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A major cause of the deterioration of bridge decks is the 
spalling and delamination caused by the corrosion of the 
top mat of reinforcing bars. Empirical evidence has indi
cated that the tensile bending stresses developed at the top 
of a bridge deck subjected to traff ic loads are relatively low. 
As a result the need for top reinforcing bars fo r sustaining 
the negative bending moment induced by traffic loads is 
questionable. To explore the possibility of eliminating top 
reinforcing bars, and thereby reducing the vulnerability to 
corrosion, the performance of a four-span bridge deck is 
investigated. In the bridge studied one span has an experi
mental deck w i t h no top reinforcement, whereas the re
maining spans have both top and bot tom reinforcements 
that conform to A A S H T O specifications. The response of 
the bridge deck under a test truck was monitored w i t h 
embedded strain gauges. I t was found that the peak trans
verse tensile strains developed at the top of the deck were 
less than 30 percent of the cracking strain of the deck con
crete. The behavior of the bridge deck under the test truck 
and other combinations of truck loads has also been in 
vestigated by means of elastic finite-element analysis. The 
results show that the tensile stresses developed at the top 
of the deck tend to be much less than the modulus of rup
ture of the deck concrete. The study confirms that a prop
erly designed bridge deck does not require the top rein
forcement for sustaining the negative bending moment 
induced by traffic loads. 

' I 1 he deter iorat ion o f bridges in the Uni ted States 
I is a serious p rob lem. As bridges age, repair and 

^ replacement needs accrue. I t has been estimated 
tha t 4 1 percent o f the nation's 578,000 bridges are ei
ther s t ructural ly deficient o r ^ n c t i o n a l l y obsolete (1). 
A n estimated investment o f $51 b i l l i o n is needed to 
b r i n g a l l o f the nat ion 's bridges to an acceptable and 
safe standard by either rehabi l i ta t ion or replacement. 
O n the basis o f na t iona l bridge inventory data obtained 
f r o m the U.S. Depar tment o f Transpor ta t ion , about one 
t h i r d o f the nation's bridges have deficient decks, 
whereas 2 4 percent o f the nation's bridge decks are 
s t ructural ly deficient. A n effective means o f preventing 
such deter iorat ion is to eliminate top re inforc ing bars 
f r o m a deck. This can lead to substantial savings i n con
s t ruct ion, maintenance, and repair. 

To explore this new design concept an experimental 
deck was designed and constructed w i t h o u t top rein
forcement f o r an end span o f a four-span bridge by the 
Colorado Depar tment o f Transpor ta t ion . The m a i n ob
jective o f the study was t o determine the m a x i m u m ten
sile stresses that can be developed i n such a deck in 
order to assess its du rab i l i t y i n the absence of top re
inforcement . The investigation consisted o f the devel
opment o f a l inearly elastic finite-element model f o r 
evaluating the response o f the deck under t ruck loads 
and the m o n i t o r i n g o f the actual response o f the bridge 
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deck under a test t ruck as w e l l as n o r m a l t r a f f i c loads. 
Results o f the study have been documented i n detai l by 
L i et al . (2,3). This paper summarizes the design o f the 
experimental deck, the field tests, and the experimental 
and numerical results. 

BRIDGE DECK DESIGN 

Background 

I n N o r t h America most short- and medium-span 
bridges are constructed w i t h slab-on-girder decks, i n 
w h i c h a re inforced concrete slab is supported by several 
steel or precast, prestressed concrete girders. Generally, 
the design o f re inforced concrete decks has been based 
upon the Westergaard theory (4) , w h i c h assumes that a 
slab is cont inuous over fixed linear supports. The cur
rent A A S H T O slab design provisions (5) are based o n 
empir ica l rules derived f r o m earlier adaptations o f the 
Westergaard theory (6 ,7) . 

