A.4 Sarnple Before Titration

figure A.5 Sample After Titration
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Dete:mine n'g Cl/1 by: ng Cl /1 = (A-B)xNx35,4501(u1 sample)

where: A-ml titratiorr for sample

B-nI titration for blank

lrl-Norurality of merctrric nitrate

The ng Cl/1 is the nilligrams of chloride that yctr roould have in

one liter of solution. Since the three graui sample was diluted

into 200 nilliliters and 100 rc.illi1iters were lested, multiply the

nog C1/1 from the equation by tvo-fifths to get the milligrams of

chloride in the three gram sample. Divide the &.illigrams of

chloride by three thousand to get the percent chlorides. This

percentage r{as arultiplied by 4050 (1bs of concrete per eubic yd.

based on 150 lb/cu. ft.) to convert to lbs. of chloride per cubic

,vard of collcrete.
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Change s in !alg5a:!_o_r1 fr_o_c-e-o-u-r-e J-of ltg_ef_!'r_e1n9I;_t of
Rebound l{unber and tgrlfe_p_st_ve fu_r_e1g-t!r

The rebound urmber and cou.pressive tesrs vere performed in

accordance with the appropriate ASTM SEandards as listed previously

with the followiug modificatiorrs.

The cylinder, atter having been properly cappe<i and st,bmerged

in a sattr.rateC lime-water solution for rrore than forty hours was

removed and placed in a universal testing uachine. The core L'as

loaded to a force of 121500 lbs. rvhich corresporrds t.o a stress of

approxiuately 1,000 psi on a 4-inch diameter cylinder. .lrt this

loading the Schnidt hammer vas used to take twelr'e readings evenly

spaced around each of four circunferences at depths of I , 2, 3, and

4 inches below the top of the specinen. The upper and lcwer values

for each circurnference trere discarded and Lhe remaining ten values

averaged. Readings taken at the location of embedded reinforcing

steel were also discarded. The cylinder was then lcaded to failure

to evaluate the conpressive strength.
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Appendi:l B is a surmar), cf information taken from the construction
<iiaries
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Suumarv of !::-dge De_clc -Cop_s!Iic!-f-o-tr D:!_e.4r-e-s

Date
Bridge Span Cast

Teuip
LlLr trieather Rerarks

33168
trrl

llrl

53 48

2899 I

5611A

7-17-73
7 -L9
7 -20

5-22-7 5

5-27

8-6
8-6
8-6
8-5
8-5

9-10-7 7

9-1 0

6-23-7 4
6-23
6-23

7 2-99
7 2-t08
7 2-L05

6 8-88
65-87

5B- 90
6 0-90
60-90
60-90
59-88
59-68

53-84
53 -84

7 3-96
7 3-96
7 3-96

I
2
3

I
2

Partly Cloudy
Part11, Cloudy
PartIy Cloudy

Fair
Partly cloudy

Clear
PartIy Cioudy
Part11, Cloudy
Partly Cloudy
Clear
Clear

Partly Cloudy
Partly Cioudy

Partly Cloudy
Partly Cloudy
Partly Cloudy

Mentiorr of contractor
being lax on curing
and finishing

R.ight side diary
15 spans irr ple,ns
0n1y 3 spans nentione<i
in Ciary. Diary very
sketchy. lfention of
forming span #3, but
not cf casting it. Oi1
appliei in liay

Lic.seed 0i1 Used
lst coat-9-16
2nd coat-9-17
Concrete liix Design
look at Br. 56L4

4.97. Ertrairied Air
L 314 Lr-. slump
0.44 w-c ratio
Eurlap cure- It snowed
on bridge after casting
lraintenance required
afLer sno$ tgelted

Diary just. covered
substructure.
Sluurp-2.5 in.
0.51 w-c ratio?

Design cover-2 in.
5.82 eatrair.ed air
2.5 in slump, 0.44 w-c
ratic, Durlap cure
possible use of linseed

1.5 in. design cover
1B spans, air entrained

rttl

53 48

2157
ttal

rrll

rrtl

rt ra

lr tl

56t4
trll

I

I
2
5

4
5

6

I
2

8*11-75 70-92 Partly Cloudy Left Side diary

t1-768-

,l?

