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ABSTRACT 

This report focuses on post-test finite element analysis (FEA) of and design recommendations 

for in-span hinges (ISHs) of reinforced concrete (RC) box-girder bridges when subjected to 

vertical loads through the bearings. ISHs are disturbed regions due to a complex three-

dimensional (3D) stress state caused by the concentrated bearing loads and the possible existence 

of utility and maintenance openings. The common modeling practice for ISHs is the use of 

simplified two-dimensional (2D) modeling as short cantilevers, following standard procedures, 

e.g., those in ACI318. Such simplified analytical and design procedures lead to inefficient 

detailing because they do not take into account the expected failure modes of ISHs, where 

punching shear is one of these critical modes. For the post-test analysis, a 3D finite element 

analysis (FEA) is developed and validated against the results of five tested ISH specimens. This 

computational model considers the cracking behavior of concrete and the elastic-plastic behavior 

of the reinforcement. The reinforcing steel is modeled using an embedded reinforcement 

formulation assuming perfect bond between the concrete and the reinforcement. The concrete 

material is modeled using the total strain rotating crack method. The reduction of compressive 

strength due to perpendicular cracking is incorporated in the constitutive model. With the 

validated FEA, a parametric study is conducted to predict the behavior and the strength of ISHs 

with different detailing and geometrical characteristics. As a result of this study, detailed design 

recommendations and guidelines are presented for ISHs in RC box-girder bridges. These 

recommendations are aimed to obtain optimal designs with less congestion and improved 

structural behavior. The findings from this study revealed that the strength of the ISH should be 

estimated from five critical design criteria: (1) sliding shear friction, (2) bending moment, (3) 2D 

SAT, (4) one-dimensional shear, and (5) punching shear. Additionally, it is concluded that the 

strength of ISHs is improved most by increasing the amount of diagonal reinforcement of the 

seat. 
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1 Introduction 

This report presents the results of the post-test analysis of and the design recommendations for 

in-span-hinges (ISHs) of reinforced concrete (RC) box-girder bridges. The report focuses on 

ISHs of prestressed box-girder bridges when subjected to vertical loads through the bearings. 

ISHs are used mainly to transmit vertical loads between two adjacent parts of the bridge deck, 

and are classified as disturbed regions due to a complex three-dimensional (3D) stress state 

caused by the concentrated bearing loads and the possible existence of utility and maintenance 

openings. The common modeling practice for ISHs is the use of simplified two-dimensional (2D) 

modeling as short cantilevers, following standard procedures, e.g., those in ACI318 (ACI 2008; 

Caltrans 2004). Such simplified analytical and design procedures typically lead to congested 

reinforcement causing constructability concerns from practical and economical aspects. These 

inefficient detailing designs do not take into account the expected failure modes of ISHs. From 

the five tested specimens (Hube and Mosalam 2009), a combination of three failure modes of 

ISHs were identified: (1) one-dimensional (1D) shear, (2) 2D strut-and-tie (SAT) mechanism, 

and (3) punching shear. 

1.1 MOTIVATION AND OBJECTIVES 

The overall study program of ISHs is shown in Figure 1.1. The tasks shown in boxes 1 to 6 were 

addressed by Hube and Mosalam (2009). These tasks included the survey of California highway 

bridges, the definition of the prototype ISH to be used in the experimental program, the pre-test 

finite element analysis (FEA) to design and verify the test setup, the capacity estimation of the 

specimens using code-based analytical models, and the execution of the experimental program. 

For the experimental program, five 1/3-scale ISH specimens were tested in two phases. For 

phase I, two specimens were tested representing the as-built conditions of typical ISHs of RC 

box-girder bridges in California. Specimen S2 was detailed identical to specimen S1, but it 
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contained utility openings to study the effects of such openings on the behavior and strength of 

ISHs. Based on the test results of phase I, three additional specimens were designed and tested in 

phase II. Specimen S3 was designed identical to specimen S2 but had a larger bearing plate to 

increase the punching shear capacity. Specimens S4 and S5 were designed with low 

reinforcement ratios aimed towards improving the performance and the constructability of ISHs; 

specimen S5 was detailed identical to specimen S4, but it contained utility openings. 
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1
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2
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analytical models

3

Phase I tests
5
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Fig. 1.1  Overview of ISHs study program. 

