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Early transverse cracking in bridge decks in their posit live moxnent rcgion is a phenomenon 

experienced by a large nuniber of states throughout the country. TS investigate the ( auses and 

extent of the problem in thle State of Minnesota, a two-phaisr: research program was c ondulcted by 

the University of Minnesota (UMN). The first phase of’tht.: study WX:~ a field investigation to 

determine the correlation betweltm lhe observed cracking and ~IV;~I{ Ial-Ple ticsign, material, and 

construction-related data (Eppers elt al. 1998). The second phasc of the research comprised a 

laboratory shrinkage study and i,L parametric study. In the pararncl.ric study, a numbcr of 

variables (e.g. material properties, girder properties, end reslraints) were investigated analytically 

to determine their relatiwe influence on transverse cracking iin bridge decks (Le et. a1 1998). 

The UMN field investigation mdutled 72. bridges located 1~11 aid around the Minneapolis/St. Paul 

metropolitan area (ic7 .34 composite simply- supported prestressed girder bridges, 341 cornlposite 

continuous steel plate girder bridges, and 4 composite (:ontiriuow rol led wide flange girder 

bridges). Crack patkms were documented and the bridges were givm a condition rating based 

on transverse crack dwiage. Ihta was collected for each bridge aid documented in ,i database 

for the parameters considered to be relevant to bindge deck, cracltirwg Each parameter was 

compared to the UMN deck condition rating on two-dimensronal j pphs  to determine: the 

correlation with deck cracking tmdency. Eppers; et al. 1998 comtaxns all bridge documentation 

for the 72 bridges observed. The docurnentation mcludies Field Ol~stx-val lion Logs, plliotographic 

documentation, crack pattern tlr;.twungs, and Parameter andl Material Data Sheets. 

Based on the results of the UMhJ field study and correlalion o l  the data with other research, 

dominant factors in traxnsverse biidj;e deck cracking were identified. Dominant desii;n 

parameters included: longitudinal restraint, deck thickness, arid tcip tiransverr;e bar size. 

Dominant material-related parameters were: cement ccmtent, aggreg,at.e type and quantity, and 

air content. Ambier11 air temperature at deck placement was the only dominant consrlruction 

rellated parameter discussed in detaiil herein. 



The shrinkage study was conducted on two Minnesota Departinenil of Transportation (MdDOT) 

concrete bridge deck mix designs. One of the suspected reasons for mcreased transverse cracking 

observed in bridge decks used in the State ofMininesota WiiS a changn: in the standard' concrete 

mix design from what was termcd a 3Y mix lo a 3X mix. '1'0 reduce the occurrence oftranisverse 

cracking, Mn/DOT slmdard deck mix specifications returricxl to the 3Y mix in recenl years;. The 

U?!dN laboratory shriinkage study included characterization of thc shrmkage characterisl ics of both 

types of mixes. The results indicatcdl that there was not a significant difference in the free 

shrinkage observed for Ihe 3X arid 3Y mixes. However, both types ofmixes were observed to 

exlhibit substantially higher initial shrinkage rates relativc: to that predicted by ACI 209 [ 11 This 

may be attributed to the different curing proc:edures emplloyed by the AS'I'M standard versiis those 

exlperienced in the field. The preponderance of cracks in bot h old imd (especially) new bridges 

suggests that early bridge deck cracking was exaqxxated by these higher initial shrinkage rates, 

coupled with the adtli tional paraimel ers highlighted in the fidd and parametric studies; 

To isolate the effects of individual parameters that have potentiaX iimpact on transversc cracking 

in bridge decks, a computationali parametric study was conldicted ixsirig the program IPBEAM. 

The program enabled the-dependent analyses of single-:;pan steel 01 coincrete girders made 

composite with 1 he casting of a concrete deck. Nodineair cmncrete constitutive properties were 

modeled, including cracking in tension, creep, shrinkage, and aging of the concrete dcck and 

prestressed girders, and relaxation of the prestressing strands. 'To represent the boundary 

conditions of continuous steel girder bridges, supports were modeled ;as either fixed aq;ains t 

rotation and horizontal and vertical translation (represeritmg continiutaiis spancj), pinned (fiee to 

rotate), or roller (free to rotate and translate horizon1 ally) These boundary cointlitions were meant 

to represent idealized extremes SO as to bracket the results o f  more realis tic boundary 6;ondiitions. 

The parametric study was conducted using pirotol ype giirdleir:;, with base cases modeled from two 

bridges chosen from among the inventory of 72 bridges investigated iin the field study One was a 

prestressed concrete tpridge (Bridge 190421, imd the other was a two-:;pan continuous :steel girder 

bridge (Bridge 62888). Starting with these base carjes, a large numiber of inonlinear static analyses 

were conducted, varying key parameters. The vilriables considered fbr the plrestresselrl girder 



bridge parametric study included: the timeline (relative tiines fbr strand 1 ensioning, (casting, strand 

rclease, and deck casting); and shriinkage properties (ACI 209 versus upper and 1ows:r bounds frorn 

the shrinkage study). The varia.bles considered for the steel gxrder bridge parametric stud.y 

included: end conditions; girder stiffness; cross frame, splice, and suppllememtal reinforcing bar 

locations; shrinkage properties; concrete modulus; and ternperatuire differential due io heat of 

hydration. 

The results of the parametric study correlated wdl, in a general serw:, with the field study. To 

verify the results of the analytical parametric study morc specxfmlly, the prolotype hridge results 

were compared with the observed behavior in the field In the cast: trfthe prestressed girder bridge 

(1 9042), there was good agreemenl between, the analyses iind the bridge performanca:--no cracks 

were observed in the re:al bridge. C;ooci agrr:ement was also obseirved in Ihe case of lhe two-span 

steel girder bridge (42888). Cracks were observed to develop xiear the roller, and increased crack 

concentrations occurreti near 1 he continuous end. The only di~crepancy between the analyses and 

field observations was that critclcs were also found near midspan iiin ll-ie analysis, which was not the 

case in the field. A third blridge was also investigated ( 19882) tar compare the result!, of the analyses 

with a continuous steel girder bridge of three or more spans In iboth the (analysis and field[ 

observations, the interior S ~ X J  cracked unifomly throughon t and lhr: end span developed two 

primary cracks. 

Based on this research, the following summary recomniendations were made (the report contains 

more detailed recornme:ndatioins:): 

0 Reduce longitudinal1 restraint of lhe concrete deck. It is recoinimcndetl to reduce (deck 

continuity over iriteirior sulppiorts on continuous giroiers, iminrm~izr: girder restraint and 

minimize shear coninecrtor restraint: 

Reduce concrete shrinkage though changes In the inarrirnmm cmnent content, wa ter-ce:ment 

ratio, minimum air content, itnaximurn aggregate content, and iimproved curing. 

‘Thinner decks (6 l/%”) were observed to result in increased crac;lomg in the field !study. 

0 

0 



0 IJse No. 5 (5/8" diameter) top transverse bars in concrele bridge decks on steel girders (bar 

size was not a significant fktor  for prestressed girder bridge dt.:clas). 

Reduce the effects of ambi~nt air temperature by placeirrg concrele decks only where the 

ambient air temperature is above approximately 40" I lo 45" I; ow is below approximately 85" 

F lo 90" F. Also, avoid pouring concrete on (lays whcni therc is  a Ilarge temperature range. 



