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Abstract 

The influence of girder flexibility on bridge deck behavior has not been 

considered in the design and analysis of bridge decks. Hence, the actual 

bending stresses in bridge decks may vary significantly from values predicted 

by the current AASHTO design code. Cracking iii. the tQP exposes the top 

mat of reinforcing bars to chloride attack. The response of a 420-feet-long, 

52-feet-wide, four-span continuous precast girder highway bridge under truck 

loads is evaluated to explore the feasibility of eliminating the top reinforcing 

bars from bridge decks. 

A linearly elastic finite element model is used to investigate the prototype 

deck behavior under a 92-kip truck with tandem 24-kip axles. It has been 

found that the maximum tensile and compressive stresses in the transverse 

direction are nearly equal and both less than 300 psi at the abutment end 

of the bridge. Near midspan of the bridge, the maximum tensile stresses 

in the transverse direction are less than 120 psi, which is only 40% of the 

peak stress near the abutment. The maximum top compressive stresses in 

the transverse direction, due to the positive moment, are less than 550 psi, 

which is, however, 80% greater than the maximum compressive stress at the 

abutment. The analysis results confirm the feasibility of eliminating the top 

reinforcing bars of concrete bridge decks. 
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Chapter 1 

INTRODUCTION 

Most bridges constructed in North America have a reinforced concrete slab 

over supporting girders. Generally, the design for reinforced concrete decks 

has been based upon the "Westergaard Theory" (Westergaard 1930) which 

assumes that a slab behaves as a continuum over fixed linear supports. The 

current AASHTO code slab design provisions (Standard Specifications 1989) 

are based upon empirical rules derived from earlier adaptations of the Wester­

gaard Theory (Standard Specifications 1935; AASHTO Minutes 1957-1961). 

Newmark (1949) investigated the behavior of bridge Qecks and recom­

mended that the slab design moment should account for girder deflections~ 

Nowadays, the influence of girder flexibility on bridge deck behavior is still 

not considered in the design and analysis of bridge decks. Because of girder 

deflections, the maximum elastic stress in a bridge deck due to truck loads 

may vary significantly from that predicted by the AASHTO design moments. 

Consequently, a bridge deck may be over-reinforced or under-reinforced. 

Current bridge deck reinforcing practice is to place both an upper and 

a lower mat of reinforcing bars. According to the AASHTO Specifications 

(1989) , the design bending moment has the same value for top and bottom 
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transverse bars. Directly above the bottom transverse bars are placed lon­

gitudinal bars. The area of bottom longitudinal reinforcement is set to be 

proportional to the area of bottom transverse reinforcement required by the 

AASHTO code. The upper mat contains a top layer of transverse reinforcing 

bars over a longitudinal layer of bars. The required area of top transverse 

bars is usually greater than the area of bottom transverse bars since greater 

top cover reduces the effective depth. The longitudinal bars in the upper 

mat are intended to control temperature and shrinkage cracks. 

Recent experience has indicated that apparent shrinkage cracking has dra­

matically worsened. It seems that these cracks often occur over the upper 

transverse bars, permitting increased exposure to deleterious substances such 

as deicing chemicals. However, longitudinal cracks are not prevalent over the 

girders. Investigations on the behavior of bridge decks by Beal (1982) and 

Fang et al. (1990) have shown that the maximum negative bending mo­

ments, or top tensile stresses, are very low, much less than the maximum 

positive bending moments or stresses. Analysis of their work and other em­

pirical evidence by Allen (1991) indicates that the tensile strength of deck 

concrete greatly exceeds the maximum top tensile streSs induced by truck 

loads. However, this analysis applies only to the interior portions of the 

bridge span, where deflection of the girders is greatest. It is expected that 

the highest negative bending moments in: the deck will occur in the vicinity 

of the supports. 

The purpose of this research project is to investigate the response of a 

typical highway bridge deck under truck loads and determine the magnitude 

of stresses at the top of the bridge deck. The maximum tensile stress under 

truck loads will be compared to the cracking strength of deck concrete. This 

investigation is divided into two parts. The first part consists of the devel-

2 

t 

l 
L 
i , 
L 
l 
L 

l 
l 
1 
l 

l 
L 
L 
~ . 

~ 
, 

l 
I 
L 

l 



opment of a finite element model of the prototype bridge deck and stress 

analysis of the deck under truck loads. The second part of the investigation 

involves the instrumentation of the prototype bridge and monitoring the re­

sponse of the prototype bridge subjected to a test truck and then actual 

highway loads. 

This report describes the first part of the project. The essence of this 

investigation is to determine the maximum tensile stresses at the top and 

bottom of the prototype bridge deck using a linearly elastic finite element 

model, which has been chosen in view of the belief that flexural cracking is not 

prevalent in bridge decks. A special truck load was developed that is heavier 

than the prevalently used standard truck (HS20-44) for bridge design. The 

non-standard truck was chosen to provide a more conservative load condition 

for the·.finite element analysis. 

3 



· , 
- j 

Chapter 2 

FINITE ELEMENT 
MODELING OF 
SLAB-GIRDER DECKS 

2.1 Modeling Approaches 

A typical bridge deck consists of a concrete slab supported by steel or concrete 

girders. The slab is often connected to girders by shear connectors, which 

transfer shear forces from the slab to girders. A typical section of a slab­

girder deck is shown in Fig. 2.1. To investigate the stress state of a bridge 

deck, the most refined approach is to use the finite element method. In recent 

years, several researchers have proposed different finite element models for 

bridge decks (Razaqpur and Noful 1989; Fang et al. 1990; Lin et al. 1991; 

Mufie et al. 1991; Memari and West 1991). 