This report focuses on the tasks shown in boxes 8, 11, and 13 of Figure 1.1. Other tasks 

in boxes 9, 10, and 12 are suggested for future studies on ISHs. The first objective of this report 

(box 8) is to calibrate the previously developed FE model to predict the behavior and the strength 

of the tested ISHs. Using this computational model, the second objective of this report (box 11) 

is to perform a parametric study of ISHs with different detailing and geometrical characteristics. 

Based on the parametric study and the experimental results, the final objective of this report (box 

13) is to develop design recommendations and guidelines for ISHs. These recommendations are 

aimed to design ISHs with less reinforcing steel congestion, to improve structural behavior of 
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ISHs, and to provide a means for realistically estimating the strength of ISHs. This recommended 

strength prediction can be used for the design of new ISHs of RC box-girder bridges and also to 

evaluate existing ISHs. The characteristics of the ISHs used in this study correspond to 

configurations of bridges typically constructed in California. However, the final product of the 

entire study is general enough to be applicable for box-girder bridges in other places in the U.S. 

and worldwide. 

The post-test FEA is conducted using a model validated based on the results of the 

experimental program. The computational model adopts nonlinear 3D FEA that considers the 

cracking behavior of concrete and the elastic-plastic behavior of the reinforcement. The 

nonlinear behavior of the concrete is modeled using the total strain rotating crack model, where 

the reduction of compressive strength due to perpendicular cracking is incorporated in the 

constitutive model. The reinforcing steel is modeled using embedded reinforcement formulation, 

assuming perfect bond between the concrete and the reinforcement, which is an adequate 

approximation for ISHs (Hube and Mosalam 2009). 

The parametric study is intended to expand the findings of the experimental program, by 

considering these FE simulations as virtual experiments. To conduct the parametric study, a 

reference ISH is defined with nominal material properties and geometrical configurations 

commonly used in practice. Using the proposed 3D FEA, the behavior, yield load, strength, and 

mode of failure of these virtual specimens are compared with the reference ISH and with the 

tested specimens. The ISH variables analyzed in the parametric study are reinforcement steel 

ratios and detailing characteristics, size of the bearing area, aspect ratio of the seat, load 

eccentricity, and geometrical characteristics of the utility openings. The characteristics analyzed 

for the utility openings are the opening location, the opening size, and the reinforcement 

detailing near the openings. 

Based on the parametric study and the results of the experimental program, design 

recommendations of the ISH are presented. First, a methodology to estimate the strength of  

ISHs is presented based on the critical of five modes of failures: (1) sliding shear friction, (2) 

bending moment, (3) 2D SAT, (4) 1D shear, and (5) punching shear. Subsequently, specific 

design recommendations for the reinforcement and geometrical detailing of the ISH are 

provided. Finally, design recommendations for the geometrical characteristics of utility openings 

and reinforcement detailing near the openings are presented. 
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1.2 ORGANIZATION OF REPORT 

The present chapter, as discussed above, motivates this research project and complements the 

previously published first part of this study  (Hube and Mosalam 2009). Chapter 2 describes the 

concrete behavior under tensile and compressive stress states, and how this behavior is 

incorporated in the FEA of RC using the total strain crack model. Additionally, Chapter 2 

describes the effect of loading conditions and concrete material properties on the predicted 

behavior of ISHs. 

The post-test FEA of the five tested specimens is described in Chapter 3. The predicted 

load versus displacement relationships, the damage propagation, and the reinforcement behavior 

are compared with the experimental findings reported in Hube and Mosalam (2009). 

Chapter 4 describes the parametric study of ISHs using the proposed FEA. The reference 

ISH for the parametric study is defined and the behavior and strength of ISHs with varying 

detailing and geometrical characteristics are compared to the reference ISH.  