Early transverse cracking in 1)ridgc: decks is a phenomenon expc;nenced by a large number of 

slates throughout the country (1-4). The transverse cracks result when the longitudinal tensile 

stresses exceed the concre1.e rmodulus of rupture. These cracks offlern initiiate soon aAer thr: bridge 

deck is constructed due to restraiincd shrinkage. Field observations by state departments of 

transportation (DOT’S) indicate transverse cracks are thc ~ r m l  co~mnxonly occurring type of 

cracks in concrete bridge decks (2,3). tn an effolrt to increase deck c;orvic:c life, varicuus 

modifications to standard britlgc.: dcck design have been made in the past 30 years, including: use 

of epoxy coated reinforcement, imitiimum cover of 76 mn (3”), niiniimurii deck thickness (of 230 

mm (9”), and modificalions to the concrete deck mix design. In :spite of these modihations, 

transverse cracks have continued to appear. Current maintenaxice prcacedures (e.g., CI ack sealing, 

deck reoverlay, and reconstruc,tiion) are costly operations. Consequently, it i s  desirable to 

determine the factors that aiffe:ct transverse cracking in bridge decks, ,and to develop 

recommendations to reduce 01- eliminate the cracks. 

OBJECITIVJC 

This report summarizes a two--pltiase research progmm was conductetl by the IJniversiity of 

Minnesota (UMN) to investigattt:: the causes and extent of 1ransvt:n;e c:racking in bridge decks 

within the State of IL1innesota. The first phase of the re:;earclh, descri1)ed in detail in a report by 

Eppers et al. (5), was a field invc.:stigation of seventy-two bltldgcs. The objective of this portion of 

the study was to determine thc correlation between the obslexvc:d araclcing and availal~le design, 

material, and construction-related data. A limitation of the Geld sludy was the inability to isolate 

individual parameters that affcct transverse cracking in bridge cleclcs because the crac ks form (or 

do not form) in a real biridge due to a complicateld combination or interaclion of a number of 

variables. 

The second phase of the research, described in detail in a report be L,n:: et 211. (6), coml)rised a 

shrinkage and a parametric study (6). For the shrinkage study, two types of concrete (deck mixes 

were cast in the field and subsequently monitored in tht: Xalboratory to investigate their shrinkage 

I 



characteristics with respect to time. The datai were used to bound tlhe concrete deck slhrinkage 

characteristics used in the parametric study. The objectlive of the parametric study was to 

investigate the relative mfluencc.: of the fhctors that affecl transverse nl ec k cracking through a 

controlled series of nonlinear fiiiite element analyscs. 'X'ltre parametric: study overcamn: the 

limitation of the field study by enabling individual vari,ationis in parameters to determine their 

relative influence on the transverse cracking phenomenon. 'The vacriables included: exid restraint, 

girder stiffness, cross frame location, splice location, deck supplernental steell bar cutoff length, 

deck concrete shrinkagc characteristics and modulus of daisticity, and temperature history. Two 

base case bridges weire used in the parametric study: a prestressed corncrlete (Bridge 10042:) and 

steel girder (Bridge 62888) bridge. Following the parmetiic study, tliu-ee bridges were modeled 

as accurately as possible to compare the anallytical results 1.0 field observations. Thest.: bridges 

included the two used in the parametric study (Bridges 19042 andl 62,1388) plus Bridgc: 19882 

(continuous steel britlgc: with 3 lor more spans). 'These threl,: bridges wen: modeled using the 

actual available design, material, and construction informal ion to (:or[ elate the analytical results 

with the actual crack patterns. 

A large number of research investigations have focussed on the ism.: of transverse cracking in 

newly constructed bridge decks Studies found to be most relevani to the current investigaiiori are 

given in references d -4 and 7. The research described in these refcrernces included: PIOT agency 

surveys, analytical studies, laboratory shrinkage tests, lalr,olxatory resl rairit tests, field surveys, and 

concrete deck rnoni toring fi-om deck pour until observed ciracking. MI iajor contributors to 

transverse cracking in bridge decks, as reporl ed by these siudies, inclhdecl: concrete shrinkage, 

curing, temperature during the deck ]pour, and longitudinal reslrairnt. 'The results from these 

reports were used to generate a list of initial parameters indudeti in the 1JMN field arid analylical 

studies, and to provide a comparison to the field observaliorws and parametric study results. Table 

1 shows a summary of Ihe dominant parameters €ound to ad'fect trm:iver;st: cracking, iincludling the 

findings of the five ;Iforementioned references and the XJMIN results. 

:2 



The UMN field survriy included 72 bridges (34 composite simply- supported prestressed girder 

bridges, 34 composite continuous steel plate girder bridges, and 4 composite continuous si eel 

rolled wide flange girder bridges). All ofihe bridges were 1ocaiatr:d in and around the 

Minneapolis/St. Paul metropolitan region. l h e  hridges were selected for the study to include a 

wide range of roadway types (local or interstate), ages (30 years old to recently constructed), 

lengths, and overall condition ratings. 

Crack patterns were documented and the bridges were given a IJMN bridge deck condition rating 

based on the extent oftransverse crack damage. ‘The condition rating scale adopted by lJlLlN was 

similar to that used by the Miruncsota Department of Tramporblion (IMdDOT) for overall 

condition rating: the ratings; ranged from ‘5’ to ‘9’ with ‘9’ descxlbing an undamaged, condition. 

Crack width measurerncnts and crack spacings recorded with detailed top crack pattern 

documentation were uscd in the LJMN evaluation. The extent of longitudinal cracks, “map” 

cracks, and transverse cracks located in the negaiive momerit region were not considc:red in 

assigning the rating. The basic; cxiteria used to rate each span o f  each bndige were as follows: 

No cracks. 
A few single cracks <:: 0.75 rnm (0.03”) widc:. 
Single cracks with a crack width .c: 0.75 mrn (0.03”) and (:tack spacing greater than 
approximately 1.82 n i  (6’). 
Areas with high crack: density. Crack width <: 0.75 rnnni (0.03”) and ‘crack spacing 
between approxiirnitte:ly 0.91 m (3’) and 1.82, xn (6’) [or single transverse cxacks with a 
crack width :> 0.75 m:rn (O.O3”)]. 
Areas with high crack density and large crack width. Crack width :> 0.75 mm (10.03”) 
and crack spacing closer than approximately 0.9 1 1yi (3‘’). 

In addition to recording cralck patterns on the top side of the bridge deck, bottom crack patterns 

were documented, where possible, to locate ihe cracks with respe:ct to bridge elements such as 

fascia girders, joints in concrele parapets., cross firames, and lield sgp11~es Field observation logs 

were also written for each blridge to document individual bridge araclting characteristics. The 

detailed documentation of bridgti: deck cracking for numerous bridge:; was an essentiiil 1 ooll in 

identifying the possible crack soiuces. 



Design, material, and constructiion related data were collected li)r each bridge and dot:urnented in 

a database for the parameters consiidered to lbe relevant to bridgc deck cracking (Table 1) [see 

Eppers et al. (5) fox I I  detailed account of' materid collecletl per bridge]. General infiannation for 

eaich of the bridges included: year of construction, overlay placeniei it and redeckirig (when 

applicable); detailed bridge and deck dimensions; average daily trafiic; inventory and operating 

rating; Mn/DOT condition rating; arid UMN deck condlil ion rating (per span). Desigri 

information, documented separately per bridge ancl per spm, was avadlable for 55 bridges, and 

included: span lengths, girder spacings, deck: reinforcemerit and conrpos;i te stud details. In 

aclditiion, "flexibility" parameters such as lhe beta (p) raiio (defined Inter) and EI/L were 

calculated for the steel bridges in tht: study. Material infinmation, documented separately for 

deck and overlay concrete, was available foir 2 1 bridges, and included: cement supplier and 

del ailed mix design dala. Construction information, available for 18 bridges, includcd: deck 

contractor, joint typt:, date when the deck was placed, and highest and lowest air temperatures on 

the day of the deck pour. 