Accord ing to the convent ional design method , bridge 
slabs over three or more girders are designed as cont in
uous slabs, w h i c h are assumed to have the same positive 
and negative bending moments that are 80 percent o f 
the simple span moment specified i n the A A S H T O code 
(5). As a result nearly the same quantities o f steel have 
been used to resist the posit ive and negative bending 
moments in a slab. U n t i l the late 1960s bridge decks 
had a top concrete cover o f only 1.5 i n . (38 m m ) and 
a b o t t o m cover o f 1.0 i n . (25 m m ) . I n the early 1970s 
the top cover was increased to at least 2.0 i n . (51 m m ) 
or 2.5 i n . (64 m m ) f o r situations i n w h i c h deicing chem
icals were used. I t was thought that the addi t iona l cover 
w o u l d signif icantly delay the penetrat ion o f chlorides to 
the re inforc ing bars. 

The increased top cover d i d no t extend the lives o f 
bridge decks dramatically. I n m a n y states where salt us
age was prevalent, decks have been made more imper
vious to moisture and salt penetrat ion. Concrete mixes 
w i t h a high percentage o f cement are k n o w n to be more 
impervious , so tha t their use has become standard prac
tice. To protect the top re in forc ing bars several barrier 
techniques, such as the use o f membranes, dense con
crete, o r la tex-modif ied concrete, have been developed. 
These techniques have moderate success, bu t the use o f 
epoxy-coated bars has proven to be the most effective 
and wide ly accepted strategy. 

I n spite o f attempts to prevent the deter iorat ion o f 
bridge decks due to the cor ros ion o f re in forc ing bars, 
deck cracking has worsened dramatically. I n recent 
years the incidence o f transverse cracking has increased. 
I t has been observed that transverse cracks, w h i c h ap
pear short ly after deck placement, o f t en occur over the 

upper re inforc ing bars, pe rmi t t ing increased exposure to 
chlorides f r o m deicing chemicals. 

The need f o r top transverse re inforc ing steel has re
cently been questioned by Al l en {8). Investigations o f 
the behaviors o f bridge decks by Beal (9) and Fang et 
a l . (10) have shown that the negative bending moments 
i n bridge decks and the resulting transverse tensile 
stresses at the top o f a deck are usually very low, much 
less than the positive bending moments and the b o t t o m 
tensile stresses. Analysis o f their w o r k and other empir
ical evidence by A l l e n (8) indicates that the deflection 
o f girders tends to signif icantly reduce the transverse 
bending stresses at the top o f a deck. Hence, the best 
way to prevent the corrosion o f re inforc ing bars is to 
ehminate the top ma t o f re in forc ing steel. W i t h o u t t op 
re inforc ing bars the predominant cause o f bridge deck 
deteriorat ion can be eradicated. To explore the new de
sign concept o f removing the top reinforcement, an ex
perimental deck was designed and constructed by the 
Colorado Depar tment o f Transpor ta t ion ( C D O T ) , as 
discussed i n the f o l l o w i n g section. 

Design and Configuration of Prototype Bridge 

The bridge selected f o r the project described here is lo 
cated on Colorado State Route 224 over the South 
Platte River near Commerce City. I t is 420 f t (128 m) 
long and 52 f t (15.85 m) wide . The superstructure con
sists o f f o u r equal continuous spans. The suppor t ing 
girders are standard precast Colorado Type G-54 g i rd 
ers spaced at approximate ly 8.0 f t (2.44 m ) o n center. 
The thickness o f the bridge deck is 8.0 i n . (203 m m ) , 
w h i c h complies w i t h the new design requirement 
adopted by C D O T . The configurat ions o f the four-
span bridge and typica l girder sections are shown in 
Figure 1. 

I n the four-span deck, the west end has an experi
mental deck, f r o m w h i c h most o f the top reinforcement 
has been omi t t ed . I t consists o f the entire 104- f t (31.7-
m) end span and 36 f t (10.97 m) o f the adjacent in ter ior 
span. The remaining deck has bo th t o p and b o t t o m re
inforcement that conforms to A A S H T O specifications 
(5). The span at the east end serves as the con t ro l deck. 
The re inforc ing steel details o f the con t ro l and the ex
perimental decks are shown i n Figure 2 . B o t h decks are 
instrumented w i t h strain gauges. 