Chapter 5 summarizes the design recommendations for ISHs, where the procedure to 

estimate the strength of the ISH is described. Specifically, reinforcement and geometric detailing 

recommendations are described in this chapter. 

The conclusions of this research project are presented in Chapter 6. An outline of the 

proposed future research activities is also presented in this chapter. 

Finally, Appendix A contains the detailed capacity estimates for the different modes of 

failure of the virtual specimens from the FEA. These virtual specimens are used in the parametric 

study. 
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2 Modeling of Reinforced Concrete in Finite 
Element Analysis 

ISHs are subjected to complex 3D loading conditions due to the discrete bearing locations, the 

small aspect ratio of the seat, and the geometrical discontinuities when utility openings exist. 

Therefore, evaluation of existing ISHs and development of design requirements can be improved 

with 3D FEA that takes into account compatibility, equilibrium, and the constitutive 

relationships of concrete and steel. 

The 3D modeling of RC using FEA was described in Hube and Mosalam (2009). The 

concrete is modeled using a standard FE displacement formulation with 8-node isoparametric 

brick elements. The nonlinear material behavior of the concrete is modeled with the total strain 

crack constitutive model. The reinforcing steel is introduced in the FEA using the embedded 

reinforcement formulation, which implies perfect bond between the steel and the concrete. 

This chapter describes the tensile and the compressive behavior of concrete, and how to 

incorporate this behavior into the total strain crack model. The chapter concludes with a 

discussion of the effects of different concrete material parameters on the FEA prediction. 

2.1 CONCRETE TENSILE BEHAVIOR 

The tensile behavior of concrete is primarily controlled by the formation of micro-cracks (Evans 

and Marathe 1968; Reinhardt 1984; Rots et al. 1985). If the tensile stress reaches a certain tensile 

limit, the additional deformation will localize within a region called the fracture process zone. 

After the tensile limit is reached, the stress in the fracture process zone decreases as the strain 

increases, and unloading occurs in the uncracked concrete material located outside the fracture 

process zone. The tensile stress at the fracture process zone is resisted through bridging of 

aggregates at the micro-crack surface and through friction. When the stress reaches zero, a macro 
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crack is formed in the fracture process zone. The phenomenon described in this paragraph is 

known as tension softening.  

To describe the fracture process, two approaches are commonly used in fracture 

mechanics of quasi-brittle materials, e.g., concrete (Bažant and Planas 1998). The first approach, 

known as the cohesive crack model, assumes that the entire fracture process zone is localized in 

a discrete crack (Hillerborg et at. 1976). The fracture process inherent to this crack is modeled 

using a stress crack-width relationship, as shown in Figure 2.1a. To model this relationship, 

several authors have proposed tension-softening curves. Hillerborg et al. (1976) proposed a 

linear tension-softening curve, Peterson (1981) proposed a bi-linear curve, Cho et al. (1984) 

proposed a tri-linear curve, and Gopalaratnam and Shah (1985) and Cornelissen et al. (1986) 

proposed different exponential curves. The second approach to describe the fracture process, 

known as the crack band or smeared crack model, assumes that the inelastic deformation of the 

fracture process zone is distributed over a certain band width h  (Bažant and Oh 1983, Rots et al. 

1985), as shown in Figure 2.1b.  

h
σw σ

σ

tf

w

I
fGArea =

σ

tf

crε

h
G

Area
I
f=

uε
uw

 
(a) Cohesive crack model (b) Smeared crack model 

Fig. 2.1  Cohesive and smeared crack models. 