Due to the limited construction information available f ix  1he bridges., the UIMN fieldl study was 

not able to include comprehensively many consti-i~ctio~a related parameters currently considered 

to be relevant to deck cracking, including time of placeiment, curing period, curing irmethcids, 

pour length and sequence, finishing procedures, vibratiion tt;chi(pes, rdative humidity, and 

wind velocity. 

Typical documentation, presenled per bridge in Eppers c.:t a!. (5), inclludes a table detailing the 

primary 'features of1 he bridge, a top and bottom crack pattern, arid :;e:veral photogra][ahs 

highlighting the cracking. A sample of this infomation is given in 'li'ablle 2 and Figures 1-4 for 

Bridge No. 19882 [see Eppers et al. (5) for a description of each lielld in the table]. 'll'his steel 

girder bridge, built in 1985, wais the newest bridgt: in the worst condition. I1 had many factors 

contributing to its large amount of cracking in both the negiltive and positive bending moment 

regions (5). 

4 



To evaluate the influence of eac h paramcter on transverse craclting, R he design, material and 

construction-related parameters were compared to the 1JMN deck condition rating 0111 two- 

dimensional graphs (S), Lrnear regression was used to determine thc conrelation with deck 

cracking tendency. I3x,;unplles o,f these graphs are given in Figures 5 to ’7 and are diswssed in the 

following sections. 

Design-Related Parameters 

Overall, simply-supported prestressed girder bridges were found 1 0  be in good condilion relative 

to continuous steel girder bridges. This was attributed to retluced end restraint and beneficial 

creep and shrinkage characteristics of the prestressed blidgc: girtlei s (5,6). Evidence showed that 

restrained concrete deck shrinkage i~n composite continuous steel bridges caused subidanlial 

cracking in both old and new bridgtx. 

Oric: of the dominanl design paraimeters identified in the re fkrences as affccting transverse 

cracking was a restraint coefficient, [1 (7). The p quantity imdicales the degree of deck, restraint 

that is provided by Ihe steel girdlcrs and is calculated as the ratio sf the ciross-sectional area of the 

steel girder to the effective area of the concrete slab assuming girder center-to-center distance for 

the cross section. Ducrct et al. (7) provides guidance on thc ranges of valutx and their 

implications (e.g., p 5- 01.05 indicates limited restraint from the girders arid lower probability of 

premature deck cracking; p 
probability of premature: deck cracking). 

0,112 nndicates substantial restraint @om the girders and higher 

Fiiyre 5 shows the p paramleter plolted versus the TJMM coxidilion raking for the steel bridges in 

the study (5). The data points represent individuijl spans and their respective conditiorn ratings 

identified according to whether they were exterialr or interior spans of a inultispan bridge (i.e., 

‘end spans-multi’ or ‘contin. spans -multi’) or part of a two-span bridge (i.e.? end span-2 span). 

The correlation coefficicnts, R2 values, obtained From the linear regrwsion analyses and 

corresponding best-fit lines arc also shown in the figures. ,4 pcrfeecl cmrrelation would give R2=1 ; 



the low correlation coefficients were not unexpected due to the interaction of multiplc variables 

combining to affect tlhe transvt:rse cracking in each bridge. 

The p values given in Figure 5 were calculated j i i s t  past thc splice., towards the positive moment 

region of each span 1\/1c.)st of the 

0.08, with the trend in tlhe predlicted direction (ix., decreasing crack t endency with decreasing p). 
Several “outliers” in thc data arc shown encircled with the specific Mn/I)07’ bridge Inumber 

identified adjacent to the data point. These data may be associated WI th explanations lor their 

performance. For example, the high condition rating for Span 3 of Bridge No. 628 13 was 

attributed to the beneficial effect of‘ the expansion joint in ithe bridge deck at midspan on Span 3. 

values fell within the ‘‘limited risln” range, betweern 0.05 and 

Another design parameter thought to affect transverse crricltrng was tie transverse 1 oip 

reinforcement bar s u e  and spacing. Figure 6 shows a plot of the biar spacing versus 1, JMN 

condition rating for thc: steel girder bridges. Tht: data are sqarateni according to bar size and 

corresponding bridge span type. The graph indicates a trcnd for improved UMN contlition rating 

with increased bar spacing. The stcel bridges that performed best had either No. 5 bars (16 rnm 

or S/8” diameter) at 140 mm (5.5”) spacing or hTo. 6 bar:; (1‘3 I D  or 6/8” diameter) ail, 165 mrn or 

178 mm (6.5” or 7”) spacing. CBf these categories, Ihe No. .5 bars performed better than the No. 6 

bars. Note that bar size was not a significant factor for the deck condition ratings of the 

prestressed girder bridges. 

Some of the highest n;orrelatiom were found with respect to inventory and operating ratings 

versus UMN condition rating 1 Iata indicated that multipli.: span :;Lee1 b1idge:j designcd for an 

increased maximum sustained vehicle load resulted in reduced crackmg tendency. 

Additional dominant design parmeters associated withi increased tr;insverse cracking tendency 

included: interior spans of continuous multi-span bridges constructed with girders having 

increased stiffness [this correlated well with the results ofthe computational study (ti,)]; and 

bridges with thin decks [i.e., 159 mm (6 G9]i], i .e,  older br@y:s. Cracks occurred frcquently at 

locations of railing parapet joints, particularly in the negative monnent region Crack.?; were also 
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observed to develop at cross fraime lociitions. Less crackimg occwrred in bridges witlli expansion 

joints compared to similar bridges without expairlsion joints. Eppers el al.  (5) providc:s fw:her 

documentation of these parameters. 

Materials-Related Parameters 

Restraint of concrete deck shrinkage was believed to be the primary cause of transverse cracks. 

Materials-related parameters I-)elieved to affect concrete shrinkage properties include batch 

proportioning and rriaterial properties of the individual concrete components (cemenl , aggregate, 

and water). Shrinkage is also affected by constniction--rel~i~ed pxiinlt:tersl (e.g., curing 

procedures) discussed in the next section. 

In this study, the dominant ma teirial parameters found to be ass(l(>iiited with transverse cracking 

in bridge decks were cement content, aggregate type and quantity, and air content. These results 

are described below, based on data (obtained from mateiials xeports for 21 of the bridge deck 

mixes (12 prestressed and 9 steel girder bridges). 
' 

Cement contents were compared with results ob1 (ained from other I esmrchers. Gauss et al. (4) 

considered cement contlent to he a major factor contributing lo prernature bridge deck cracking. 

In concrete restraint tests, they observed the concrete mix with the highest cement content, 4920 

N/lm3 (846 lb/yd3), cracked iirst, while the mix wiiih the lowest cenrrenl content, 2730 N/m3 (470 

lb/yd3), cracked last. For mixes with typical to ni~oderately high cement contents, cracking was 

not dramatically affected by watm content or water-cement ratio within the range tested (0.35- 

0.50). 

TalnXe 3 summarizes the UNIN water and cement content data fbr the prestressed and steel girder 

bridges. The cement contents, which ranged from 3590 to 4030 N/m' (61 7 to 693 lb/yd3), have 

been subdivided into low, moderiate, and high cement contemt categories for ihe two types of 

bridges. A general trend of increased cracking wii tlh increased cernent content can be cliscenned. 