In the analytical model proposed by Lin et al. (1991), the concrete slab, 

and the flanges and webs of steel girders are modeled by triangular plate 

elements. In their study, 3-D bar elements are used to simulate shear con­

nectors, which combine the uniaxial and shear-slip behaviors. The 3-D bar 
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elements connect the nodes at the top of steel girders to those at the mid­

plane of a slab. In the analytica.I model proposed by Fang et al. (1990), two 

layers of solid elements are used to represent a concrete slab, and steel girders 

are modeled with 3-D beam elements, which are connected to the concrete 

slab by rigid links. This analytica.I model was validated by laboratory tests 

conducted on a one-span three-girder deck. 

2.2 Comparison of Models 

To compare the different modeling approaches, a simply supported T-beam 

with a concentrated load at the mid-span has been analyzed by three different 

finite element models. One-model is using 3-D solid elements for both the 

flange and the web of the T-beam. This model can be considered as the most 

accurate among the three. For the other two models, solid and shell elements 

are used, respectively, to model the flange, 3-D beam elements are used for 

the web, and rigid links are used to connect the flange to the web to form a 

composite beam. Rigid links, which are simulated by beam elements of very 

high stiffness, connect the bottom nodes of the flange to-the beam elements. 

A structural analysis program, SAP90 (Wilson et al. 1989), running on a 

personal computer has been selected for the computation. SAP90 has evolved 

from finite element analysis programs SAPN, SAPV, and SAP80, and has 

proven to be reliable and versatile for structural analysis. The element library 

of SAP90 contains four types of elements. These are beam, eight-node solid, 

four-node shell, and plane quadrilaterals elements. The solid element is an 8-

node brick element with conforming and non-conforming deformation modes. 

To avoid shear locking, the non-conforming solid element is used in our finite 

element models. The shell element is a 4-node element fonnulation which 
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Table 2.1: Deflections at the Mid-Span of T-Beam 

Model Deflection( x 10-3 in.) 
Beam Theory 1.039 
Solid Elements 1.079 

Solid & Beam Elements 1.108 
Shell & Beam Elements 1.073 

has a combination of membrane action and plate bending behavior. The 

plate bending behavior does not include any effect of shear deformation. 

The preprocessor and post~processor of SAP90 are able to generate element 

meshes and color-coded stress contour plots that are easy to read. 

The geometric configuration of the simply supported T-beam with a con­

centrated load at the mid-span is shown in Fig. 2.2. The three different finite 

element models used for the T-beam are shown in Figs. 2.3 through 2.5. 

Deflections at the mid-span of the T-beam computed with the different 

models are shown in Table 2.1. It is found that all three models give results 

that are very close to the solution obtained with the 'simple beam theory 

which neglects the shear-lag phenomenon. 

Computed stress variations at the top of the flange are shown in Fig. 2.6.' 

It is found that all three finite element analysis models are able to capture 

the shear-lag developed in the flange of the T -beam. Considering that the 

results obtained with the solid elements (Fig. 2.3) are accurate and using 

them as the comparison standard, errors in the bending stresses at the top 

of the T -beam obtained with the solid & beam and shell & beam models are 

computed and shown in Tables 2.2 and 2.3. Here, Section 1 is the loading 

section and located at the mid-span of the T-beam. It can be seen that 
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Table 2.2: Errors in Compressive Stress along the Top Central Line of the 
Flange 

Section 1 2 3 4 5 6 
Distance from 0.0 7.5 15 22.5 30 37.5 
Mid-Span (in.) 

Solid &. Beam r~~ error) -19.56 -0.74 +20.14 +2.53 +4.33 +8.66 
Shell &. Beam (% error) +46.43 -4.46 +16.87 -0.06 +1.71 +6.99 

Table 2.3: Errors in Compressive Stress along the Top Exterior Edge of the 
Flange 

Section 1 2 3 4 5 6 
Distance from 0.0 7.5 15 22.5 30 37.5 
Mid-Span (in.) 

Solid &. Beam (% error) +0.46 +2.26 +3.75 +1.66 -0.17 +0.76 
Shell &. Beam (% error) +6.42 +4.19 +1.27 +0.4 +0.18 +6.5 

the last two models produce results that are very close to those obtained 

with solid elements. Usually, better results are at sections away from the 

restrained edges and supports. 

From the stress analysis of a simply supported T -beam, it is verified 

that solid elements and shell elements connected to 3-D beam elements via 

rigid links are able to represent the bending behavior of a composite beam 

reasonably well. 
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2.3 Experimental Verification 

A one-span, slab-girder bridge deck that was tested at the University of Texas 

at Austin (Fang et al. 1990) is used to compare the solid & beam and shell 

& beam models. 

2.3.1 Design of Texas Experimental Deck 

The one-span, slab-girder bridge deck tested at the University of Texas at 

Austin was 49-ft long, and three W36X150 girders were spaced at a center­

to-center distance of 7 ft., as shown in Fig. 2.7. The thickness of the concrete 

slab was 7.5 in. One half of the concrete slab was a precast concrete panel 

with a design concrete compressive strength of 6,000 psi, and the other half 

was a cast-in-place concrete slab with a design concrete compressive strength 

of 3,600 psi. The concrete deck was subjected to four-point wheel loads as 

shown in Fig. 2.7. The concrete deck was loaded to failure. 

As shown in Fig. 2.7, there was a strain gage at the top of the deck near 

one of the wheel loads (point A). There were two strain gages at bottom of 

the deck. One was near the interior girder (point B) and another was near the 

exterior girder (point C). These three strain gages measured the transverse 

bending stresses in the deck. 

2.3.2 Comparison between Analytical and Experimen­
tal Models 

Because of the symmetry of the deck configuration and loading conditions, 

only one half of the experimental bridge deck that consisted of a cast-in-place 

concrete slab is analyzed. The difference in mechanical properties between 
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the cast-in-place concrete slab and the precast panel is ignored. The me­

chanical properties of the cast-in-place concrete are specified as follows: the 

modulus of elasticity Eo = 4,095 ksi, in accordance with the ACI recommen­

dation (1989) that Eo = 57,000/10, where f; = 5,160 psi (based on cylinder 

tests), and the Poisson's ratio is assumed to be 0.2. Steel girders have a 

modulus of elasticity of 29,000 ksi and a shear modulus of 11,154 ksi. The 

finite element model with solid and beam elements is shown in Fig. 2.8, and 

the model with shell and beam elements is shown in Fig. 2.9. In the former, 

two layers of solid elements are used for the concrete slab, and rigid links 

. are connected to the nodes at the bottom of the slab. This arrangement 

is similar to the modeling approaches used by Fang et al. (1990). For the 

convenience of comparison, the two analytical models have the same mesh 

configuration in plan view. 