In FEA, the tensile behavior of concrete is commonly incorporated using the smeared 

crack model. To produce results independent of the mesh size, i.e., objective solution, the stress-

strain softening curve must be adjusted according to the element size (Bažant and Planas 1998; 

Maekawa et al. 2003). This property is known as mesh objectivity and is satisfied with the 

incorporation of the fracture energy in the constitutive model. The fracture energy I
fG  is 

assumed to be a material property and is defined as the amount of energy required to produce a 
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crack of unit area (Hillerborg 1985). However, tests conducted by Zhao et al. (2008) have 

demonstrated that the value of the fracture energy increases with the specimen’s size. From the 

stress-displacement relationship, the fracture energy is defined as (see the cohesive crack model 

in Figure 2.1a, where uw  is the smallest stress-free crack width) 

 ∫=
uw

I
f dwG

0

σ  (2.1) 

If a uniform crack strain crε  is assumed within the crack band width h  in the smeared crack 

model, the crack width can be obtained as follows: 

 hw crε=  (2.2) 

Therefore, the tension-softening curves obtained for the cohesive crack model can be 

transformed into stress-strain relationships to be used in the smeared crack model noticing that  

 
h

G
d

I
f

cr

u

=∫
ε

εσ
0

 (2.3) 

where uε  is the smallest stress-free crack strain (see the smeared crack model in Fig. 2.1b). 

The fracture energy is a material property that can be obtained experimentally following 

the recommendations of Rilem (1985). In the absence of test data, the CEB-FIP model code 

(Comité 1990) suggests a fracture energy value given by 

 70.
ck

I
f fG α=   [J/m2 ] (2.4) 

where ckf  is the characteristic strength [MPa], and α =4, 6, and 10 for maximum aggregate 

sizes of 8, 16, and 32 mm, respectively. 

For the crack band width h , there is no consensus on the value that should be used in 

FEA. Its magnitude depends on the element size, element type, element geometry, crack 

orientation, amount of cracking, aggregate size, presence of reinforcement, crack inclination 

relative to reinforcing bar direction (if any), the integration scheme, and the particular problem 

considered (Rots et al. 1985; Bažant and Oh 1983; Mosalam and Paulino 1997; Maekawa et al. 

2003). For 2D problems, Rots et al. (1985) suggested crack band width values depending on the 

strain distribution and crack orientation. For uniform strain and cracks parallel to the mesh, they 

recommended a crack band width as eAh =  where eA  is the area of the finite element. This 

crack band width is also recommended by Maekawa et al. (2003) for 2D problems of plain 

concrete. Bažant and Oh (1983) pointed out that the crack band width can be approximately 

identified from fracture tests of concrete specimens with different geometry, in which the 
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cracking is localized to a different extent. Based on experimental results, Bažant and Oh (1983) 

concluded that a crack band width between two and five times the maximum aggregate size was 

adequate. Finally, Mosalam and Paulino (1997) suggested an evolutionary method that varies the 

crack band width during the FEA. 

For the case of RC, the tensile behavior and fracture mechanism of concrete is different 

from that of plain concrete. For RC, the tensile strength of concrete is mainly resisted by bond 

stress transfer from the reinforcing bar, referred to as tension stiffening (Maekawa et al. 2003; 

Yankelevsky et al. 2008). Tension stiffening occurs mostly when a concrete crack is normal to 

the reinforcement due to the bond effect, whereas tension stiffening is negligible for a concrete 

crack parallel to the reinforcement. . Therefore, a crack in an arbitrary orientation with respect to 

the reinforcing bars, e.g., in densely RC structure such as the as-built ISH diaphragms, shows a 

combined stiffening/softening behavior (Maekawa et al. 2003). This combined behavior is 

incorporated by Maekawa et al. (1997) to obtain a tensile stress-strain relationship of RC in 3D. 

For each orthogonal direction in the 3D stress domain, a stress-strain curve and a normalized 

fracture energy ( hf/GG t
I
f

*
f = ) are obtained. For a stress direction parallel to the reinforcement, 

i.e., cracks perpendicular to the reinforcement, a tension-stiffening curve independent of the 

element size is considered. For a stress direction perpendicular to the reinforcement, i.e., crack 

parallel to the reinforcement, a tension-softening curve based on the fracture energy and the 

element size (crack band width) is considered. From the normalized fracture energy of each 

direction, the 3D normalized fracture energy is obtained by interpolation, considering the angle 

between the concrete crack and each of the orthogonal directions. Finally, this interpolated 

fracture energy is used to obtain a stress-strain curve normal to the crack direction. 