I
2
J

31668 lio Job File

B4

lrll

rttt



Bri<ige Span
Date
Ca st

Temp
LIE keather Ren,arks

3L62 b

5525L

I{o Job File

1-1 5-7 5

L-22
1-1 9
L-22
t-23
1-1 9

L-23

L-2L-7 6

1-3 0
t-I2
L-29
1-3 0
r-21
t-29

2-12-7 5

2-19
2-25
2-L7
2-L3

6-1 9-58
6-30
7 -L3
7 -L5
7 -18

8-6-66 6B-BB Cloudy
8-6? ? ?

7-30 70-90 Part1y
8-3 58-88 Partly
8-25 65-7 9 Partly
8-27 7 0-82 Partl1,
8-30 64-85 Partly
9-1 65-86 Partly
9-3 66-85 Partly
9-6 65-E5 Partly
Probably cast aroli-nd 9-B
9-g 62-8A Partly

c Ioudy
cloudy
cloudy
cloudy
cloudy
cloudy
cloudy
cloudy

cloudy-rain

Fair P.H=47 L6.5 in slab
Fair PJi=76 Scno-tubes in deek
Fair IIH=,3 8
Fair PJ{=3 5

Cloudy-rain F-H=94

5 in.
spans

<ie sign cover

l4 in slump, SIP forms
% en.traLued air

9 vr-c ratio , 2 Ln. de-
sign cover, curing compound
useC, Linseeci oiL 2-2L-75

LinseeC cil 2-23-76

3.8, % entrained air
2.7 5 in slunp
0.44. rn'-c ratio
Bur1ap cure
Linseeci oil- 2 coats
4-7 -7 5

I

rttl

rrtl

atta

rrtl

tlaa

tlll

rrtl

tttl

rttl

rltt

lttl

trlt

t! t

rt rl

tttl

tttl

atrl

rrtl

tirl

rrrl

1
tl

2
t!

tt

3
rl

1
t(

2

J

22-48
28-61
26-52
28-61
32-65
26-52
32-65

32-55
3 B-58
28-5E
32-60
3 B-58
32-55
32-60

41-55
32-49
32-52
3/+-55
2B-56

60-86
60-95
63 -88
67 -93
7 2-87

Clear
Clear
CIear-rain
Clear
Clear
Clear-rain
Clear

Clear
Clear
CIear
Cleer
Clear
CIear
CIear

Fair
Fair
Clear
Partly Cloudy
Fair

13
lt.7
0.4

553 5B

5307A 1

,t-

3
4
5

irtl

rr al

ttll

tlll

rl rl

ttal

ltal

rlat

rtll

tr tt

tr tl

1

L

3

4
5
6

7

8
9

10
1l
L2

3 9004

3114E 1

2
3
l+

5

7. ?3 823
,l ?

B5

IIo air entrairment
soue typos, nenti-or:ed
castingspans6&7
twice

Sono-tubes in deck
Plan has 3-30' <iecks
Diary nenticns 28 spans



Bridge Span
Date
Cast

Tenp
LIH Weather Remarks

51C9A 9-26-69
9-26
9-26
B-8
8-8
B-B

11-9-61
1 i--17
11-21
TL_27
r1-30
t2-4
I 2-8
T2-L9

53-86
53-E6
53-E6
7 4-98
7 4*98
7 4-98

Co Id
Co ld
Co id
Co ld
Cold
Co ld
Co id

33 86

tt tl

ll ta

tltl

rtrl

It tl

rirl

ttll

tr tl

tlrl

trtt

tttl

t,tl

tttl

trrl

Itta

al1l

alrl

tlaa

trtl

ttrl

Irl

,, tl

lltl

Ittl

rtrl

,t tl

ttrt

trrl

tltt

irtt

lrrl

1

2
3

4
5

6

Part J-y

Part 1y
Part ly
Par t ly
Part l-y
Part ly

cloudy
c Ioudy
cloudy
cloudy
c loudy
c loudy

Fair
Fair
ClouCy
Fair
Fair
Fair
Fair
Clear
Partly cloudy

Clear
Clear
Clear
Clear
CIear
Clear
Clear
Clear
Clear
Cloudy
C lear
Clear

Linseed oil applied
week of I'iarch 22-28
1970

Too many typos to make
sense, linseed cil vas
useci.