The lower cement content mixes typically had higlher water- cemenl ratios and typicalliy 

performed well, with the exception of Bridge No. 27856) [the low corxdition rating waj attributed 



to an early April deck pour with higWlow temperatures of X.9"C /3..3"C (48"F/38"l7)l. This data 

indicated that high water con1.emt and water-cement ratios alone are not good indicators of 

potential for concretr: shrinkage. Reduced paste volume wid reduced cement- to-void ratios; 

corresponded with reduced cracking tendencies (5). 

The low cement concretes with reduced paste volume arc associakd with reduced heat of 

hydration. Krauss et al. (4) and results of the parametric study (6) sutgesled that the initial 

thermal stresses (related to heat of hydration) are more important than later thermal stresses (x.e., 

subsequent weather-r elated temperature gradlients). 

Camparison of 21 bridges on thi:: basis of" aggregate type aid quarnlity showed that hcreased 

aggregate quantity may result in reduced cracking (5). For example, the steel bridge that 

exhibited the least atrtcsunt of cracking contained the highest quantity of aggregate [ 1~1,720 N/m3 

(1 845 lb/yd3) of coarse aggregate arid 6,994 N/m3 ( 1,20 3 lb/yd3) of fixile aggregate], and a 

relatively low cement. content [ 3,820 N/rn3 (657 Xb/ytf)]. [ncrensinj; the unit volume of aggregate, 

correspondingly reduces the paste volume, which results in a concrele with reduced shrinkage 

and therefore reduced cracking. Krauss et al. (4' suggested that aggregates with high imodulus of 

elasticity, low shridcagc;, low coefficient of thermal expansion, and high conductivity result in 

reduced shrinkage. However, aggregates with higher maddus of elasticity increase the modulus 

of elasticity of the concrete, often rcsulting in greater shrinkage restraint, thus;, partially offsetting 

the beneficial effects of reduced shrinkage. 

The ranges of air contents included in the materials reports ofthe 21 bridges ranged from 5% to 

6'36. With this limited data, the trend correlated with the results o f  other studies (2), which 

indicated reduced crackling wilh increased air content (;.5.5%). 

Construction-Related P'znrinwneters 

High and low teimperatures on the day of concrete deck p1acc;:menl wcre idscwmented for I. 8 

bridges (10 prestressed and 8 steel girder bridges). IFigurc 7 shows tba: results for the prestressed 

girder bridges. 130th thc: prestire!;setl and steel giirder bridges showcd slight trend in which 

8 



higher air temperature on the day of deck placement resulted in reduced cracking. Three of the 

four lowest condition prestressed bridges had low air tcmperatures rccortled at or below 1.7"C 

(33°F); the other low condition prestressed bridge had an excc;plion:ally high air temperature at 

deck placement, near 32°C (90°F) Note, however, that two prt:strec;sed bridges, Bridge Nos. 

1381 1 and 27790, were cast during extremely lolw and high ternpwatures, respectively, yet had 

high condition ratings. 

From graphs of the temperature data, it was deterrninetl that the bridges that exhibited less 

cracking were cast on days when the air lemperature was l~etween a high of 18 to 21°C (65 to 

70°F) and a low of '7 to1 10°C (45 to 50°F). 'There was sonic; evitle:nce (from five deck 

placements) that if the ambient (air temperature does not exceed either 29°C (85°F) or 4°C (40°F) 

(ie., exceptionally high or low) that a large temperature range on the day of a deck placement 

may result in increased cracking (5). In warm weather, Krauss et al. (4) suggested that night 

pours may reduce initial thermall sl.Mink.age by decreasiag ilhe c:<pnc:relle peak hydration 

temperature due to effects of the lower ambient air temperature. 

It was not possible ta determine whether effects of thermal gradients over the life of the bridge 

had a greater impact on the transverse cracking phenonir:na xn comparison with the tcrnperature 

conditions during casting and initial curing. There wen: no records indicating when the cracks 

first appeared relative tto deck casting. However many new bridges (;is wt:ll as old bridges) were 

observed to exhibit deck cracking. 

Staged deck constnictican also appeared to have an effect on deck cracking. Some bridges., which 

had transverse bar lap splices (indicating staged constniction), developed transverse cracks along 

one half o€ the longitudinal direction of the bridge indicating tkat deck shrinkage may have been 

restrained on the half'of the: bridge that was poured later (3). 

A:; mentioned earlier, the L M N  study vvas not able to i idude mmiy conslruction-related 

parameters relevant to deck. cracking due to the limited bridge recortls. Additional construction 

related parameters considered to1 be important include: curing permd, curing method:;, pour 



length and sequence, finishing procedures, vibration techniiques, and weaiher conditims (e.g., 

relative humidity arid wind velocity) 

Summary of Field Stually 

Ofthe 34 prestressed bridges surveyed, 25 rated a conditjoiu ‘8’ or bclter. There wen: two 

factors, in addition 10 temperature on the day of 1he deck poir, tlnal. appeared to contrilbute to 

transverse cracking: deck overl,.iys and deck recomstructi~oi~s. In the case of Bridge No. 9081 

with a condition rating of “7.5,’ the deck was reconstructed on a 29-year-old bridge. At this age, 

the creep and shrink age in !he p~restrt:ssecl concrete girders had already stabilized such that the 

girders would restrain the shrinkage of the deck concrete siimilarly to the restraint prcwidedl by 

steel girder bridges. 

For the steel girder bridges, only 1% of the 313 bridges railed a condiition ‘8’ or better. lin general, 

interior spans or1 multiple span bridges (e.g., Figures 1-4) and curved portions of bridlges 

(particularly inside portions of the ci~rves) were in poorest condition, most likely due to higher 

restraint provided b,y these conditions (5,s). Bridge decks poured during unfnvorable 

temperature conditions or with unfavorable mix proportions exhibited increased cracking (5). 

In actual bridges, multrple cornbinations of f‘actors exist and it is diff‘icult to pinpoint the exact 

reason for the degree of cracking in the deck. Therefore, each of the bridges was examined as a 

whole to decipher the rc:asons for the observed cracking. ‘These finditrgs are reported in detail in 

Eppers et al. (5). As an examlplc, Elndge No. 2770’3 had a stud coxififguration of 4 rows o f  22 mm 

0 x 152 mm high (’7/8”’ 0 x 6”) studs, which may have c;ontributt:d to the deck restrziiint. This 

stud configuration represented the greatest number of rows;, Iaurgesl diameter and tall& studs 

includled in the study ‘I‘ramver:;e cracks extended acrosii thc: entire deck., with widlhr; averaging 

0.5 mm (0.02”). Simular cracks were observed in dher lbxidges (Bridge PIJss. 62889, 02888, 

62894, 628 17) with similar stud configurations. In addition, the staggered cross kames in the 

bridge seemed to cause local crack concentrations that werc spaced nitore closely than miglht be 

expected in the cast: of inon-staggered cross frames, whilch are spaced at larger distances (6). 



Relating the field notes, crack dlocumentatinn, and available desip,ri- ~ material- and constniction- 

related information, for each particular bridge provided bett er ins1 ghl into the combined effects 

of particular variables ,:md the rcasons for the ariomalic s observed wx thin the parameter versus 

condition rating graphs discussed above. 