There is a diaphragm at the mid-span of the experimental deck, which 

enhanced the lateral stability of the girders. This condition is simulated by 

restraining the lateral movements of the girders at the mid~span. 

When each of the concentrated loads .was increased from 5 to 20 kips, 

there was no cracking observed in the experimental deck. 1'he analysis and 

test results on the deflection of the interior girder at the loading section are 

shown in Table 2.4. It is found that the deflection of the interior girder · 

obtained with the solid & beam model is very close to the test result. For 

the shell & beam model, the computed deflection of the interior girder is 

quite good, but it is not as close to the test result as that obtained with the 

solid & beam model. 

Table 2.5 shows the transverse bending stresses obtained by experiment 

and by the solid & beam model. The comparison of these stresses, when each 

of the wheel loads on the deck equals 20 kips, is shown in Fig. 2.10. It can 
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Table 2.4: Deflection of the Interior Girder at Loading Section (in.) 

Load P (kips) 
5 
10 
15 
20 

Test 
0.032 
0.068 
0.100 
0.135 

Solid&Beam Shell&Beam 
0.033 0.038 
0.065 0.075 
0.098 0.113 
0.130 0.151 

Table 2.5: Transverse Bending Stresses at Gage Points (ksi) (Analytical 
Model: Solid & Beam Elements) 

Load P (kips) Point A (Top) Point B (Bott.) Point C (Bott.) 
Test Analysis Test Analysis Test Analysis 

5 0.099 0.092 0.020 0.023 0.011 0.015 
10 0.171 0.185 0.051 0.046 0.023 0.030 
15 0.284 0.277 0.065 0.069 0.045 0.044 
20 0.379 0.369 0.106 0.093 0.061 0.059 

be seen that the transverse stresses in the concrete slab obtained with the 

solid & beam model are very close to the test results. 

Figure 2.11 shows the comparison of the transverse bending stresses at 

_ the top of the deck obtained with the solid & beam and shell & beam models, 

respectively, for P equal to 10 kips. It can be seen that the stresses in the 

deck obtained with the shell & beam model are quite different from those 

obtained with the solid & beam model. The shell & beam model does not 

give stresses that are close to test results. 

From the comparison of numerical and test results, it can be concluded 

that a finite element model with solid and beam elements is better suited 
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for the stress analysis of bridge decks than a model with shell and beam 

elements. 

11 

I . 

• 

, .. 

I 

t 

L . 

I 

!. 

t · 

I 
i;. 

I 
~. 

I 
k 

L 



Concrete slab Shear connectors 

\ 

Steel or concrete girders 

Figure 2.1: Typical Section of a Slab-Girder Deck 
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Figure 2.2: Simply Supported T-Beam 
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Chapter 3 

MODELING OF 
PROTOTYPE BRIDGE 
DECK 

3.1 Description of Prototype bridge 

The prototype bridge selected for this project is located on Colorado State 

Route 224 over the South Platte River near Commerce City. Ids a 420-ft long 

and 52-ft wide bridge. The superstructure consists of four ~qual continuous 

spans. The supporting girders are standard precast Colorado Type G-54 

girders spaced at approximately eight feet on center. The deck thickness for 

the prototype bridge is 8.0 in. to comply with the new design requirement 

adopted by the Colorado Department of Transportation. In the finite element 

model, a 7.S-in thick deck was used, based on the preliminary bridge design. 

The analysis results from the finite element model with the thinner deck are 

expected to be conservative. The configuration of the four-span bridge is 

shown in Fig. 3.l. 

The prototype bridge deck has an eight-degree angle of skew. Because 
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the angle of skew is small, it is ignored in the stress analysis. 

The specified 28-day concrete strength for the prototype bridge deck is 

4,500 psi. Thus, the flexural tensile strength of the deck concrete is expected 

to vary from 470 psi to 805 psi (7 [f. - 12[f.) (ACI 1992). Usually, the 

compressive strength of deck concrete obtained from field tests greatly ex­

ceeds the specified design strength. Test results indicate that bridge deck 

concrete used in Colorado often attains a 28-day strength of 6,000 psi if the 

design compressive strength is 4,500 psi. Consequently, the actual average 

tensile strength of deck concrete may be in the range of 542 psi to 930 psi. 

Therefore, it is conservative to assume that no deck cracking will be induced 

by truck loads if the maximum tensile stress is less than 470 psi. 

3.2 Bridge Loadings 

The current AASHTO Specifications (1989) for the design of bridge decks 

adopt an empirical equation that was first incorporated into the eighth edi­

tion published in 1961. This empirical design equation has approximately 

the same value of moment as that calculated by earlier editions of the code 

for the modified military load. These earlier editions are an adaptation ?f 

the "Westergaard Theory". The. modified military load consists of two 24-

kip axles spaced four-feet apart. According to these earlier editions of the 

AASHTO Specifications, the design moment for the HS20 truck would be 

calculated using two 16-kip axles instead of a single 32-kip axle. The slab 

design moment for the modified military load is 50% larger than that for the 

HS20 truck. This change from the earlier editions concealed the fact that 

military axles rather than the HS20 truck is used for the slab design. 

As shown in Fig. 3.2, the truck load selected for our model includes the 
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tandem 24-kip axles from the modified military truck load. A front axle of 

12 kips is selected, which is 25 percent of the total load of the tandem axle 

group. The weight of the front axle for the conventional AASHTO H·truck 

is also 25 percent of the rear axles. The total weight of the front and rear 

tandem axles of this model truck corresponds to an AASHTO H-30 truck. 