3.6% ent. air
2.75 h. slump
0.42 w-c ratio
Cotton rna-ts used
in curing
Linseed oi1 used

I
2

J
4
5

6

7

8

?

Clear, cold
Part11, cloudy
Partl1, cicuCy, rained the next da"y

Fartly cloudy
Partly cloudy
Partly cloudy
Cloudy, raiue<i the next day
Clear

550Cts

5142 A&B

3089

?

36-73
37 -67
5s-84
55-7 9
4r-7 5
50-7 6
52-7 B

4B-7 5
45-7 2

1 0-21 -6 1

1 0-20
10-12
10-.-7
I 0-4
9-1 9
9-16
9-1 5
9-L4

7 -23-20
7 -23
8-4
7 -28
8-4
8-1
8-1
11-8
1 1-5
I0-28
10-15
9-3

? ?

lio reccrds, Eridge in Texas (Texarliana)

51098 Conflicting diary entries. Entries cf ryreckirrg forms before
casting decks and pourirrg decks twice.

1

2
3
4
5
6

i
8
9

1

2
2
3
3
4
5

6
7

B

9

I

5BL7 7 3-94
7 3-94
80-98
7 3-94
B0*98
7 2-97
7 2-97
56-80
44-7 B

49-50
64-80
7 4-1 010

B6



Bridge Span
Da
Ca

te
st

Tenp
Llil Heather kemarks

ttil

Ir tt

tltl

rlrl

rltl

5 817 9-3
9-3
6-21
8-21
8-1 4
8-l 4

B-L7 -7 3
8-7
8-3
7 -24

6-E-62
6-6
6-5
5-24
5-1 B?

5-17
5-1 5

6-I8-62
6-1 5
6 -13
6-12
5-3 1

5-30
5-25

7 4-1 01
7 4-1 0i
7 4-105
7 4-rA5
B0-99
E0- 99

68-92
65-94
50-92
7 4-95

68-87
69-92
67 -90
69-94
63- 93
63-96
65-92

7 0-95
58-85
62-81.
68-89
62-87
62-87
69-94

11
L2
13
t4
15
16

C lear
C lear
Cl"ear
Clear
Clear
Clear

Partly cloudy
PartIy cloudy
Clear
Rain

CIoudy-rain
Partly cloudy
Partly cloudy
Fair
Partly cloudy
Fair
Fair

Partly cloudy
Partly cloudy
Fair
PartLy cloudy
Cloudy
Cloudy
Partll, cloudy

l,irr.seed ci1 applied
9-L2-73

0.44 rr.-c ratio
2 in. sluuip?
llet burlap cure
Scno-tube s

Same as 32274

3 in. sltru:p
0.44 v-c ratio
Iio air entrainment
Uet burlap cure

Curing done by
covering wiEh 2

leyers of burlap
and keepiug wet for
5 days.

5466
ttra

trrt

ttll

32274

1

2
3
4

I
2
3
4
5

6

7

I
..,
L

3
4
q

6

7

rirl

tt rl

ttrl

tltl

aarl

tltt

3227 B
rrll

tarl

ttrl

tlrl

lttl

rrt,

15384
!arl

llrl

lttl

tatl

rra,

ttrl

rlll

lrtl

rtrl

trrl

till

larl

lrtr

rlll

tttt

ttll

rrtl

ltlr

trtl

1

2
3
4
5

6
7

8
9

l9
11

l3
13
L4
15
16
L7
1B

6-l-61
6-2
6-6
6-7
6-8
6-L2

6-17
6-2L
6-28
6-26
6-29
7 -r3
7-7
7 -10
7 -L4
7 -L7
7 -2t
7 -26
7 -29
8-3

67 -E9
64-99
7 0-88
70-88
6 8-88
7 1-90
59-7 B

60-82
6 5-91
61-89
65-94
7 2-92
7 2-9L
6 0-86
69-90
67 -91
7 2-96
7 2-94.
7 2-96
7 5-97

Fair
Fair
Fair
Fair
Part 1y
Part l-y
Cloudy
Fair
Fair
Fair
Fair
Partly
Part 1y
Fair
ParE 1y
Fair
Fair
Part Iy
Fair
Part ly

cloudy
c loudy

cloudy
c loudy-rain

cloudy

c loudy-rain

cloudy
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BriCge Span
Date
Ca st