The negative modulus of the softening stress-strain curve can produce snap-back 

behavior when conducting FEA (Koeberl and William 1998; DIANA 2008). This snap-back 

behavior should be avoided for numerical stability in the FEA. When cracking is localized in one 

element of length chhL += , the incremental elongation of a concrete member is composed of the 

elongation of the cracked region h  and the elastic contraction of the uncracked region ch , as 

shown in Figure 2.2. In some cases, the reduction of the stress σΔ  due to the localized cracking 

can produce a decrease in the total deformation of the element, referred to as a snap-back. The 

incremental strain for a reduction of stress 0<Δσ  is 
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where cE  is the elastic modulus of the uncracked concrete and oE  is the modulus of the cracked 

region, which is negative and assumed constant in the above formula, i.e., linear softening upon 

cracking. In this case, the required condition to obtain a positive strain is 

 0111 <⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+

coc EEL
h

E
 (2.6) 

which can be written as 

  01 >⎟
⎠
⎞

⎜
⎝
⎛ −−>

h
LEE oc  (2.7) 

For the special case of hL 2= , the required condition to prevent snap-back behavior becomes 

oc EE −> , which agrees with Koeberl and William (1998). For the particular case of linear 

tension softening,  

 
I
f

t
o G

hf
E

2

2

−=  (2.8) 

Finally, the condition to prevent snap-back can be written as 

 ( )
c

tI
f E

hLf
G

2

2 −
>  (2.9) 
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ε
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Fig. 2.2  Snap-back condition. 
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2.2 CONCRETE COMPRESSIVE BEHAVIOR 

The uniaxial compressive behavior of concrete is measured by a standard compression test on a 

standard cylinder. The uniaxial stress-strain response is essentially linear elastic up to about 30% 

of the uniaxial strength '
cf . Above this level, nonlinearity is observed. When concrete is loaded 

beyond the compressive strength '
cf , the uniaxial stress-strain curve exhibits strain softening, 

which is characterized by a descending branch. 

When concrete is subjected to biaxial or triaxial loading, the compressive behavior, the 

strength, and the ductility vary significantly. When cracked concrete in tension is subjected to 

compression parallel to the crack direction, the compressive strength and stiffness are reduced 

(Vecchio and Collins 1993; Belarbi and Hsu 1991); whereas when concrete is subjected to 

biaxial or triaxial compressive stresses, the compressive strength increases due to the effect of 

confinement (Richart et al. 1928; Kupfer et al. 1969; Mills and Zimmerman 1970). For the case 

of ISH diaphragms, the concrete is subjected to a multiaxial state of stresses. Therefore, the 

multiaxial concrete behavior has to be incorporated in the constitutive model when conducting 

FEA of these disturbed regions. 

2.2.1 Compression Softening 

In cracked concrete, tensile strains perpendicular to the principal compressive direction reduces 

the compressive strength (Vecchio and Collins 1993). This reduction of strength is known as 

compression softening. The analytical models of compression softening typically consider a 

reduction factor σβ  that modifies the compressive strength, and another reduction factor εβ  that 

modifies the strain at peak strength oε , as shown in Figure 2.3. Based on tests of concrete panels 

subjected to biaxial stresses, several authors proposed expressions for these reduction factors 

(Shirai and Noguchi 1989; Belarbi and Hsu 1991; Vecchio and Collins 1993). 
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Fig. 2.3  Compression softening. 