This load is also representative of a typical tarid~m axle dump truck. A 

32-kip trailing axle as used for the standard HS20 truck is also used on our 

model truck. The axle and wheel spacing of the model truck are similar to 

that of the standard HS20 truck. The resulting model truck weighs 92 kips , 

which is 28 percent more than a conventional HS20 truck. 

For the stress analysis, it has been decided that the. model truck will be 

in three different longitudinal positions on the bridge. The first position is 

close to the abutment. The deflection of girders is smallest in this position. 

It is expected that the critical section of transverse tensile stresses will occur 

beneath the 24-kip axles. The trailing axle (32 kips) and the front axle (12 

kips) will be not used in this load case, since these axle loads in the span 

are thought to increase the girder deflection and, thereby, decrease the top 

transverse tensile stresses. This assumption has been verified by analysis. 

Along the transverse direction, the wheels of either one or two trucks are 

positioned at five different locations, as illustrated in Fig. 3.3. For the 

load case where the top tensile stresses are maximum, the truck position 

is incrementally moved closer and farther from the abutment to obtain the 

longitudinal position causing the maximum top transverse tensile stresses. 

The second longitudinal truck position is near the mid-span of the deck, 

approximately at the location of maximum moment in the girders. This 

causes the maximum deflection as well as differential deflections between 

the girders. One or two trucks are placed transversely in five positions, as 
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illustrated in Fig. 3.4. 

The third longitudinal truck load position is in the vicinity of the pier. 

The bridge is continuous in this region so that the front axle and trailing 

axle are included, as shown in Fig. 3.5. 

In all three truck load groups, it is expected that the positions of wheel 

loads in the transverse direction will cause severe transverse tensile stresses 

in the bridge deck. 

3.3 Finite Element Analysis 

For the elastic stress analysis of a four· span bridge deck, it is impossible to 

use solid elements to model both the concrete slab and the girders due to the 

limitation of the computer capacity. As shown earlier, using solid elements 

for the concrete slab and 3-D beam elements for the girders is a suitable 

approach. This analytical model produces quite accurate results for stresses. 

In the finite element model adopted here, two layers of solid elements are used 

to model the concrete slab and rigid links are used to connect the nodes at 

the bottom of the slab to the centroids of the girders which are represented by 

3-D beams. The area and moment of inertia of each girder of the prototype 

bridge are 631 in.2 and 242,585 in.4
, respectively. 

There is a concrete diaphragm at the mid· span of each span. The di­

aphragm is modeled by beam elements which are connected to the centroids 

of the girders. These beam elements have a 24-in.-high and 8-in.-wide rect­

angular section. The connection between the diaphragm and the slab is not 

considered in the analytical model. 

An impact factor of 1.3 is applied to the truck loads in the analysis, based 

on the AASHTO Specifications. The modulus of elasticity and the Poisson's 
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ratio are taken to be 3,600 ksi and 0.2, respectively. 

3.3.1 Mesh Refinement 

There are two main considerations in the finite element analysis of structures. 

One is the selection of a suitable element mesh. The other is the limitation 

of the computer capacity. When selecting an element mesh, places of stress 

concentration and high stress gradient require refined meshes. The general 

approach of selecting a finite element mesh is to select a coarse mesh for 

places where the solution is known to be smooth and a fine mesh for places 

where the stress is expected to vary rapidly. 

In this study, the most important consideration is the maximum tensile 

stresses produced by transverse negative bending moments. Usually, these 

stresses occur at the top of the deck in the vicinity of supporting girders. 

Therefore, a suitable mesh should be chosen to obtain accurate stresses at 

these sites. The strategy used here to select a mesh is to vary element sizes 

in the longitudinal and transverse direction independently, and a suitable 

element size is determined by the convergence of these stresses. 

(1) Mesh Refinement in the Longitudinal Direction 

To determine an appropriate mesh, the four-span bridge deck is reduced into 

a simply supported one-span bridge deck with a span length of 399 in. and 

seven equally spaced girders with the same stiffness. The 7.S-in thick concrete 

slab is modeled with two layers of solid elements. The concrete slab between 

two girders is discretized into seven solid elements, which represent a quite 

fine mesh in the transverse direction of the deck. Furthermore, with the mesh 

in the transverse direction fixed, it is divided into 10, 20 and 30 elements, 

respectively, in the longitudinal direction. Such arrangements lead to element 

aspect ratios (length/thickness) of 10.64, 5.32 and 3.55, respectively. The 
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Table 3.1: Maximum Transverse Bending Stresses with Different Meshes 

Longitudinal Element Max. Tensile % Error with Respect 
Divisions Aspect Ratio Stress (ksi) to 30 Elements 

10 Elements 10.64 0.467 17.54 
20 Elements 5.32 0.545 3.73 
30 Elements 3.55 0.566 0.0 

·procedure of refining the mesh in the longitudinal direction is shown in Fig. 

3.6. 

With two 50-kip point loads applied at the mid-span of the deck, stresses 

are computed with the different meshes. The transverse bending stresses at 

the top of the deck along the loading section are shown in Fig. 3.7. The max­

imum transverse bending stresses at the top of the deck obtained with the 

ditIerent meshes are compared in Table 3.1, where the maximum transverse 

tensile stress obtained with 30 elements is used as the comparison standard. 

Based on the results in Table 3.1, it is estimated with a quadratic interpo­

lation that using an element aspect ratio not greater than 6.67 can lead to 

good results in stress analysis. 