Tenp
LltL Ileather kenarks

1536A 8-l 0
8-21
B-25
8-26
8-30

7 5-95
63-83
61-85
63-87
7 2-95

rrrl

tltl

ittl

rttl

tltl

rttl

19
2A

2L
22
23

Fair
Fair
Partly cloudy
Fair
Partly cloudy

Fair
Fa ir
Cloudy-rain
Cloudy-ra-in
Partly cloudy
Clor-rCy-hot
Partly cloudy
Fair
Fair

,|

?

tr air
Fair

Cloudy
Fartly cloudy
Fair
Partly cloudy
Clear
Cloudy
Partly cloudy
Clear
ParLly cloudy
CIoudy
Cloudy
Fair
Clear
Clear
Partly cloudy
Cloudy
Partly cloudy
Partly cloudy
Cloudy
Partly cloudy
Fair
Fair
I'air
Cloudy
Cloudy
Fair
Partly cloudy
Cloudy
Partly cloudy
Partly cloudty

0.4 r,;-c ratic'
4 Z entrained air
3 in. s lurnp
Curing cof,ipound used
Linseed ci1 used
4-t3-77 t" 4-L4-77

Snowed between 1l-11
and 11-14

Iiention cn this day of
enclosed concrete and
heating equipaent.

I4L2 1
tl

2
tl

tl

J
rt

tl

4

ll

5
tl

4-1 8-6 0
4-r9
4-25
4-26
4-28
3 -31
4-4
4-6
5-5
5-6
5-9
3-3 0
4-L2

LZ-9-7 6

1 2-8
r2-3
t2-t
LL-24
11-23
11-1 9
11-17
11-16
11-15
11-r0
t 1-9
11-5
I 1-3
I 1-1
ra-29
t0-27
LO-22
1 0-20
10-18
10-15
10-12
10-11
LA-7
I 0-6
1 0-1
6 5-88
9-27
9-ZL
9-L7

tlrl

trtl

trrl

rlll

rtrl

t,tl

ltrl

rlll

L4L2

56 44
arll

ttll

tttl

arll

rt lt

tttl

tltt

llrt

Ittt

rlrl

rl tl

tttl

rltt

ltrl

rlrl

rrtl

rrtl

rlrt

tttl

rri,

lttl

Ittl

tltt

rtl,

rttl

tt tl

tltl

tt la

r11l

I
1

3

4
5

6

7

8
9

10
11
l2
13
r4
15
16
L7
1B
19
20
2L
22
23
24
25
26
27
2B
29
30

24-48
20-36
26-56
L9-4,,L
34.-67
22-43
32-52
38-65
30-52
3 0-40
18-35
32-56
32-56
46-6L
3 8-58
26-6A
35-46
38-68
25-50
3 5-64
4A-7 0
t+5-7 5
43-7 3
46-6L
48-6 E

48-88
53-83
65-88
55-85
53-th

B8
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Bricge Span
Date
Cast

Tenp
Llti Ieath er kerrarks

5644
rrtl

tttl

tttl

3l
32
JJ
34

2

55364 I

9-1 5

9-23
t2-t5
I 2-16

r-19-7 5

1-22
1-1 5

l-22
t-23
1-1 9

t-23
?

L-21-7 5

1-3 0
1-12
1-3 0
L_2L

6-20-6 B

8,-22
8-26

55-88
56- BB

1 B-40
1 8-40

26-52
28-61
22-t+8
28-6 1

36-65
26-52
36-65

?

32-55
35-58
28-58
3 5-58
32-55

7 4-96
7 3-96
61 -91

57 -82
62-86
70-78

7 L-95
7 4-93
7 6-94

,!

,!

7 1-90
7 2-95

?
,l

40-53
45-60
30-45
48-6 I
52-62
60-78

Partly cloudy
Clear
Clear
Clear

Clear
Clear
Clear
Clear
Clear
C lear
Clear

?