From the tests of 2D panels, Vecchio and Collins (1993) proposed a strain reduction 

factor 1=εβ  and a strength reduction factor σββ =  given by 

 1
3702701

1 ≤

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+

=
..

o

lat

ε
ε

β  (2.10) 

This strength reduction factor is shown in Figure 2.4. The quotient olat / εε  in Eq. 2.10 is a 

positive number, where latε  is the tensile strain in the lateral direction and oε  is the compressive 

strain at peak strength (see Fig. 2.3). This reduction factor can be extrapolated to the 3D case 

(DIANA  2008) if the lateral strain latε  is computed as an average strain given by  

 2
2

2
1 lllat εεε +=  (2.11) 

where 1lε  and 2lε  represent the tensile strains in the principal lateral directions. To model the 

cyclic behavior of concrete, the value of latε  can be considered based on the maximum tensile 

strain achieved during the cyclic loading history in each principal lateral direction (DIANA 

2008). 
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Fig. 2.4  Strength reduction factor β  for compression softening (Vecchio and Collins 1993). 

2.2.2 Effect of Confinement 

When concrete is subjected to biaxial or triaxial loading conditions, the compressive strength and 

the post-peak behavior can vary significantly (Richart et al. 1928; Kupfer et al. 1969; Mills and 

Zimmerman 1970). From experimental results, Kupfer et al. (1969) concluded that the strength 

of concrete under biaxial compression was 16% larger than that under uniaxial compression. 

From triaxial compression test with constant lateral pressure 32 σσ =  conducted by Richart et al. 

(1928), the suggested longitudinal stress at failure was observed to be 

 31 14 σσ .f '
c +=  (2.12) 

To model the effect of multiaxial stresses on concrete strength, several authors proposed 

failure surfaces (Ottosen 1977; Gerstle 1981; Hsieh et al. 1982). Gerstle (1981) proposed an 

octahedral representation of the multiaxial stress-strain relationship for concrete, assuming 

isotropic and nonlinear behavior. Hsieh et al. (1982) proposed a stress-strain relationship with a 

failure surface defined by four parameters given by 

 
( ) 01112

2
2 =−+++ '

c
'

c
'

c
'

c
f
I

D
f

C
f
J

B
f

J
A

σ  (2.13) 

where '
cf  is the characteristic uniaxial compressive strength and 1σ  the maximum principal 

stress, with a positive stress value representing a tensile stress. In Eq. 2.13, 1I  is the first stress 

invariant and 2J  the second deviatoric stress invariant, which are computed from the principal 

stresses as follows 

 3211 σσσ ++=I  (2.14) 
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13

2
32

2
212 6

1 σσσσσσ −+−+−=J  (2.15) 

 The constants A , B , C , and D  in Eq. 2.13 were evaluated to satisfy four failure stress 

conditions: (1) simple tension with '
cf.101 =σ , 032 == σσ , (2) simple compression with 

'
cf−=1σ , 032 == σσ , (3) biaxial compression with '

21 15.1 cf−==σσ , 03 =σ , and (4) triaxial 

compression with '
cf.8021 −==σσ , '

cf.243 −=σ . Accordingly, the values of the constant are 

01082.A = , 97140.B = , 14129.C = , and 23122.D =  (Hsieh et al. 1982). 

2.3 TOTAL STRAIN CRACK MODEL 

The total strain crack model was developed along the lines of the 2D modified compression field 

theory (Vecchio and Collins 1986) and extended to 3D by Selby and Vecchio (1993). To model 

the stress-strain relationship, two concepts are used: the rotating crack and the fixed crack. The 

main characteristics of the total strain crack model are described in Hube and Mosalam (2009). 

The total strain crack model is used in this study with 8-node isoparametric brick 

elements using the typical trilinear interpolation (Hughes 2000). The use of enhanced strain 

formulations (Simo and Rifai 1990), typically available in FE programs, results in unexpected 

element behavior in nonlinear FEA. For a FE subjected to increasing nodal displacements, the 

principal strain at one integration point does not necessarily increase. This behavior was detected 

at some integration points in the pre-test FEA of the ISH specimens, which was conducted using 

the enhanced strain formulation (default formulation of program DIANA (2008)). This 

unexpected result agrees with DIANA (2008), which states that the combination of nonlinear 

materials with the enhanced strain formulation may be unstable for these nonlinear cases. 