(2) Mesh Refinement in the Transverse Direction 

It is necessary to determine the number of elements be used between a wheel 

load and a girder, and in areas of high stress gradients. The simply sup­

ported one-span bridge deck is investigated using two ditIerent meshes in the 

transverse direction, as shown in Fig. 3.8. There are 30 solid elements in 

the longitudinal direction of the deck for both cases. There is only one solid 

element between a wheel load and a girder for the coarse mesh, and two solid 

elements for the fine mesh. 
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Analysis results obtained with the coarse mesh indicate that the maxi­

mum transverse compressive and tensile stresses do not occur beneath the 

..... point loads or above the girders. This means that stresses at these sites are 

greatly distorted. When the fine mesh is used, such phenomenon of stress 

distortion virtually disappears. Transverse bending stresses at the top of the 

deck along the loading section, as illustrated in Fig. 3.9, clearly indicate that 

using the fine mesh will dramatically change the computed stresses in areas of 

high stress gradients. Hence, it is apparent that there should be at least two 

solid elements between a wheel load and a girder for stress analysis. Based 

on these considerations, a mesh of eight elements in the transverse direction 

between each pair of girders has been chosen . 

. 3.3.2 Replacement of Solid Elements by . Equivalent 
Beam Elements 

Because the computer capacity is limited, it is impossible to represent the 

entire four-span bridge slab with solid elements. A strategy for simplification 

is to use equivalent beams to account for the effect of the slab-girder com­

posite in three spans, and have a fine mesh in the end span. The equivalent 

beam has a 54-in.-high and 42.2-in.-wide rectangular section, whose moment 

of inertia is equal to that of a composite T-beam section consisting of one 

girder and a concrete slab, which has a width equal to the center-to-center 

distance between two girders. The moment of inertia of the equivalent beam 

is 553,792 in.\ and the procedure of calculating it is shown in Table 3.2. 

To examine the effect of this modification, the four-span bridge deck is 

analyzed with two different models. One is using the equivalent beams to 

model two spans, with the slab in the remaining two spans modeled by solid 

elements. The other is using the equivalent beams to model three spans, 
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Table 3.2: Moment of Inertia of the Equivalent Beam 

Components Ai(in. ) Ii(in. ) Yi(in. ) AiYi Y;(in.) 
Slab 709 3,322 3.75 2,658 14.3 

Girder 631 242,585 34.17 21561 16.07 
Total 1,340 24,219. 

Note: 
Ai - Area of the ith component of the composite section; 
Ii - Moment of inertia of the ith component of the section; 

Ail'; 
144,932 
162,953 

Ii + Ail'; 
148,255 
405,538 
553,792 

Yi - Distance between the centroid of the ith component of the section and 
the top of the slab; 
Y; - Distance between the centroid of the ith component of the section and 
the neutral axis of the equivalent beam. 

with the slab in the remaining one span modeled by solid elements. These 

two different models are subjected to the same truck loads, which are located 

close to the pier, as shown in Fig. 3.10. 

The transverse and longitudinal bending stresses at the top of the deck 

along critical sections obtained with the two different models are compared 

in Fig. 3.11 and Fig. 3.12, respectively. The critical section for transverse 

bending stresses is located 8 fi. . away from the pier. It can be seen that the 

two models give similar bending stresses in the transverse and longitudinal 

directions of the deck. It is clear that the whole bridge deck can be simplified 

into a one-span deck that is modeled by solid and beams elements, while the 

rest is modeled by the equivalent beams. Such a simplification allows one to 

use a fine mesh in the vicinity of critical sections. 
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3.3.3 Finite Element Models 

From the above results, it is decided that using eight solid elements between 

each pair of girders will be a fine enough mesh for the stress analysis. For most 

of the load cases, this arrangement will provide at least two solid elements 

between a point load and a girder. There is only one load case where a 

wheel load is placed closer than two elements from a girder. For this load 

case, the stress distortion is thought to be unimportant since it will occur 

right above the flange of a girder, which in realty will reduce the maximum 

stress produced by the finite element analysis. Therefore, a total of so solid 

elements will be used in the -transverse direction, with eight solid elements 

used for each of the six transverse spans. 

The mesh3.long the longitudinal direction will have different refinements 

based on the locations of the axle loads. A fine mesh will be used for critical 

areas where the axle loads are applied, and a coarse mesh will be used for the 

rest of the deck. Totally, 24 solid elements will be used in the longitudinal 

direction of the deck in each model. 

For all three load groups, a fine mesh is located in th~ vicinity of the 

24-kip axle loads. In this region, the length of the elements is 24 in., which 

leads to an element aspect ratio (length/thickness) not greater than 6.67. 

The mesh used for the stress analysis of the deck under Load Group 1 is 

shown in Fig. 3.13. From the left side of the mesh, the first solid element has a 

length of 30 in. It accounts for the stiffness of the concrete diaphragm above 

the abutment. This effect is simulated by using equivalent solid elements 

which have the same in-plane bending stiffness as that of the diaphragm. The 

depth of the diaphragm is 62 in., and that of the eqUivalent solid elements 

is 7.S in. Both have the same length of 30 in. The modulus of elasticity is 
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assumed to be 3,600 ksi for the diaphragm. Hence, the modulus of elasticity 

for the equivalent solid elements is determined to be 29, 760ksi, as shown in 

Fig. 3.14. 

. In the longitudinal direction, six' small solid elements are used in the 

region of the fine mesh, and the rest of the deck is modeled .by . seventeen 

solid elements. The length of each span of the bridge used in the analysis 
, 

is 102 ft. for the convenience of discretizing the mesh. This is slightly less 

than the prototype span length of 103 ft. This difference is thought to be so 

small that it can be ignored in the stress analysis. 

The mesh used for the stress analysis of the deck under Load Group 2 

is shown in Fig. 3.15. In the longitudinal direction, six small solid elements 

are used in the region of the fine mesh, and the rest of the deck is modeled 

with eighteen solid elements. The lengths of these elements vary so that the 

axle loads can be located at the desired nodes. The element aspect ratios of 

these elements vary from 6.4 to 25.6. The length of each span of the bridge 

used in the analysis is 102 ft. Fpr this case, the distance between the rear 

axle and the trailing axle of the truck is 12 ft. This arrangement is thought 

to cause the maximum deflection of girders, because the trailing axle load is 

, close to the mid-span. 