Clear
Clear
Clear
Clear
Clear

5 7. entraieed air
0.46 r.:-c ratio
S IP f crnis
Liriseeci, ci l- 2-.1 9

Same as 5535A
Span 4 in drawings but
not in diaries
Liuseed cil 2-23

2-314 h. slurop
5Z entrained air
RetarCer used
0.44 w-c ratio
Burlap-Burlene ? cure
Using heaters
Linseed cil, 2 coats

tttt

rllr

rrtt

rtrl

ttli

attl

rtrl

tttl

tlat

rltt

rtat

ritt

tlrl

rttl

rill

11la

tttl

titl

rtrl

trta

rlt,

lrrl

3
rl

4?

55368 r

50 BBA
llal

trtl

50888
Ittl

tttt

3 B88B

Fair
Fair
Fair

36LzA

B-29
8-30
9-5

7 -L6
7 -L4
7 -10

?

?

7-7
7 -26

?

?

3-19-80
L-25
1-9
1-17
1-11
5-23

rl

?,

3

1

L

3

1

2
3

I
2
3
4
5
6

7

B

9

1

2
3
4
5
6

lic air entrairs.ent

Fair
Fair
Partly cloudy

Partly cloudy Sono-tubes
Partly cloudy
Partly cloudy Very sketchy diary

?

?

PartIy cloudy-rain
Partly cloudy

?

2

Cloudy
ClouCy
Partly cloudy
Partly cloudy
Partly cloudy
Part11, cloudy
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Bridge Span
Date
Ca st

Ternp
LIH I+eather Remarks

Itli

rrtt

ttrt

tltt

rttl

rltl

rtil

lttl

tlra

rt ll

rl ll

tttl

rtlt

3612 9-30
10-11
I 1-1
I1-1 9
LL-25
I 0-25

L0-t4-66
l0-11
10-10

7 -9-65
7 -L4
7 -24
7 -23

9-25-7 6
9-25
9-25

9-29-7 2
9-26
9-14
9-7
9-1

50-80
60-96
48-7 5
55-7 0
34-62
60-85

I
2
3

4

5

6

26-58 Clear
33-58 Cloudy
50-68 Cloudy
12-52 Clear
28-55 Partll'
28-63 Ctoudy
65-100 Partly
60-85 Partly

but not in Ciary

Fair
Fair
Fair
Partly cloudy
Fair
Fair

raln

cloudy

cloudy
cloudy

Terrible diary
0.5 r,-c rati-o
No air entra"inu.ent
VIet burlap cure

3 in. slump
0.5 r*'-c ratio
No air entrainrnent

Linseed ci1 l1-21
0.53 w-c ratio
lJet bur lap cure
2 314 in slturp

4.27" eatxained air
0.49 rs-c ratio
1.5 in slrmp
Curirrg compound used
Deck damaged by vandals
night of 9-25-76

0.47 w-c ratio
3.5 in. slump
Het burlap cure
used retar<ier and
linseed cil

3 5B7A 2-7 -64
2-4
1 -23
1-1 0
1-6
lL-25-63
8-23-63
8-1 5
In plans,

B-2 8-6 9
9-4
10-15

I
2
3
4
5

6
7

8

9

1

2
3

5203A&B
lt r,

rrtt

3967r,
rlti

tltt

3735

I
2
J

I
2
3

4

69-91
66-86
62-82

65-85
37 -85
44-80

7 4-99
7 0-1 01
7 L-86
66-84

Partly cloudy
Cloudy
Partly cloudy

Cloudy-rain
Clear
Clear

PartIy cloudy
Partly cloudy
Partly cloudy
Cloudy

Partly cloudy
Partly cloudy
Partly cloudy

5500A

rlrl

rt lt

rt lt

1t ta

,r tl

rltt

tlrt

,t1t

rtrt

I
2
J

1

2
J

4
5

68-94
68-94
68-94

5464 45-7 L

6 5-Bl
7 L-84
7 0-89
62-83

90



Date
Ca st

Teu:p
LltL Il eather RenarksBricige Span

ttrl

taat

tt tl

tt al

lr aa

3 583 9-25-62
9-27
r 0-1
I 0-4
10-11
l0-r7

6-28-66
7-8
7-Z
6-24

4-27 -67
4-28
4-27

58-7 B

52-t0
49-68
55-80
5 B-83
5L-7 2

1

2
3

4
5

6

I
2
3

4

t
2
3

3 807A
ti tl

lt tl

1t 1t

397 4
lr ll

tltl

62-95
6B-97
6 8-96
60-90

37 -62
40-6 5
37 -62

Partly cloudy
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Appendix C

Appendix C contains graphs that shorg the profiles with depth of
chloride content, average rebound nt'nber, and density for each
brioge deck. It also contairrs tables of data for density and
rebouud nrmber.