For the post-test analysis of the ISH specimens, the rotating crack concept is utilized. The 

fixed crack concept presented convergence problems for small values of the shear retention 

factor sβ . The shear retention factor is a non-dimensional parameter ( 10 ≤≤ sβ ) that reduces the 

elastic shear modulus cG  of concrete after cracking to the constant value csGβ . The load-

displacement relationships using the fixed crack concept for the bearings of specimen S1 are 

shown Figure 2.5. The computed responses, using different values of the shear retention factor, 

are compared to the experimental response (east and west bearings). From Figure 2.5, it is 

observed that as the value of sβ  decreases, the predicted response approaches the experimental 
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response. However, for a value of sβ =0.05 convergence problems occur at about 130 kip (578 

kN) of the bearing load, and the model is not able to predict the experimental response anymore. 
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Fig. 2.5  Load-displacement of specimen S1 using fixed crack concept. 

2.4 EFFECT OF CONCRETE MATERIAL PARAMETERS 

The effects of the concrete material parameters of the total strain rotating crack model are 

discussed in this section. To study these effects, FEA with different concrete parameters are 

conducted for specimen S1. The predicted load-displacement relationships at the bearings are 

compared to the experimental results. On the local level, the predicted stresses of a diagonal bar 

located near the bearings are also compared to the experimental results. The concrete parameters 

discussed in this section are (1) the compression softening, (2) the compression confinement, (3) 

the compressive strength, (4) the tensile strength, (5) the crack band width, and (6) the shape of 

the tension-softening curve.  

For the compressive uniaxial behavior of concrete, an elastic-perfectly plastic behavior is 

assumed with a modulus of elasticity of 3170 ksi (21.9 GPa) and a compressive strength of 6.3 

ksi (43.4 MPa). These values correspond to the properties of concrete measured in the 

experimental program (Hube and Mosalam 2009). For the uniaxial tensile behavior, a linear 

tension-softening is considered with a tensile strength of '
cf4 =320 psi (2.21 MPa) and a 

fracture energy of I
fG =0.32 lbf /in. (56 N/m). These values are consistent with code 

recommendations (ACI 2008; Comité 1990). The crack band width considered in the models is 
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3
eVh κ=  where eV  is the volume of the FE and κ  is a calibration parameter chosen as κ =2.0 in. 

this study. 

The constitutive model of the reinforcing steel was obtained from the stress-strain tests 

conducted on the reinforcing bars and includes strain hardening (Hube and Mosalam 2009). For 

the steel material, the behavior in tension and compression is assumed identical.  

2.4.1 Compression Softening and Confinement 

The effects of compression softening and compression confinement are shown in Figure 2.6. The 

compression softening is incorporated in the FEA using the reduction factor of Eq. 2.10, 

proposed by Vecchio and Collins (1993). The compression confinement is incorporated using the 

failure surface of Eq. 2.13, proposed by Hsieh et al. (1982). Accordingly, when concrete is 

confined, the compressive strength is increased. The curve labeled normal, in Figure 2.6, 

corresponds to the response that ignores these two effects. When the compression softening is 

incorporated, it is observed that the load-displacement curve (Fig. 2.6a) reaches a peak strength 

and then it predicts a descending branch that is parallel to the descending branch observed from 

the test. It is to be noted that Figure 2.6a shows a negligible effect when the compression 

confinement is incorporated. This negligible effect is caused by the stress state of the concrete, 

where most of the concrete is cracked in tension before reaching the unconfined compression 

strength '
cf . Figure 2.6b shows that the effects of compression softening and compression 

confinement in the tensile stress of the diagonal bar are negligible for a bearing load lower than 

150 kip (667 kN). For higher loads, as expected, the predicted stresses of the reinforcement are 

higher when compression softening is included. 
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(a) Load-displacement (b) Stress versus load at diagonal bar D1 

Fig. 2.6  Effect of compression softening and compression confinement (east and west 
bearing shown for test result). 

Based on the results of Figure 2.6 it is concluded that compression softening has to be 

included in the post-test analysis of ISHs. Additionally, it is concluded that the effect of 

confinement on the compressive strength is not relevant in the modeling of ISHs. 