The mesh used for the stress analysis of the deck under Load Group 3 

is shown in Fig. 3.16. There are two solid elements with a high modulus 

of elasticity (which is 29,760 ksi) to account for the stiffness of the concrete 

diaphragm above the pier. Each of the solid elements has a length of 25.5 

in. The depth of the diaphragm is 62 in. , and that of the equivalent solid 

elements is 7.5 in. The length of the diaphragm is 51 in. The approach used 

to determine the modulus of elasticity for the equivalent solid elements is the 

same as that for Load Group 1. In the longitudinal direction, twelve small 
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solid elements are used in the region of the fine mesh, including two solid 

,elements for the diaphragm, and the rest of the deck is modeled with twelve 

solid elements. The length of each span of the bridge used in the analysis 

is 103 ft. The distance between the rear axle and trailing axle of the truck 

is 12 ft. This arrangement is expected to cause the minimum deflection of 

girders, because the trailing axle load is close to the pier. 
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- ----Chapter 4 

ANALYSIS RESULTS 

The bridge deck under the fifteen truck load cases is analyzed by means of the 

finite element models presented in Chapter 3, and the corresponding bending 

stresses along the transverse and longitudinal directions of the bridge deck _ 

are determined. 

For the prototype bridge deck, the width of the flange of a girder is 

2.33 ft. and the center-to center distance between two girders is 7.89 ft . 

Therefore, the clear span of the slab between each pair of girders is 5.56 ft. 

According to the AASHTO Specifications, the transverse bending moment 

of the slab induced by a HS20 truck is 3780 ft-lb/ft . If the reduction factor 

of 0.8 is considered due to the continuity of the slab, this bending moment 

becomes 3024 ft-lb/ft. Consequently, for a 7.5-in thick deck, the maximum 

tensile stress is 323 psi. It becomes 420 psi when the impact factor of 1.3 is 

used. This value can be used to compare with the maximum tensile stresses 

obtained with the finite element method. 

It should be emphasized that because a distributed wheel load is treated 

as a concentrated load, the stresses computed at the nodes where concen­

trated loads are applied will be greater than those in the actual deck. 
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Table 4.1: Maximum Stresses at the Top of the Deck(ksi) ( Load Group 1 ) 

CASE Transverse Longitudinal 
Max. Tensile Max. Compressive Max. Tensile Max. Compressive 

A 0.271 0.276 0.055 0.185 
B 0.274 0.286 0.056 0.197 
C 0.234 0.196 0.018 0.189 
D 0.286 0.256 0.029 0.208 
E 0.271 0.276 0.056 0.183 

4.1 Load Group 1 

The transverse and longitudinal bending stresses at the top of the deck under 

Load Group 1 are shown in Fig. 4.1 and Fig. 4.2. The critical section for the 

transverse bending stresses under the five load cases is 6 ft. awa.y from the 

abutment, located between the two 24-kip axle loads. The critical section 

for the longitudinal bending stresses depends on the locations of wheel loads, 

which is usua.lly beneath the wheel loads. Since the axle loads are close to 

the support, little longitudinal bending moment is developed in the bridge 

deck. Consequently, the longitudinal bending stresses are relatively sma.ll. 

The maximum bending stresses at the top of the deck under the five cases of 

Load Group 1 are shown in Table 4.I. 

It is found that the top bending stresses under the five load cases are 

less than 300 psi. Case D has the maximum top transverse tensile stress 

equal to 286 psi. This value is only 68.1 percent of the maximum tensile 

stress obtained with the AASHTO design moment. The top longitudinal 

compressive stresses are less than 210 psi, and the top longitudinal tensile 
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stresses are relatively small. 

Since Case D causes the maximum transverse bending stress, the 24-kip 

"axle loads corresponding to this case are moved back and forth by 2 ft., 

.towards and away from the abutment. When the tandem axles move 2 ft. 

towards the abutment with respect to the original location, ' the maximum 

transverse tensile stress at the top of the deck is reduced to 255 psi. Moving 

the tandem axles 2 ft. away from the abutment with respect to the original 

location reduces the maximum tensile stress to 280 psi. This shows that 

the original location of the 24-kip tandem axle loads produces the maximum 

' oo transverse tensile stress at the top of the deck. . , ", 

4.2 Load Group 2 

The transverse and longitudinal stresses at the top of the deck under Load 

Group 2 are shown in Fig. 4.3 and Fig. 4.4. It can be seen that trans­

verse tensile stresses above the girders are greatly reduced with respect to 

the previous case because of the significant deflections of the girders. The 

critical section for the top transverse bending stresses under Cases A, B, C 

and D is 42 ft. away from the abutment, located between the two 24-kip 

axle loads. For Case E, the maximum top tensile transverse stress occurs 

beneath the 32-kip axle load, which is 56 ft. away from the abutment. The 

critical sections for the longitudinal bending stresses are different for each 

case, usually located at the wheel loads. Since axle loads are located near 

the mid-span of the deck, the top longitudinal compressive stresses are very 

large. The maximum bending stresses at the top of the deck under the five 

cases of Load Group 2 are shown in Table 4.2. 

It is found that the top transverse tensile stresses are less than 120 psi, 
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Table 4.2: Maximum Stresses at the Top of the Deck(ksi) ( Load Group 2 ) 

CASE Transverse Longitudinal 
Max. Tensile Max. Compressive Max. Tensile Max. Compressive 

.. A 0.116 0.475 0.138 0.454 
B 0.114 0.521 0.157 0.486 
C 0.079 0.467 0.147 0.457 
D 0.084 0.499 0.079 0.345 
E 0.222 0.220 0.134 0.378 

about 60 percent less than those under Load Group' 1, except for Case E, 

where the maximum tensile stress is 222 psi. The top transverse compressive 

stresses are less than 550 psi, about 80 percent greater than that under 

Load Group 1, and 24 percent greater than the expected bending stress 
.~ -
(420 psi) resulting from the AASHTO design moment. The top longitudinal 

"'c~mpressive stresses are less than 500 psi, and the top longitudinal tensile 

stresses are around 150 psi. Both are larger than those under Load Group 1. 