The graphs are nunbered consecutively C.1 through C.45. Graphs C.B
and C.14, however, are ouitteci as data &'as not received for the two
decks with corresporLding ID nurnbers.

92



Table C.1
DENSITY IATA

Depth cf Section Centroid
Below Top of Slab

ID Brid.se Inches

Ivleasured
Density
- -Lb..l-qi-

13 8.98
146.4t
746.65

14L.97
742.7 2
t43.56

140.89
742 .7 L

144.30
145.15
t48.34

133.03
13 5.7 8
135.72

144.17
145.25
t4t .28

r45.40
145.08

139.47
L45.56
14L.54
141 .3 4.

L44.63
143.89
144.41

lt+6.04
Lt+6.93
Lt6.28
148.43

13 9. 82

124.L4
137 .7 5
Lt+6.59
L45.7 4

1 83 90C

2 83174

3 3823

4 3366

5 456 11

6 A5500

7 85500

9 85142

10 3089

11 58L7

L2 43 807

1.0
4.3
e,.0

1.0
3.1
5.6

0.6
6.0

1.1
3.3
5.4

0.7
4.0
7.0

1.0
4.2
5.7

1.0
3.8

0
0
0
6

5
1

2

I
3
5

6

I
4
6

0.75

1.0
3.1(,
7.2

1.0
2.9
4.0
5.7

13 A5109
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!D-E-E] d-ce

Table C. I (cont. )
DENSITY DATA

f Section Centroid
or,: Top of Slab

-Igches_

1.0
3.3
6.3

1.0
t.t
4.85
6.25

ho
Eel

Dept Iiea sured
Dens i ty.

15 5464

16 5644

L7 5466

18 A5OBB

19 85088

20 A5535

2t 85535

22 A5536

23 85536

24 Ai227

1.0
_? .0
4.9
7.0

*slst
153.I3
Is0.sl
152.41
I 50 .14

L33 .7 7
L32.63
136.80

136.64
13 9 .16

r40.32
1 45 .18

147 .48
144.93
145.04

13 8.13
13 9.3 8
13 6.6 8

140.51
t40.32
r41.59
136 .7 5

132.55
L36.45
136.12

135.18
13 5 .83
L40.52

I 43 .96
L44.Bs
145.82

14.0.7 B

143.t5
143.20
144.r5

I.1
4.6

0.8
4.0

1.0
3.9
5.6

0
2
l+

5

1.0
3.1
6.1

0.9
,o
5.5

B

5

I
8

L.2
3.1
4.6

25 F,3227

94
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4.6
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Lte pt