I n the midspan o f the con t ro l deck, the top and bot
t o m transverse reinforcement consists o f N o . 5 bars 
w i t h a 5.5-in. (140-mm) center-to-center spacing. The 
top long i tud ina l reinforcement consists o f N o . 5 bars 
w i t h an 18-in . (457-mm) center-to-center spacing, and 
the b o t t o m long i tud ina l reinforcement consists o f N o . 
5 bars w i t h a 9.5-in. (241-mm) center-to-center spacing. 



102 FOURTH INTERNATIONAL BRIDGE ENGINEERING CONFERENCE 

<2ff-6i- B . f . IB B F . 

B T . *bU 1 

« El«». i 105.64 

3120 

9100 

9080 

9060 

9040 

I O y - 0 " 1 103'-0' 

r-o--
< Brg 0 ) i l 1 < Bli. Br^ 

1 ioy-0-

Al)iilment 1 

I 0 3 ' - 0 -

r-c-TT-r-o" 
t Bk. Bra. I < «h. Beg t Bt B f l 

tiWt 9109.70 * E I W . 9114.06 * Eliv 9 H I . 9 0 

D.H:W 0,00 
cm. • 9100.8 Scour Dtpth 

Pier 3 Pier 4 

SECTION 

Abutment 5 

9 r - e - ou lo ou 

1" d. 

ProjfCl 1 - 6 ' 

#4 ipcc t 
with ilirrupi 

«4 X 4'-2--

i -
« 3 r n • 3" lot 2_ 
ploct »ilh «S 

V X 1" chomftr . 
at «nd plott only 

_ F « l d bend ove- bottom f - g . 
mot of Blob t i t t i 

<4 tort - H J ; ' / 
•6 cor*. -L p " ( 

Podiilrian Roil 

- •31 1 , 

•End PL 

THROUGH MID SPAN THROUGH END PLATE 

TYPICAL GIRDER SECTIONS 

H G U R E 1 Configuration of the bridge deck ( l i n . = 25.4 mm). 

J 0 - - 0 - 20--0-

12'-0- l 2 ' - 0 -

On Tongonll / B O M 

Colorodo CS4 r 

0.02 V! 

t.H. 224 8rld«4 Roil 

TYPICAL SEaON 

I n the midspan o f the experimental deck, the t o p re
inforcement is removed. O n the basis o f an a l lowable 
stress o f 24 ,000 Ib/in.^ (165.36 M P a ) f o r steel, this deck 
slab can sustain a positive transverse bending moment 
o f 6,990 f t - l b / f t (31.1 k N - m / m ) . F r o m the finite-element 
analysis o f the bridge deck conducted by L i et a l . (2), 
i t has been f o u n d tha t the m a x i m u m transverse tensile 
stress tha t can be expected at the b o t t o m o f the deck is 
550 l b / i n . ' (3.80 M P a ) , w i t h the deck thickness taken 
t o be 7.5 i n . (190 m m ) o n the basis o f the p re l iminary 
design. This tensile stress corresponds to a posit ive 
bending moment o f 5,160 f t - l b / f t (23.0 k N - m / m ) . Ac
cord ing to A A S H T O specifications (5), the design bend
ing momen t o f the slab under an HS20 t ruck is 4 ,910 
f t - l b / f t (22.0 k N - m / m ) , no t inc lud ing the con t inu i ty fac
tor o f 0.8. Hence, i t has been concluded tha t the quan
t i t y o f b o t t o m transverse reinforcement adaopted here 
is suff ic ient t o carry the design load , even i f the slab is 
no t cont inuous over the girders. 

Fur thermore, f r o m the finite-element analysis (2) , the 
m a x i m u m transverse tensile stress at the t o p o f the deck 
above the center o f a girder is expected to be 286 l b / 
in .^ (2.0 M P a ) . The m a x i m u m top transverse tensile 
stress at a p o i n t 12 i n . (305 m m ) away f r o m the center 
o f a girder, w h i c h is approximate ly above the edge o f 
the flange o f a girder, is expected to be 140 Ib/in.^ (1.0 
M P a ) f o r a slab 7.5 i n . (190 m m ) th ick . This tensile 
stress is reduced to 123 Ih/in? (0.85 MPa) f o r a slab 
8.0 i n . (200 m m ) th ick , w h i c h is w a y below the ex
pected tensile strength o f the deck concrete. Hence, i t 
has been concluded that no top transverse reinforce
ment is required to sustain the negative bending 
moment . 