SHKlNKLchCE STUI’DW 

One of the suspected reasoins foir increased transverse cracking observed ]in bridge decks was a 

change in the standard concrete mix design wed in the State of M[inmesota from whai is teirmed a 

“3Y” mix to a “3X” mix. To reduce the occurrence of transverse cracking, Mn/DOT standard 

deck mix specifications returnedl to the 3Y mix jin recent years. A .3X mix differs from a .3Y  mix 

largely in the cement content: filr typical deck concretc, 3 X mixes have a~ cement content of 

approximately 4068 Nhn3 (700 llb/yd3) vs. a cement content. of approximately 3719 N/m3 (1540 

lb/yd3) for 3Y mixes. Tlhe IJM N study included s:haracieriz:ation of the shrinkage chairacteristics 

of both types of mixes (‘6)~ ]Five batches containing multiplc samples of 1he two concrete deck 

mixes were cast in the field duriiig corresponding deck pours and subsequently monilored in the 

laboratory to determine the coiici-etc: shrinkage characteristics wxih rmpect to time. A slightly 

modified version of the ASTM C‘157-93 test method was used for rntanitoring the fret: shrinkage 

of the concrete specimens. The relative humidity was 60% for this study, rather than 50% as 

suggested in ASTM C157-93, and the specimens were not placed in saturated lime w:tter upon 

their removal from the forms, SO as to better sirnulatc fidd conditisns. 

Figure 8 shows a plot of‘ shrinkage versus time data obtained for the 3 X arid 3Y mixe:;. Because 

the results indicated that there was not a significant diffixence liri the fi-ee shrinkage observed for 

the 3X and 3Y mixes, upper and lower bound shrinkage cuirves (it70 t shown) were generated by 

combining the results o f  shrinkage tests from both mixes. Figure 8 also shows the nominal ACI 

209 shrinkage curve @). While the free shrinkage of the 3X and 3Y mixes was comparable to 

that of the ACI 209 shrinkage curve, both types ofmixe:j were ot9served 10 exlhibit substantially 

higher initial shrinkage rates relative lo that predicted by ACI 209 (‘8). This may be aktributed to 

the different curing procedures ernployed by the ASTM standard vtxsus those 



experienced in the fkld The effects of rate of shrinkage arid amount of free shrinkagc were 

investigated in the parametric study, discu:jsed in the next r.;ection, by including the urpper and 

lower bound shrinkage curves along with the ACI 209 shrinkagc: curve in the analyses. The 

preponderance of cracks in both old imd (especially) new bridges suggested that early bridge 

deck cracking was exasperated by the higher initial shrinkage sales (61, coupled with the 

additional parameters highlighted in the field and parametric studies. 

PARAMETRIC STUDY 

The inability to isolal e xndividluril parameters affkcting triinisversc crac:king of bridge c.lecks in the 

field study was a chief cause of the generally poor correlatiion coef"fiic:ients associated .with the 2- 

D graphs (e.g. Figs. 5-'7). TO isolate the effects of indiviniud paraxrnellers on transverse bridge 

deck cracking, a cornputational pararnetrjc study was conducted (6) wing the program PBEAM 

(9). This finite element software used a fiber or layered an:ilysis; approach, in which the cross 

section (girder and slab) were discretized iinto layers through the thickness. Displacement and 

rol ational degrees-of- ficedom were modeled in %I> at the centrsidal axis of the element. Uniaxial 

nonlinear stress- strain properties were identified and tracked irndeperrdenitly for each Ilayer. 

Stress-resultants (forces and bending moments) were camputetl by ni.imerica1 integralion through 

the cross section. Twenty to thirty elements were typicallly used alorng thr: length of each girder. 

The program enabled time-dependent analyses of sunglt:-spn steel 01 concrete girders made 

composite with the cnstmg of a concrete deck. Nonlinear concrete constilutive properties were 

modeled, including cracking in tension. In addition, creep, s;hrink;rgc:, and aging of the corrcrete 

deck and prestressed girders, and relaxation of the prestrs:sswng straindls, were modeled. With 

respect to steel, all stresses were such that the steel remained in thc li tiear elastic range. To 

represent the boundaay conditioit~s of continuous steel girder bxidgrs, support!; were nmodeled as 

either fixed (representing coniinuoixs spans), pinned, or roller. 1.e et al. (6) reported llie details of 

the modeling assumptions, the resu its of the specific analyses c;ontSuc;ted, and the successfiil, 

general correlation of the nonlinear analysis results with thc crack patterns obtained on three 

bridges investigated rn !he field study. A suirnrnary of key iresdls Crom the study follows. 



The parametric study was conducted using prototype girders, with base cases modeled from two 

bridges chosen from among the inventory of72 bridges irivestxgaitetl. in the field study. One was 

a prestressed concrele lbridge (Elridge No. 19042!), and the othei was a two-span conlinuous steel 

giirder bridge (Bridgc No. 621388). Starting with these base cases, a Large number of nonlinear 

static analyses were conducted, varying key parameters. 'The variablles considered fi )r the 

prestressed girder brrdge parametric study included: the tirnelinc (relative times for strand 

tensioning, casting, strand release, and deck casiing); and strinkage properties (ACI 209 (8) 

shrinkage curve versus upper arid lower bound shrinkage wm-ves olbt;iinecl from the shrinkiige 

study). The base case parameters rind variations incluoled in thc: parametric study of the steel 

bridges are given in 'Table 4. 

For the case of the prestressed girder bridges investigal ed with typical construction txmelines, 

none of the prestressed girder bridges indicated the developmeni of transverse crackling duiring 

the course of the bridge life sluclied (10,000 day!j). This was due larg,ely to the lack of restraint 

offered by the simply-supported end conditions, and the faict that the concrete girders tended to 

shrink over time, although no1 necessarily at the same rate as thc deck. The highest flensile 

stresses in the deck resulted from a timeline thai modeled (delayed strand release (e.g ,661 hours 

after casting, as may QCCUT over a weekend). When the concrt:te was older at release, there was 

less elastic shortening due to the larger concrete modulus ('theirefoi.e, there Wiitj less loss of 

prestress), and the aged girder caused a higher dif'ferenlial shrinkage between the girder and the 

deck. Similar behavior was evident in the investigation of a potential redecking situation, in 

which case the deck was cast on a 20-year-old girder. In t h i ~  C ~ S E : ,  the deck cracked due to the 

restraint caused by the differenti a1 &rinkage between the preshruimk girder and the freshly cast 

deck. 

The following is a sumrnary of the steel girder biridge results (the crack patteim for Biridge No. 

62888 is shown in Figure 9): 

Effect of shrinkage I.. Diffkrexltial shrinkage between the concrete deck and girder w , ~  the main 

cause of deck cracking. This wits particularly evident iln thc: case offlie sleel girder bridges and 
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the redecked prestressed girder bridges. 'The effects of two shmnkagc pairamt: ters werc 

invesligated: the initial shrinkage rate and ultimate shrixikaq:e. Analyses showed that the ultimate 

shrinkage did not hiive a significant effect on the tensile stiresses in the deck because creep 

mitigates these stresses. The rate of shrinkage, laowever, hLad a large impact on the extent of deck 

cracking. 

The MdDOT 3.X and 3Y mixes, studied in this project, cxhxbi ted high iinxtial rates of shrinkage 

in comparison with the ACI 205) curve. Analyses showed that using these mixes in bridge decks 

resulted not only in more cracking, but also rn very early cracking in the deck lifetime. 

Reductions in the initial rate of Ishmnkage clearly reduced early transverse deck. cracking. 