Table C. I (cont. )
DENSITY I.ATA

h cf Section Centroid }leasured
Eelow Top of Slab Density

_ Irlches __ lLsflE

t44.LB
143.1 5

145.04
146.97

13 9 .04
L40.28
L40.24

143.69
143.31
t44.08

Briqp.e

26 A153 8

27 A53 07

2B ts3888

29 L412

30 534E

31 36L2

32 A3612

33 A3587

34 83316

35 83967

1.0
3.2

1.0
3.1
5.1
6.6

1.0
3.2
5.4

1.0
3.1
5.2

0.9
2.8
4.7

1.5
3.7
5.8
7.9

0.4
1.8
3.1

0.7
?o
5.9

1.7
2.6
4.2
5.4

143.44
145.02
t48.42
L48.57

745.27
L44.08

143.61
143.51
143.00

143.00
142.59
142.20
L4L.49

143 .7 2
142.05
143.40

L42.22
14L.7 2

145.45
I 43 .80
I 50 .12

0.9
5.6

36 3583

95

0.65 145.97



Table C. I (cont. )
DEI{SITY I,,ATA

Ltepth cf Section Centroid l"ieasured
Belov: Top of Slab Density

D nr!dee__- _-In_etrss_ -- lLs_/_c_f

37 3735 134.42
r33.16
134.28

38 391 4 .9

1.0
3.1
5.6

0
2
6

1.0
3.0
4.7
6.5

0 .85
2.6
4.4
6.(r

0 .85
2.65
5.6

0.7
2.L
3.2

0.6

149.39
r 49. 98
151 .3 8

142.95
141 .30
140 .31
143.00

143.80
142.2t
143.35
143.37

13 6.96
I 40 .53
L42.L0

I42.29
143.23
L44.16

142.39

7

I

39 2157

40 56L4

4L A5203

42 852A3

43 P,3L62

44 83166

45 2899

0.8
2.4
5.0

0.6
2.0
6.5

141 .11
I 40 .20
13 9.43

144.35
I 40 .00
L43.94
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Table C.2

BEBOUND NUI.{BER DATA

Average Rebound lrlunber at Distarrces
Below Top of Slab in Inehes

ID Bri_ige I ___ 2 __- _*3 __ _*_ 4 _Ave:-aS_e

I 83900
2 B3LL4
3 3823
4 3386
5 45611
6 A5500
7 85500
9 b5L42

i0 3089
1t 5617
12 A3e07
13 A.5r09
15 5464
16 5644
17 5466
1 B A,50 88
1 9 85088
2A A5535
2t 85535
22 A5536
23 85536
24 l\3227
25 83227
26 A1538
27 A5307
2B 83BB8
29 t4t2
30 5348
3i 3612
32 A36L2
33 A3587
34 83316
35 83967
36 3583
37 3735
38 3974
39 2L57
4A 56L4
4L A5203
42 E5203
43 b3L62
44 83156
4.5 2899

44.00
32.60
50 .80
33 .50
35.70
-16.80
37.60
30.70
43.90
37 .50
42.4A
32.6A
41 .50
28.7 C

39.7 0
30.20
31 .00
32.20
37.00
24.20
42.70
/6.70
41.40
24.24
43.30
26.00
35.30
43.60
40.40
28.60
40.30
/+4'.1 0
29.60
4I.20
36.40
44.80
38.40
42.24
39.50
4A.74
47 .50
13 .10
41.80

36 .20
40.60
51.20
41 .00
3 4.90
36.70
41 .30
30.10
45.7A
3 4.80
41 .60
48 .80
29.00
2 8.00
40.10
37.70
3 8.50
34.7 0
32.00
i 9.40
37.60
44.6A
42.20
2L.50
48.3 0
22.60
36.40
lr8 .3 0
46.60
3 5.00
45.60
46.00
21.60
45.00
3 9.30
44.80
35.80
42.60
3 9.40
46 .60
42.30
42.40
41.00

40.40
33.50
53.40
40.10
41.30
40.00
45.tA
26.3A
3 8.00
36 .10
lil .10
4.9.50
32.80
28.7 0
33.20
33.80
37.60
29.60
37 ,40
16.60
3 8.00
4r.20
40.80
25.50
48.40
I 9 .4.0
39.7 0
44.60
37.90
3 5.00
45 .80
41.00
27 .40
ta.50

/+7 .20

52.40
37.7A
41.10
35.70
41.50
33.30
41 .10
3 5.00

48.60
34.20
22.7 A

33.60
35.80
32.80
31 .50
47.70
20.00
38.22
40.60

%.24
46.30
24.50
36.10

48.20
3 4.00
44.60
44.O0

45.40
42.44
45.40
34.60
44.6A
41.00
t$.20
3 9.10
$.7A
41 .10

4t.95
35.57
51.95
38.06
_\8.25
37 .30
4r.43
30 .10
42.t8
35.85
t,7 .7 0
44.8E
3 4..3 B
27 .03
36.65
34.38
3 4.98
3 2.00
3 8.53
19.05
39.18
43.28
4t.47
23.60
46.58
z,l_ . L5
36.t8
45.50
43.28
33 .15
44.80
t+3 .7 B

25.t3
43.7 B

40.63
44.35
36.00
42.95
40.10
44.98
4L.AO
43.35
41.58

22.60

44.40
42.40
35.20
42.40
40.50
46.40
36.70
44.24
42.44
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