I n bo th the con t ro l and experimental decks, the same 
amount o f top long i tud ina l con t inu i ty reinforcement 
was placed. This consisted o f 5 6 - f t (17.1-m)-long N o . 
9 bars spaced at 9 i n . (229 m m ) o n center across the 
piers. The top cover on these bars was 3 i n . (76 m m ) 
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F I G U R E 2 Reinforcing steel details for the bridge deck 
(not to scale; 1 in. = 25.4 mm). 

i n the experimental deck, so that these bars are at the 
same elevation as those i n the con t ro l deck. 

A small amount o f polypropylene fiber (1.5 Ib/yd^ o f 
concrete) was added to the deck concrete to help con
t r o l cracking. The deck concrete was membrane cured. 
Based on 28-day laboratory-cured specimens, the av
erage compressive strength and the modulus o f rupture 
o f the deck concrete are measured to be 5,740 and 590 
Ib/in.^ (39.6 and 4 .1 M P a ) , respectively. The average 
compressive strength o f the girder concrete is 8,500 lb / 
i n . ' (58.6 M P a ) . 

The bridge was constructed i n t w o phases to facili tate 
the flow of t ra f f ic . The Phase 1 po r t ion o f the deck con
sists o f a slab 34 f t (10.36 m) wide supported over five 
girders. I t was cast i n January 1993. The Phase 2 p o r t i o n 
o f the deck was cast in July 1993. A f t e r the bridge had 
been opened to t raff ic f o r 6 months, a series o f load tests 
was conducted on a single day i n September 1993, w i t h 
the complete bridge temporar i ly closed to t raf f ic . 

FIELD TESTS 

Test Truck and Truck Load Positions 

As shown i n Figure 3, the test t ruck included a f r o n t 
axle t ransmi t t ing a force o f 16.5 kips (73 k N ) . The to ta l 
force t ransmit ted by the rear tandem axles o f the test 

Front axle 

16Jkip9 

Rear tandem axks 

28.1Slup9 28.Ski|X 

Trailing tandem ailes 

n.lSkip! 15.5kips 

L i 4 
14.15klpi; 

PointLoals forCanpiitMiai TueContact Aita 

F I G U R E 3 Test truck (1 kip = 4.45 kN, 1 in. = 25.4 mm). 

t ruck was 56.7 kips (252 k N ) , and the to ta l force ex
erted by the t r a i l ing axles was 32.8 kips (146 k N ) . The 
to ta l we igh t o f the test t ruck was 106 kips (472 k N ) , 
w h i c h is 4 7 percent more than tha t o f a convent ional 
HS20 t ruck . The axle and wheel spacings o f the test 
t ruck were similar to those o f a standard HS20 t ruck . 

To investigate the m a x i m u m tensile stresses that could 
be developed in the transverse direction at the top and 
b o t t o m of the deck, i t was decided that the test t ruck 
should be positioned at three different locations along 
the longi tudinal direction o f the bridge, as shown i n Fig
ure 4. The first t ruck posi t ion was close to the abutment 
in the experimental deck at the west end, resulting in rear 
tandem axle loads being approximately 8 f t (2.44 m) 
away f r o m the abutment. The deflection o f the girders 
was small when the t ruck was at this posi t ion. The t ra i l 
ing axles and the f r o n t axle were not used i n this load 
case, since i t is expected that these axle loads w o u l d i n 
crease the girder deflections and thereby decrease the 
transverse tensile stresses at the top . The second t ruck 
posi t ion i n the longi tudina l direction was near the m i d -
span o f the experimental deck, w i t h the resulting rear 
tandem axle loads being approximately 44 f t (13.41 m) 
away f r o m the abutment. This induced different ia l de
flections among the girders. The t h i r d t ruck load posi
t i on i n the longi tudinal direction was in the vic ini ty o f 
the pier i n the experimental deck, w i t h the resulting rear 
tandem axle loads being approximately 6 f t (1.83 m) 
away f r o m the pier. The above positions are identif ied as 
Load Groups 1, 2, and 3, respectively. As il lustrated in 
Figure 5, the wheels o f the test t ruck were posit ioned at 
six to seven different locations along the transverse d i 
rection o f the deck f o r each o f these load groups. 
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F I G U R E 4 Longitudinal positions of test truck on the 
bridge (1 kip = 4.45 kN, 1 in. = 25.4 mm). 
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F I G U R E 5 Test truck positions along transverse direction 
of the deck (1 in. = 25.4 mm). 