Effect of end candiiliiorns - The r:nd conditxoins had a great effect o n  the extent of transversi3 

cracking. As expected, the mosl. extmsive transverse cracltitig WitPj associated with the most 

restrained case (i.e.,, fixt:d-fixed:). In the fixed-fixed case (sirndating ,an interior span), cracks 

developed near the !jLLppOrt in the negative moment region. E:or both xinedium and large girder 

stiffnesses (Iglrder), the dcck stres:;es (and cracking) were more ixnifimnly distributed than far the 

case of more flexible girders. For girders with low sliffiinss, the teicisile stresses increased at 

midspan (in the positivc momcnit region). This resulted because the girder deflected upward 

(from its downward dead load deflected position) at midspan cluc to lvendxng induced from 

restrained shrinkage. This causcd further tension in the deck at midspan and compre:;sion at the 

ends. Cross frames and splices had little effect on the s t rwes in the tXeclc in tlhe stiffer girder 

cases, whereas, there was a signiificait change in deck stresses associixtted witlh cross firame,s and 

splices for the more flexible girders. In the latter case, the slifhess attributed to the c:iross fiarnes 

and diaphragms watj rmore notxcieable. 

The fixed-roller end condition (simulating one !;pan of a two-span htidgt:) enabled rxiovernerit of 

the giirder to relieve tensile stresses due to deck shrinkage in thc positive moment region. Again, 

cracks were likely to occur near the fixed end (in the negative morneirit region) when large girders 

were used. The cross frames stiffened the girder and prcwided more uniform restraint, causing 



cracks to extend into the positive moment tegialn. The spliices stlffimed the girder near tlhe fixed 

end, resulting in cracks coiicentrating near the splice. 

Cracks for the pinned-roller (sirnpl y-supported) cases werc: never observed during thle analyses 

perfonned. 

Whereas the end condiitions had the greatest effect on the cxtent ofcraclting, the girder 

stiiffnesses, cross fiarnes, and spliccs, dictated the crack. lor ua t' 1ons 

Effect of girder stiffness (Igirder) - The stiffer gitders bent liltle as tha: dtxk shrunk. As a 

consequence more urii form stresses developed tlt-iroughout the deck, which often caused uniform 

cracking. Flexible girders lbent upward due to slt-uinkage, which iinict c:ascd the tensile stresses at 

midspan, reducing the tensile stresses at the ends. 

Effect of cross frames - Cross frames resisted some of the verticxl cfeflection of the flexible 

systems, causing the cracks; to extend into the positive inoirient region. When the cross frames 

were staggered, they provided more uniform distribution of stiffness 1.0 resist vertical deflection, 

which further promoted the extension of cracks into the positive moment region. 

Effect of splices - Splices had little effeci on transverse cracking v v h m  the girders wcre stiff and 

the end restraints were fixed. For the fixed-roller case, cracks corAcetutratcd in the splice region. 

This was attributed to the oonc:eiitrated stresses at the diiscoxiti~mity caused by the change in 

moment of inertia at the splice locations. 

Effect of deck modulus (E,) ." L,owering the deck modulu!; reducxd the concrete tensile stresses. 

The lower EL enabled the girdcr to undergo larger shrinkage ddbrrnal ions before crac king. It 

should be noted, however, that a reduction in E c  may also h.: asstxialed with a reduced concrete 

cracking stress (or tensile capacity). 
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Effect of temperaticire differentials - Differential temperatures between the deck. 

concrete and steel girder were introduced a t  the time of’ deck c;is!rng to simulate the 

effects due to concrete heat of hydration. Four scenarios were invesligated (see ‘I able lo), 
including cases that considel-ed the effecl of initially preheatinl; the girder. Because the 

girder was modclecl as initially level (zero deflection), the addition of‘ dead load caused a 

downward deflec! ion in the I nodel. Consequently, its the temperature increased, 1 he 

girder underwent increased downward deflections. 1. Jpon cooling ~ the girder contracted 

and underwent an upward deflection that resulted in retlucetl compressive stresses in the 

top of the deck. Further studies should be conducted to tletermins: the potential bmefic ial 

effects of girder preheating in the case of carribered conditions In this case, the ojpposile 

trends would be expected. 

Comparison wiilh Field Stndly 

The results of the parametric study correlated well, iin a general scnse, with the field 

study. To verify ihe results of the analytical parametric study Inore specifically, the 

prototype bridge results wcrc compared with the observed behwior in the field. In the 

case of the prestressed girder bridge (Bridge No. 19042!>, there was good i3greememnt 

between the analyses and the bridge performance--no cracks wert: observed in the real 

bridge. Good agreement was also observed in the case arf the two-span steel girder bridge 

(Bridge No. 62888). Cracks were observed to develop xiear the roller, and increased 

crack concentralions occurred near the fixed end The only discrcpancy between the 

analyses and field observations was that cracks werc also found near midspan in the 

analysis, which wa:; not the cast: in the field (see Figure 0). A lthnrd bridge was also 

investigated (Bridge No. 1 SM2) lo compare the results ofthe analyses with a continuous 

steel girder bridge o f  three or more spans (the crack palAern for tlus bridge is shovvn in 

Figure 4). In both the analyses and field observations, the inte~icar span cracked 

uniformly throughout and tht: end span developed two 1prinia1-y cracks 



CONCLUSIONS 

Owerall, concrete decks on simply-supported prestresscxi gixdcir blidges were found 10 be in good 

condition relative to the decks on continuous sted girder lmdges 'The dwk concrete never 

cracked in the parametric study and rarely cracked in the lield study in the case of the prestressed 

concrete girder bridges;. This was a1 tributed to reduced ertd restraint and beneficial creep and 

shrinkage characteristiics of the prestressed girders. The fizw pii-t:~~trei;setl girder bridj:es that 

consistently performed poorly were observed to be either bridges will1 rwonstructedl or 

reoverlayed decks or bridg,es wlhicli had deck pours during cxlrerrte Iemperalures. Cr acking due 

to deck reconstruction was, attribul ed to the restrained shrinkage ~ c d  the newly poured concrete 

decks or overlays caused by the restrained shrinkage provided by tha: aged (preshrunk) 

prestressed bridge girders. 

Flor concrete decks on steel girder lbridges, end restraint andl shrinkage were the most important 

fiictors contributing to extensivle deck cracking. Increased txatrsversc: cr;u:king of bridge decks on 

steel girder bridges Wills associated with interior spans (especxally wiith stiff' girders) compared to 

end spans, curved bridges, No. 6 top transverse bars compared to No. 5 bars [No. 5 bars at 125 to 

140 mm ( 5  to 5 1/27 spacing perfbrmed the best], and increased ireslraint due to stud 

configuration, girder depth OT' close girder spacling. Cioss frames wtxe observed to cause stress 

concentrations that trftm led to cracks located near diaphragms. !3taggercd cross fiaines were 

olbserved to initiate more closely spaced cracks than noii-staggcxed cross frames because i.he 

distance between cross; frame attachments along the girders was typically shorter fair staggered 

ciross frames. Staged construct ion was suspected to comtribute ts increased deck craicking,. 

Expansion joints in steel girder bridge decks were observed to reduce crack occurrence. 

Dominant material-related parameters associated with transverse cnrcknnig included: cement 

clontent, aggregate type and quantity, air content, rate of skurinkage, (md deck concrete modulus o f  

elasticity. Ambient air. ternperature at deck p Lacement wais the only dominant constuuction- 

related information found available in the field study ('5) idLh<)ugfl other factors may be important 

including curing period, curing methods, pour length ;md F;(:quenLc,;e, finishing procedures, 

vibration techniques, and weather conditions (e.g., relalive himidity and wind velocity). 'The 



parametric study also noted the 1i:ffect of temperature dif5ert:~itials between the deck concrete and 

the girder due to hydration effixts. 

RE C 0 MME W IDAI'I 011V S 

Based on the results fiom this research arid that reviewed by the investigators, the following 

recommendations were made. 