Case E is an unusual Joading condition that is intended to produce the 

maximum top tensile stress from the "hogging" of the deck due to truck loads 

placed at the exterior edges of the deck. It is interesting to look at the top 

transverse stress variations along two different sections under load Case E, as 

shown in Fig. 4.5. One is between the two 24-kip axle loads (42 ft . away from 

the abutment), where the top transverse tensile stress at the center of the 

deck is 148 psi. The other is beneath the 32-kip axle load (56 ft. away from 

the abutment), and the stress at the same transverse location is 222 psi. The 

difference between these top transverse tensile stresses at the two sections is 

74 psi. Obviously, this difference is caused by differential deflections among 
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the girders. The significance of girder deflection was further explored by 

combining the effects of load Cases C & E. If the bridge deck is subjected 

to Cases C and E at the same time, the differential girder deflections are 

significantly reduced and the maximum top transverse tensile stress is 223 

psi, which is stilI less than that under Load Group 1. . The top transverse 

bending stresses under the combination of the two load cases are shown in 

Fig. 4.6. This combination of loads dramatically reduces the maximum top 

. - transverse compressive stress of load Case C from 467 psi to 320 psi. In 

other words, the transverse positive bending moment is changed by about 

. 31.5 percent due to the differential girder deflection. 

4.3 Load Group 3 

The transverse and longitudinal bending stresses at the top of the deck under 

.Load Group 3 are 'shown in Fig. 4.7 and Fig. 4.8. It can be seen that the 

transverse stress variations are similar to those under Load Group 1, because 

of small deflections of the girders near the pier. The critical section for the 

top transverse bending stresses under the five load cases is.s ft. away from 

the pier, which is beneath one of the two 24-kip axle loads. The maximum 

top longitudinal compressive stresses occur beneath the wheel loads. The 

maximum top longitudinal tensile stresses occur along the nodes above a 

girder between the two wheel loads. Since the axle loads are applied at both 

sides of the pier, very large longitudinal tensile stresses are developed in the 

vicinity of the support. The maximum bending stresses at the top of the 

deck under the five cases of Load Group 3 are shown in Table 4.3. 

It can be seen that the top transverse bending stresses are less than 300 

psi, and Case D has the maximum top transverse tensile stress equal to 239.2 
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Table 4.3: Maximum Stresses at the Top of the Deck(ksi) ( Load Group 3 ) 

CASE Transverse Longitudinal 
Max. Tensile Max. Compressive Max. Tensile Max. Compressive 

A 0.210 0.247 0.534 0.17 
B 0.212 0.287 0,565 0.18 
C 0.209 0.177 0.733 0.19 
D 0.239 0.250 0.564 0.20 
E 0.209 0.275 0.530 0.17 

psi. The maximum top transverse tensile stress for Load Group 3 is 84% of 

that for Load Group 1. The top longitudinal compressive stresses are less 

than 200 psi, and the top longitudinal tensile stresses are larger than 500 psi. 

Removing the 32-kip axle load of Case D causes the maximum top transverse 

t~sile stress to increase slightly. 

"Analysis of the bridge deck under the three different load groups shows 

that the girder" flexibility greatly reduces the transverse negative bending 

moments in the bridge deck_ The critical top transverse b~nding stresses with 

respect to the different longitudinal locations of axle loads are compared in" 

Fig. 4.9. It can be seen that the transverse tensile stresses at the top of the 

deck will decline when the axle loads move farther away from the supports. 

Considering that the design tensile strength of deck concrete is usually 

above 470 psi (Section 3.1), one can conclude that the transverse tensile 

stresses at the top of the deck induced by the fifteen load cases are not 

likely to cause deck cracking. The maximum tensile stress developed is 286 

psi, which is only 61 percent of the expected design tensile strength of deck 

concrete. Furthermore, it should be mentioned that the above analyses do 
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not consider the influence of the flanges of the girders, and should, therefore, 

be conservative. 

Analysis results indicate that the maximum transverse tensile stress at 

the bottom of the slab can be"as high as 520 psi, which is greate~ than the 

expected tensile strength of deck concrete. Hence, cracks can develop in 

regions of positive moment. This effect is investigated in Section 4.5. 

4.4 Effect of Concrete Railings 

There are three lines of concrete railings at the top of the prototype bridge 

deck, which are monolithically connected to the concrete slab. The concrete 

railings used here conform to Colorado Railing Standard Type 4. In the 

previous computations, the effect of the concrete railings was not taken into 

account. 

" To investigate the effect of the concrete railings, solid elements are used 

to model the concrete slab and girders, as well as the railings of a simply 

supported one-span bridge deck, which has the same configuration as the 

four-span bridge. The finite element mesh for the one-span bridge deck is 

shown in Fig. 4.10. The concrete diaphragm at the mid-span of the bridge 

is modeled with beam elements, which are attached to the nodes of the ~olid 

elements modeling the girders. Placing the axle loads at the mid-span of the 

bridge deck produces maximum differential deflections among the girders. 

Hence, Case B of Load Group 2 is used to compare the stress analyses with 

and without the concrete railings. 

A one-span bridge without railings is first analyzed. Railings are then 

added to the bridge, and the analysis is repeated. The transverse bending 

stresses at the top of the deck along the critical section (42 ft. away from the 
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abutment) obtained with and without the concrete railings are shown in Fig. 

4.11. It can be observed that the top transverse tensile stress in the vicinity 

of the interior railing is increased from 89 psi to 157 psi, an increase of 76.4 

percent, when the railing are present. However, it is still only 33% of the 

expected tensile strength (470 psi) of deck concrete. Stresses at those nodes 

that are far away from the interior railing have little change. Because the 

concrete railings increase the longitudinal bending stiffness, the longitudinal 

bending stresses in the deck are slightly reduced. Hence, it may be important 

to consider the effect of the concrete railings in the stress analysis for those 

nodes that are close to the interior railing. It is not necessary to consider 

this effect if the nodes are far away from the railings. If the axle loads are 

close to the supports, it is not necessary to consider this effect, because the 

differential deflections of the girders are small to start with. 