The t ruck load positions were determined f r o m the 
finite-element analysis (2). Each pos i t ion results i n a 
most severe stress cond i t i on w h e n compared w i t h the 
stress condit ions at other posit ions i n the vicini ty . I n 
add i t ion to the three long i tud ina l posit ions, the test 
t ruck was also placed on the con t ro l deck. L o a d Groups 
4 and 5 correspond to the midspan and abutment po
sitions, respectively, on the con t ro l deck i n the east 
span, w h i c h are s imilar to L o a d Groups 2 and 1, 
respectively. 

Instrumentation 

The response o f the bridge deck under the test t ruck 
was mon i to red by strain gauges embedded at d i f fe ren t 
locations i n the deck. These locations are associated 
w i t h the designated positions o f the test t ruck discussed 
earlier. Five gauge lines are selected, as shown in Figure 
6. The first three gauge lines are located i n the experi
mental deck, and the other t w o are located i n the con
t r o l deck. I n the experimental deck, the first and second 
gauge lines are 6 f t (1.83 m) and 4 4 f t (13 .41 m ) away 
f r o m the abutment, respectively. The t h i r d gauge line is 

West Span/Experimental Deck 

Gage Line 1 Gage Line 2 Gage Line 3 

* r * I 
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104'-0" 

East Span/Control Deck 
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F I G U R E 6 Locations of strain gauges in the bridge deck 
(1 in. = 25.4 mm). 
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T A B L E 1 Maximum Strain Readings in the Transverse 
Direction at Top and Bottom of Slab 

Gage 
Point 

Gage Line Gage 
Point 1 2 3 4 5 

A +3.1/+66.5 -52.3/+117.9 •53.3/+54.9 -1- -1-
B -/-31.5 -24.5/- -h -h -1-
C +20/- +6.8/- + 19.2/- +5.6/- + 13.8/-
D + 18.3/- -/+50.7 - / - - / - - / -
E -32.6/+76.7 -53.9/+I73.8 -51.1/+73.4 -46.5/+133.2 -39.6/+30.2 
F + 15.4/- + 13.0 / - + 18.7/- - / - +15.7/-
G -14.8/+30.8 -/+176.2 - / - - / - - / -

Note: The plus and minus signs refer to the tensile and compressive strains, respectively. 
The locations of gage lines and gage points are illustrated in Fig. 6. The strain readings in 
each column are obtained under a load group which has the same number as the gage line. 

8 f t (2.44 m) away f r o m the pier. Gauge Lines 4 and 5 
are located i n the con t ro l deck. 

There are seven gauge points (A th rough G) along 
each o f the gauge lines, as shown in Figure 6. Each 
gauge po in t usually has top and b o t t o m gauges, w h i c h 
are oriented i n the transverse and long i tud ina l direc
tions o f the deck. The top and b o t t o m gauges are about 
1 i n . (25 m m ) away f r o m the top and b o t t o m surfaces 
o f the deck, respectively. The strain gauges were welded 
o n 21- in . (0 .53-m)- long N o . 4 bars that have anchor ing 
hooks. These bars are embedded i n concrete. The gauge 
m o u n t i n g technique was ver i f ied w i t h a re inforced con
crete beam subjected to th i rd -po in t load ing (3). 

Results of Field Tests 

The response o f the bridge deck to the test t ruck posi
t ioned at the d i f fe ren t locations ment ioned previously 
was measured by embedded strain gauges. The m a x i 
m u m strain readings at the top and b o t t o m o f the deck 
are summarized in Tables 1 and 2. 