Reduce deck shrmkage: 

- Use maxinrinrri cement contents of iipproximateXy :3,7'70 P d / x d  to 3,837 N/m' (650 lb/yd3 

to 660 Ib/yd3) 

temperature. 

this reduces thLe pi&t> volume arid the peak heat of hydration 

- Use low water-cement ratios. 

- lJse minimum air contlimts of approxirnatdy 5.5% to 6"0% 

- Maximize ~oairse aggregate content [mixes that pcrr formed well contained 

approximately 10,46O N/m' to X 0,750 W/nr13 (1 1300 Ib/ytl' to 1850 Ib/yd3 1. 

- Maximize fine aggregate content [rnixes that perfirmxed we1 I contained appiroximately 

6,976 (11200 1wy(i3)j. 

- Improve curing practices in the field. 

0 Limit ambient air tempaatures during casting and rs:th;e: heat of hydration: 

- Place concrete decks oinly when the low ambient air Iemperature is above 

approximately 4 to 7°C: (40 to 45°F) 

- Place concrcte decks oinly when the armbitmt air tt:txlperiitturt: is below appromirnately 29 

to 32°C (85 to 90"'F) 

- Avoid poumng coincrete on days when there is a large teniperatwre range [grcater than 

approximi~tely 10°C (SO" F)] 
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- Best results were seen when the ambient air iernperatcurr.: ranged between highs of 

approximately 18 to 2 1 "C (65 to '70°F) and lows o � apprcsx imately 7 to 10°C (45 to 

50°F') 

- Other studies (2-4) recommended the use of Type I1 ( 1 0 7 ~  tieat) cement and placement 

of deck concrete In the evening (during warmer months) 101 reduce pealk hydration 

temperatiires. 

- Preheating the steel girder to reduce the temperature dj flkrcmtial upon concrete 

hydration may have potential merit and should be invcstigated further. Cold 

weather pours (for steel girder bridges) wzm: observedl to consistently iresult in 

extreme cracking in the field study (5). 

Reduce longitudinal restraint of 1 he concrete deck: 

- Bridge decks on simply supported prestressed girders showed significantly less 

cracking, than decks on contiriuous steel girders in the LJMN field study. 

- Deck contiriui ty may be reduced by using bridge deck expansion joints (or using simply 

supported spans). 

- Girder restraint (rlepresenled by p) can be reduced by increasing girder spacing. 

- Shear connector configuration with fewer nurnber of rows, s,maller diametelr and shorter 

studs to reduce overall stud restraint. 

Avoid thin decks: 

- Thinner decks [159 mn (6 % ") 1 were ol~sewcd to result in increased cracking in the 

field sludy. 

Limit transverse reirwforlcernent bar size andor maximize transverse bar spacing 

- Recommend using No. 5 bars at 140 min ( 5 3 ' )  spacing or No. 0 bars at 16tr or 178 mm 

(6.5 or 7") spacing. 

These recommendation:; are: made specifically to reduce the occunrence of transverse cracking in 

brildge decks. Note that some of these modifications may significantly affect bridge 



performance. For example, use of simply-suipportcd stecl girders l ypically results in deeper 

sections or larger deflections. 111 irnplernenting these recoi~irnemd~~tions the engineer should 

evaluate the possible effects on the other aspect:; of bridge perforniawrce. 
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Table 1 Summary of dominant parameters affecting tr ansiverse cracking in concrete bridge decks 

. 
Motleriite 

. . 

Diesign N 0 
effect -- 

Restraint -. 
Giirder End Support Condition1 and Girder Type - 

Spans with fixed-ended girders have increased 
cracking over those with pin-ended girdcrs 
Steel girder bridges have more: cracking than 
prestressed girder bridges 

0 

Restraint - 
Girder Size, Girder Spacing, and Span Length - 

-- _-_.-_._-.__I._- 

Deep girders at a closc spacing have increased 
cracking tendency 
Longer span lengths have: incr'eased cracking 
tendency 

K M  

M 

N 

N 

PIW 

:KPlW 

N 1 M  

W 

IKP W 

PI N M  K 

N M  
Deck Thickness - 

Cracking increases wifh a decreasc in deck 
thickness 

Transverse Top Deck Reinfoicement 
* Larger bar size increases cracking tendency 

increased bar spacing increases cracking tendency 
Area of baribar spacing 

Longitudinal Top Quantity of1Steel - 
Rcduced auantity of steel increases cracking 

- 

- - 

PI 

-- 

N PI 
N PIW 

PI 

W 

K W M  

W 

K. M 
K WM N 

W M 
ParaDet Detailing M 

. . ~- Material 
Cement Content, Water Content, arid w/c Ratio - 
_ - 

NKXWM 

F' 

P 

IVK M 

NKF' M 

increased cement content incre'ase:; cracking 
tendency 
increased water content increases cracking 
tendency 
higher w/c ratio increases crackine tendeiicv 

IW 

1 -- 
Aggregate Type and Aggregate Qumtity . 

low aggregate stiffnesc; increases shrinkage 
low aeereeate volume increases shririkarre 

NP 
N W  

K IWM 
K PI -- M 

Air Content - 

Cement Type 
Compressive Strength 
- Overlay Slump 
Admixtures 

low air content increases cracking tendency - 
_- - 

- 

N PIW K 
NPI  W 

-- 
I< M 
PIW 
PIW 

-- 
-(____ 

K 
K 

-_..-_.--.-~--------.-.--I--- Construction 
Temperature at Deck Placemeint - 

time of casting 
Curing Practices N W M  
Phcement Length K W  
Wind Velocity 
Rdative Humidity W N 
Construction Live Loads W N 

N - HCHRP 
K - K-TRAN 

- - 

high temp. deck placements increae cracking 
low temp. deck placements increaric cracking 
large temp changes increase deck cracking 

KPIWM 
PI 

N PI M 
PIWM 
P1 M 

IKPI M 

I__._.-__ ~ .--.I- -__. - 
-- -.I-._.-_- -I - __ --_ -- - 
-- - 
-- - 
I- - 

I - ICOM 
W - WisDOT 

P - PennDOT M lJMN 
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Table 2 Typical docimrentation presented per bridge [after (IEplpers et al. 19O8)] 

Bridge Number 19f882 Typws Continuous Steel Plate Girder 

Year Built 1983 Nurntmer of Spans 4 
Year of Overlay 1983 Girder Clepth 60" 
Deck Width Y0'-4" Bwluah .Witr?paCi~~ 11MCondit;im 
Roadway Width !x2'"0" Span 1 1 1 II'-~0" '1 0'-9" 5.5 
ADT 6200 Span 2. 138'-~0" '1 0'.-9" 5.!i 
UM Condition 5.75 & 6.5 Span 3 138"-.0" '1 0'.-9" 5.!$ 
MN/DOT Condition 6.0 Span 4. 89'.-0" '1 0'.-9" 6 .o 

Overview 

Bridge #19882 was LI two way, two lane. bridge over 35EI tit Ellackhawk Road iirr Eagan. 
The skew of all support:; was 4!P. There was a concrete1 parapet on (an 1 1 '-2" sidewalk on 
the west side of the bridge and a concrete pwrapet on a 7'--2" sidslwelk on the east side of 
the bridpe. The bridge had staggered steel diaphragms p8srpendicular to ithe bridge deck. 

Observationti 

Qbsma&ruiqjLy(nbottorn.C: 

Cracks were obsnrved on spans 1 and 2 at  appmxirnetatly 1-5' spcicing. The cracks were 
observed both at the support and across the rnidspan, imifornily distributed over the deck. 