4.5 Effect of Deck Cracking . . 

In previous computations, it is assumed that no cracking occur at the bot­

tom of the bridge deck. This may not be true since the maximum transverse 

tensile stresses at the bottom of the slab can be close to the" tensile strength 

of deck concrete as shown by previous computations. Deck cracking is most 

likely to occur at the bottom of the slab beneath the wheel loads, and prop­

agates in the longitudinal direction with the movement of truck loads. This 

will reduce the bending stiffness of the slab section. 

To investigate the effect of deck cracking, a simplified method is used to 

model deck cracking in the finite element model. It is assumed that cracks 

will occur at the bottom of the slab under the wheel loads. The bending 

stiffness of a cracked section is calculated. The modulus of elasticity of the 
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solid elements at the cracked sections is modified to simulate the reduction 

of the bending stiffness at these sections. Case A of Load Group 3, in which 

the axle loads are close to the pier, is used to compare the stress analyses 

with and without deck cracking. The modeling of deck cracking is shoWn in 

_ Fig. 4.12. 

For a one-foot wide concrete slab, the area of steel reinforcement is 0.6764 

in.2
• Therefore, the moment of inertia of an uncracked section is 421.9 in.\ 

and that of a cracked section is 167 in4. Consequently, the modulus of elas­

ticity for the solid elements at a cracked section is 1,424 ksi, while that at an 

uncracked section is assumed to be 3,600 ksi. The shift of the neutral axis is 

neglected here. 

The transverse bending stresses at the top of the deck with and without 

deck craclcing ar~ shown in Fig. 4.13. It is found that the maximum trans­

verse bending stress at the top of the deck is increased from 210 psi to 303 

psi, which is an increase of 44 percent. 
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Chapter 5 

CONCLUSIONS 

The elastic behavior of a four-span slab-girder bridge deck has been analyzed 

with a finite element model. The response of the deck under fifteen different 

truck load cases has been investigated. The following conclusions have been 

reached. 

1) A finite element model consisting of solid and 3-D beam elements is 

suitable for the analysis of slab-girder bridge decks. This has been validated 

by laboratory test results. 

2) The flexibility of gird~rs can significantly reduce t.he tensile stresses 

at the top of a concrete bridge deck. It has been found that the transverse 

tensile stresses at the top of the prototype bridge deck are well below the 

design tensile strength of deck concrete under the fifteen truck load cases. 

The maximum transverse tensile stress reached is 286 psi, which is only 61 

percent of the design tensile strength (470 psi) of deck concrete and 68 percent: 

of the tensile stress (420 psi) obtained with the AASHTO design 1ll0ill<'llt. 

Hence, it is possible to eliminate the top reinforcing bars in the bridge deck. 

fl 



3) The maximum transverse positive bending moment is increased due 

to girder deflection. It has been found that the maximum transverse tensile 

stress (520 psi) at the bottom of the prototype bridge deck is 24 percent 

greater than the tensile stress (420 psi) obtained with the AASHTO design 

moment. 

4) The concrete railings on a bridge can increase the transverse tensile 

stress by about 76 percent at · the top of the deck in the vicinity of the 

interior railing, bu.t it is still only 33 % of the expected tensile strength of 

deck concrete. At locations far away from the interior railing, the effect of 

concrete railings is not significant. Hence, the effect of the concrete railings 

can be ignored in the analysis of the prototype bridge deck. 

5) When the effect of deck cracking .due to positive bending moment 

is considered, the maximum top transverse tensile stresses in the deck can 

increase. However, the effect of deck cracking on the top tensile stress in the 

deck needs further investigation . 

. . For further studies, it will be informative to conduct non-linear stress 

analysis of the prototype bridge deck, considering the cracking of concrete. 

Such studies will provide a better understanding of the beh~vior of concrete 

bridge decks under extreme traffic loads. Furthermore, it may be useful to 

investigate the dynamic effect of truck loads in a more realistic fashion. 

The fini te element model proposed here will be further validated by field 

tests of the prototype bridge. Once validated, further parametric studies 

can be conducted with the model to develop rational design guidelines that 

incorporate the flexibility of deck girders. 

The prototype bridge utilized for this case study is a relatively stiff struc­

ture. More flexible bridges such as steel-girder bridges can be more sig­

nificantly affected by girder deflections. Hence, AASHTO design bending 
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moments ma.y be unconservative for the positive moment region and over­

conservative for the negative moment region of these bridges. 
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OF THE BRIDGE DECK 
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Fig. B .. S Deflection Diagram of Case E of Load Group 1 
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Fig. B.6 Deflection Diagram of Case A of Load Group 2 
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Fig. B.; Deflection Diagram of Case B of Load Group :2 
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Fig. B.8 Deflection Diagram of Case C of Load Group 2 
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Fig. B.9 Deflection Diagram of Case D of Load Group :2 L 
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Fig. B.lO D flection Diagram of Case E of Load Group 2 
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Fig. B.12 Deflection Diagram of Case B of Load Group 3 
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Fig. B.13 Deflection Diagram of Case C of Load Group 3 

120 

x ~y 
Z 

GRDUP3C 
DEFORMED 
SHAPE 
LOAD 2 

MINIMA 
X-0.8522E-02 
Y-0. 1172E -01 
Z-0. 5463E -01 

. MAXIMA 
X 0.8522E-02 
Y 0.8004E-02 
Z 0. 1605E +00 

SAP90 

L 

I 

L. 

I. 

L. 

L 

I. 

L. 

L 

I , 

• 
L 

L 

! 

l 



Fig. B.14 Deflection Diagram of Case D of Load Group 3 
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Fig. B.IS Deflection Diagram of Case E of Load Group 3 
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