The modulus o f rupture o f the deck concrete was 
measured to be 590 Ib/ in .^ (4 .1 M P a ) w i t h standard 
th i rd -po in t loading tests, and the modulus o f elasticity 
o f the deck concrete was calculated to be 4 ,230 Ib/in.^ 
(29 1500 MPa) o n the basis o f the f o r m u l a o f the Amer
ican Concrete Insti tute ( A C I ) f o r m u l a (11). Hence, the 
corresponding cracking strain o f the deck concrete is 
estimated to be 140 X 10 Based on the plane section 
assumption, the strains at the top and b o t t o m surfaces 
o f the deck can be determined w i t h the strain measured 
at a gauge po in t . Since the distance f r o m an embedded 
gauge to the t o p or b o t t o m o f the deck is about 1 t o 2 
i n . (25 to 51 m m ) and the thickness o f the deck is 8 i n . 
(203 m m ) , i t is expected tha t the strains at the top and 
b o t t o m surfaces o f the deck w i l l reach the cracking 
strain when the strain at an embedded gauge near the 
surface is about 70 X 10"* t o 105 X 10"*. 

I t can be seen f r o m Table 1 that when the test t ruck 
was close to the abutment the m a x i m u m transverse ten

sile strains at the top gauge positions o f the deck along 
Gauge Line 1 were less than 20 X lO * and those at 
the b o t t o m gauge posit ions o f the deck were about 60 
X 10"* to 80 X 10 *. W h e n the test t ruck was near the 
midspan the transverse tensile strains at the b o t t o m 
gauge positions o f the deck along Gauge Line 2 became 
very large and were about 110 X 10"* to 180 X 10 *. 
A t the same t ime the transverse tensile strains at the top 
gauge positions o f the deck were less than 15 X 10"*. 
Compar i son o f these readings w i t h the readings ob
tained at Gauge Line 1 indicates that the deflection o f 
the girders increases the transverse tensile stresses at the 
b o t t o m o f the deck and reduces those at the top . W h e n 
the test t ruck was close to the pier, the transverse tensile 
strains at the top gauge positions o f the deck along 
Gauge Line 3 were less than 20 X 10"*, and those at 
the b o t t o m gauge positions o f the deck were about 50 
X 10"* to 80 X 10"*. 

I t can be seen f r o m Table 2 that the longi tud ina l ten
sile strains developed i n the deck under the test t ruck 
were less than 28 X 10"* f o r aU three load groups. I t is 
also noted f r o m the test results tha t the behaviors o f the 
experimental and con t ro l decks are similar. 

NUMERICAL RESULTS 

Finite-Element Models 

To investigate the stress state o f a bridge deck, the most 
refined approach is to use the finite-element method . A 

T A B L E 2 Maximum Strain Readings in the 
Longitudinal Direction at Top and Bottom of Slab 

Gage 
Point 

Gage Line Gage 
Point 1 2 3 4 5 

A -/+0.4 -61.8/+1.0 -10.9/+10.7 -/-30.2 -h 
C +6.2/- -41.9/- - / - -h + 10.0/-
E -24.3/+27.5 -35.7/-23.4 - / - -/-21.9 '1-
F -17.3 / - -51.7/- - / - - / - -1-
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number of different finite-element models have been 
used for the analysis of bridge decks (10,12). In the 
present study two layers of eight-node solid elements 
are used to model the concrete slab, and rigid beams 
are used to connect the nodes at the bottom of the slab 
to the centroids of the girders, which are represented by 
three-dimensional beam elements. The cross-sectional 
area and moment of inertia of each girder of the bridge 
are 630 in." (0.41 m') and 242,590 in." (10 097 360 
cm"), respectively. Finite-element program SAP90 (13) 
is used for the stress analysis. Nonconforming solid ele
ments are used to eliminate possible shear locking. 

Furthermore, since only a single end span of the four-
span bridge is considered, the remaining three spans are 
modeled by equivalent beam elements only. Each equiv
alent beam has a rectangular section of 54 in. (1.37 m) 
height and 43.45 in. (1.1 m) in width whose moment 
of inertia is equal to that of a fully coupled composite 
T-beam section consisting of a girder and a slab. The 
effective width of the flange is equal to the center-to-
center distance between the girders, in accordance with 
the recommendations of A C I ( I I ) . 