No bottom bridge deck iirspectian was conducted. 

QbservaiiQ.O%dWUKmWa~: 
Cracks were obsierved to  be regularly spaced at apprcaxirnim1:ely l'.4!5" tlo 3'-0" the entire 
length of the bridge. Most of the cracks were less than 'I 5' long,, 

The longest cracks were) observed over tlhe pien. 

Summary of Coirntribmtin(3 innd INoncontdhuting Factors: 

Parameter (diesign) 
Transverse top bar sim-spacm~ 
Transvmc top area of s l ~ l  
Longitudinal toy~ bar size-spa~~ 
Beam sp;acing/q~an. length 
Shear stud type 
Deck thickness 
Cover 
Skewed trans. re:hforcement 
Intermediate diaphragm type 

-----.-_I..- --- --?= 

-----.--..- 

-----.--..- 
-_---.--..- 
-----.--..- 

--I.- -_--...--..- 
-_---. --..- 
-_---. --..-.- 

Interned. -----.--..-.- diaphragm alignment ----.- 
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Table 2 (cont.) Typical ldocumentation presented per liridgc [after (Eppers et ail. 1998)] 

Bridge Number 198812 401 
I.--.--.-~ll.------...-.-l-.l .,,,. --- .--- 

Year Built 1983 Nurnlber of Spans; 4 
Year Overlaid 1983 Length (ft .)  47EI ,I 8 
Deck Width (ft.) 70.3 
Roadway Width (fl:.) 52 State Project Number 11 98;2--61 
ADT 6200 COlJnty C:)AK OTA 

Operating Rating 39 Road Type C:)IVIDED RDWY 
Inventory Rating 23 Road Number 35E 

UMN Condition 5.6 

MNIDOT Condition 6 

CONSTRUCTION 

Feature Crossed I.INI.IIER BLACKHAWK RD 
Location II .5 IMI NE 01- JCT TH 77 

Contractor 

Joint type Air temp. - low (deg.) 
Air temp. - high (dog.) 

Mix design 3x313 

Overlay contractor 

DESIGN 

PlammL:l I"!wm FliuxmG3 
Overlay Placed 
Air temp, - low (deg.) 
Air temp - high (dsg ) 

D e c k f i  &#Lalz.Q WJ?,LGiIWW Covor (in.) 3 
Transverse top ;# 6 7 Type of bars EPOXY 
Transverse bottom :# 6 7 
Longitudinal top ,# 4 1 8 

Supplemental over pictr ,# 7 6 
Longitudinal bottarn I# 5 7 

Pier Rm . It9wmr lW1. IW2 !?kL,i3 
Length of supp1ement:al bars over pier (ft.) 44 44. Ei 44 
Number of lapped bairs over pier 
Stagger of bars over pier (ft.l 

Transverse reinforcement skewed Yes 

Number of lapped trainsverso bars 
Studs ~ # of rows-diaimetisr/tiei~~ht (in.) 

'I 
5 

2. 
I 

Length (ft.) 
Girder spacing (ft.8 
Girder depth (in.) 
Skew left (deg.) 
Skew right (deg.) 
Stud spacing (in.) 
Deck thickness (in.) 
Diaphragm spacing (it.) 
beta (midspan) 
beta (support) 
El(midspan)/L (lb-in.) 
El(support)/L (Ib-in..) 
UMN span condition 

suuil. spani! :ban3 s!Pm.4L 
1 1 'I 138 'I :38 a, 9 
10.75 10.76 '10.75 10.75 
ti0 60 (30 61O 
4 5 45 46 45 
45 45 45 4.5 
'I 2 12 'I 2 12 
!3.25 9.25 9.25 91.25 
2!2.25 23 :2 3 2!2.25 
C1.01534 0.0534 0.052 C1.0488 
0.01534 0.0551 0.0551 C1.0488 
i!.lE+09 1 . 7 E + O 9  1.7E+09 i!.3E-t09 
2!,1 E +09 1.7E +09 I .7E +09 i ! . 3 E  -kO9 
Ei.5 5.5 6.5 ei 



Table 3 UMN ccmcrete bridge deck water and cement content data 

~ 

Cement Ceiment ctanitent Water content W K  ratio lXridge condition ratings 
content] (N/m') ] (N/m3) 1 

category 
Prestressed Concrete Giirder Bridges 

[ --___ ~ ____ ___ 
0 

~ ..___-__I-___-- 

9, 9> 9, 9 
7.6. 8.. 8.1. 9 Moderate 4 3,907 - 3,9112 f 1.523 - 1.599 f 0.380 - 0.41 f 1,523 - 1,6.'i7 0.4.2 - 0.44 3,587 - 3,761 ___ ..__________..___._ 

3,762 
Moderate 4 3,820 4 1:477 

- 

6 (ff27789) 
6, 6.3,'7.3, 7.5,7.8 

3,907 -I--.--.._.-. 
High 4,017 - 4,029 



Table 4 Parilme:tric study of steel bridge girdeir (Base case: Bridge 6288'8) 

Tindine causing highest 
tensile stresses 

Fiixetll-rolh (2-span) 

- __ 

--.R I ,rde, of Bridge 62888 
None 

None 
Bars cutofiF at 10% of' span 

length, staggered 
ACI 209 Ihrmkage curve 

-._-____---I____.-. 

--.--.--.--____---_-l-.-_--l__ 
Ec of bridge 62888 __ 

~Constimt ambient 
temperature 

- 
Parameters 

No variation 

Fixed- fixed (continuous span) 
Vrxed roller (2-span) 

I'm-roller (simpily-supported) 

5 along length unstaggered 
11 along length staggered 

20, 25, 35% oflength, resiulting in 185% increase in 
I towaids fixed support 

23 to 44% of span length, either staggered or 
urnstaggered 

lJppei and 1owt:r bound curves From shrinkage tests 

Deck cooled modew,ately due to heat o f  hydration 
Deck cooled extensively due to heat oFhydration 
Gii der preheated moderately and deck and giirder 
then cooled by s a m :  amount 
Gii der preheated extensively and deck and girder 
then cooled to s m ~  ternDerature 

--- ___.-_-._I 

-_-- _---- __ 
~ 45%, 750/;,ofX,,,,,,, ? 

_--__ ~ __ .---- 

-__- _g ~ 

____---I-_-.-_---____ ~ ---- 
~ ---- 

!;!I% olE, 
_--__--_-.------I_ 

a) 

0 

a) 

Bridge dimensions 

Loading 
Timeline for desk 
casting 

Ehd conditions 

Girder Stiffness 
Cross frames 

.- 

SDlices 
Supplemental steel 
bar cutoff length 
Shrinkage curve 
Deck modulus, E, 
Temp. differential: 
heat of hydration 
and girder preheat 

Creep of concrete 
Aging of concrete 

--- 

___ -_ .___- 

N o  vaxiatiori 

No variation 

a Most parameters were varied as shown for all three end fixity coxrdntions; selected pasmeters 
were not varied for er:rhain end fixity conditions ((5) 
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Figure 1 Bridge No. 1988:2: Span 2, looking riorlh, showing clacking on bottom of deck 
[after (Eppers et al. 1998)] 
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Figure 2 Bridge No. 19882: Pier 1 at west edge !of 1t)ritlge deck 
[after (Eppers et al. 199S)l 
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Figure 4 Bridge No. 19882: lop and bottom crack palterns [after (Eppers et al. 1998)] 
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Figure 5 Restraint coefficient beta (at mrdsjxm) vs condition: steel girder bridges 
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