In the finite-element model 50 solid elements are used 
in the transverse direction of the bridge deck, with 8 
solid elements used between two girders. The mesh 
along the transverse direction remains the same for all 
three load groups. The mesh along the longitudinal di
rection is adjusted in accordance with the locations of 
the axle loads of the test truck. Twenty-four solid ele
ments are used along the longitudinal direction in a sin
gle span. For all three load groups, a fine mesh is used 
in the vicinity of the rear tandem axle loads, where the 
maximum stresses-are expected to occur. The meshes 
used for the stress analysis are shown in Figure 7. 

In the finite-element analysis of the bridge deck, the 
elastic moduli for the deck and girder concrete are taken 
to be 4,230 ksi (29 150 MPa) and 5,260 ksi (36 240 
MPa) , respectively. The Poisson's ratio is assumed to be 
0.2 for both the deck and girder concrete. There is a 
steel diaphragm consisting of a C 1 5 X 33.9 channel at 
the middle of each span, which is modeled by bar ele
ments connected to the girders. The elastic modulus of 
the bars is assumed to be 29,000 ksi (199 810 MPa) . 
The bridge deck has an 8-degree angle of skew. How
ever, because the angle of skew is small, it is ignored in 
the stress analysis. The wheel loads of the test truck are 
treated as concentrated point loads. 

Comparison of Test and Numerical Results 

The behavior of the bridge deck under the 19 load cases 
was analyzed with the finite-element models presented 
earlier. The corresponding normal stresses along the 
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F I G U R E 7 Finite-element meshes: (a) Longitudinal section 
for Load Group 1; (h) longitudinal section for Load Group 
2; (c) longitudinal section for Load Group 3; (d) transverse 
section for all three load groups (1 in. = 25.4 mm). 

transverse and longitudinal directions of the bridge deck 
have been determined. 

Since two layers of eight-node sohd elements have 
been used to model the bridge deck, the stresses have 
been computed at three nodal points along the depth of 
the slab. The stresses at the gauge locations have been 
evaluated from the nodal stresses with a linear inter
polation, which happens to fit the nodal stresses very 
well. In spite of the small variations in gauge positions, 
it has been assumed that all strain gauges are 1.0 in. 
(25 mm) away from the top or bottom of the deck. 
Since the normal strains in both the longitudinal and 
transverse directions were measured at most of the 
gauge positions, the normal stresses in the deck have 
been calculated with a biaxial stress-strain relation, in 
which the modulus of elasticity and the Poisson's ratio 
of the deck concrete are the same as those used in the 
finite-element model. 

The test and numerical results from selected load 
cases are compared in Figures 8 and 9. These corre
spond to Case A of Load Group 1 (Case l A ) and Case 
B l of L o a d Group 2 (Case 2B1). The wheel load posi
tions along the transverse direction of the deck are sim
ilar for these two cases, as shown in Figure 5. These 



LI ET AL. 107 

0.40 h 

5 0.20 

Numerical results at top gage locations 
Numerical results at Ixittom gage locations 

* Top gages 
X Bottom gages 

240.0 360.0 480.0 
Transverse Distance (in) 

F I G U R E 8 Normal stresses in transverse direction along 
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= 25.4 mm, 1 ksi = 6.89 MPa). 
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F I G U R E 9 Normal stresses in transverse direction along 
Gauge Line 2 for test truck near midspan (Case 2B1) 
(1 in. = 25.4 mm, 1 ksi = 6.89 MPa). 

two load cases demonstrate the effect of girder deflec
tion on the normal stresses in the transverse direction 
of the deck. It can be «een from the figures that the 
numerical results are quite close to the test results for 
these two load cases. Nevertheless, the tensile stresses 
developed at the bottom of the deck in the field tests 
are about twice as large as the numerical results. This 
can be attributed to the cracking at the bottom of the 
deck, which is not accounted for in the analysis. 

It can be seen from Figure 8 that when each of the 
wheel loads was near the midspan between two girders, 
the transverse normal stresses obtained from the tests 
at the top of the girders are only about 50 percent of 
the numerical results. This discrepancy is also found in 
other load cases in which the truck was close to a pier. 
This is probably caused by the flanges of the girders, 
which are not considered in the finite-element model. 
This effect is not significant when the truck loads are 
near the midspan, since in this case the transverse nor
mal stresses at the top of the girders are significantly 
influenced by the deflection of the girders. In addition, 
it is found that the test and numerical results for truck 
loads near the pier are similar to those for truck loads 
close to the abutment. 

It can be seen from Figure 9 that when the test truck 
was near the middle of the experimental deck, the trans
verse tensile stresses at the bottom of the deck were 
relatively high. This phenomenon can be observed from 
both the numerical and test results. 

Analysis with Two Trucks 

The prototype bridge has one lane of traffic in each 
direction. To simulate the most severe loading condi

tions that can be expected for the bridge, the response 
of the bridge deck under two test trucks was investigated. 
This response can be obtained with the superposition of 
the numerical results obtained with one test truck. 

Figure 10 shows the combined effects of different 
load cases with the truck loads close to the abutment. 
The resulting maximum transverse tensile stress at the 
top of the deck is 230 lb/in.' (1.59 MPa) . Figure 11 
shows the combined effects when the truck loads were 
near the midspan. In this case the maximum transverse 
tensile stress at the top is 100 Ib/in.^ (0.69 MPa) . The 
deck section at which the maximum tensile stress occurs 
is referred to as the critical section in the figures. 
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F I G U R E 10 Top normal stresses in transverse direction 
along the critical section for two trucks near abutment 
(1 in. = 25.4 mm, 1 ksi = 6.89 MPa). 
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F I G U R E 11 Top normal stresses in transverse direction 
along the critical section for two trucks near midspan (1 in. 
= 25.4 mm, 1 ksi = 6.89 MPa). 

two test trucks, the normal tensile stresses at the top of 
the deck are less than the expected fatigue strength of 
concrete. Hence, the results of the present study 
strongly support the fact that top transverse reinforce
ment is not necessary for sustaining the negative bend
ing moment induced by traffic loads. Nevertheless, fur
ther research on the control of temperature and 
shrinkage cracks in the absence of top reinforcement is 
warranted. 

Nonlinear stress analysis of the bridge deck, consid
ering the cracking of concrete, is under way. These anal
yses wil l provide a better understanding of the behavior 
of concrete bridge decks subjected to extreme traffic 
loads, as well as of the influence of shrinkage and tem
perature cracks on deck stresses. Furthermore, the 
bridge considered in the present case study has relatively 
stiff girders. Hence, further parametric studies should 
be conducted with the finite-element model to develop 
rational design guidelines that cover a range of girder 
flexibilities. 

In summary, it has been found from the finite-
element analysis that the maximum transverse tensile 
stress that can be developed at the top of the bridge 
deck is 230 lb/in.' (1.59 MPa) . If an impact factor of 
0.3 is considered, this maximum transverse tensile stress 
is 300 lb/in. (2.06 MPa) , which is much less than the 
modulus of rupture of the deck concrete. 

A highway bridge is normally subjected to about 
100,000 to 10 milUon cycles of repeated loadings dur
ing its lifetime (14). It has been observed from test re
sults that the fatigue strength of plain concrete is about 
60 percent of its rupture strength when concrete speci
mens were subjected to 10 million load cycles (15-17). 
If the bridge deck studied is going to be subjected to 
about 10 million load cycles, the tensile strength of the 
deck concrete is expected to be reduced from 590 lb/ 
in." (4.1 MPa) to 355 lb/in. (2.45 MPa) , which is still 
higher than the maximum tensile stresses expected at 
the top of the deck. Since the truck load used in the 
stress analysis of the deck was 47 percent heavier than 
a standard HS20 truck, the analysis is considered 
conservative. 

CONCLUSIONS 

The test results show that for all the load cases consid
ered here, the transverse tensile strains at the top of the 
deck were always substantially lower than the cracking 
strain of the deck concrete. The behavior of the bridge 
deck under a test truck was analyzed by the finite-
element method. The numerical results showed a good 
correlation with the test results. It was found from the 
analysis that even under more severe load cases with 
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