The predicted stress-strain response in a concrete element located at the seat near one of 

bearings for the case including compression softening is shown in Figure 2.7. This figure shows 

the stress-strain relationships in the three principal strain directions at an integration point of a 

FE. The location of the FE and the principal directions are shown in the insert of Figure 2.7. It 

can be observed that the compression response, principal direction 3, is reduced because of the 

compression softening, caused by the existence of tensile strains in the principal direction 1. On 

the other hand, a maximum tensile strain of 0.0084 is determined for the principal direction 2 

(direction perpendicular to the insert of Fig. 2.7). 
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Fig. 2.7  Stress-strain relationships of concrete at an integration point in principal strain 
directions. 

2.4.2 Compressive Strength 

The effect of compressive strength of concrete is shown in Figure 2.8. The response is estimated 

with a compressive strength of 6.3 ksi (43.4 MPa), 6.6 ksi (45.5 MPa), and 7.0 ksi (48.3 MPa). 

Figure 2.8a shows that the predicted strength of the ISH increases as the compressive strength 

increases. The increase of the ISH strength corresponds to 3% and 7% for the cases of 6.6 ksi 

(45.5 MPa) and 7.0 ksi, respectively, compared with the case of 6.3 ksi (43.4 MPa). However, 

the slopes of the descending branches are similar for the three cases. Figure 2.8b shows that the 

effect of the compressive strength in the tensile stress of a diagonal bar is negligible. 
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(a) Load-displacement (b) Stress versus load at diagonal bar D1 

Fig. 2.8  Effect of compressive strength (east and west bearing shown for test results). 

2.4.3 Tensile Strength 

The effect of the tensile strength of concrete is shown in Figure 2.9. The response is estimated 

considering a tensile strength of '
cf2 , '

cf4  and '
cf6  (psi units). For specimen S1, these 

tensile strength values are equivalent to 0.16 ksi (1.1 MPa), 0.32 ksi (2.2 MPa), and 0.48 ksi (3.3 

MPa), respectively. Figure 2.9a shows that the load-displacement curve is slightly affected by the 

tensile strength in the displacement range between 0.5 in. (12.7 mm) and 1.5 in. (38.1 mm). 

However, the peak strength and the descending branch are not affected by the tensile strength. 

Figure 2.9b shows that the reinforcement tensile stresses are affected by the tensile strength of 

concrete at low load levels. As the tensile strength increases, the initiation of cracking and the 

stress transfer to the reinforcement are delayed. Based on the results of Figure 2.9, it is 

concluded that a tensile strength of '
cf4  (psi units) is adequate for the post-test analysis of 

ISHs. 
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(a) Load-displacement (b) Stress versus load at diagonal bar D1 

Fig. 2.9  Effect of tensile strength (east and west bearing shown for test results). 

2.4.4 Crack Band Width 

The crack band width is considered as 3
eVh κ=  where eV  is the volume of the FE and κ  is a 

non-dimensional calibration parameter. Since the tension-softening relationship of concrete 

depends on the ratio h/G I
f , increasing the crack band width h  is equivalent to decreasing the 

fracture energy I
fG . For the fracture energy, a value of I

fG =0.32 lbf/in. (56 N/m) is considered, 

which is consistent with the CEB-FIP (Comité 1990) code. The effect of the crack band width is 

shown in Figure 2.10, where the response is estimated for κ =2.0, 1.0, and 0.5. Figure 2.10a 

shows that the predicted load-displacement curve and the peak strength of the ISH decrease as 

the crack band width increases (or fracture energy decreases). However, the slope of the 

descending branch is not affected by the crack band width. In contrast, Figure 2.10b shows that 

the predicted tensile stresses of the diagonal bar increase as the crack band width increases. For 

the case of κ =0.5, yielding of the reinforcing bar is delayed considerably when compared to the 

test results. 

Based on the results of Figure 2.10, it is concluded that a value of κ =2.0 is adequate to 

estimate the crack band width in the post-test analysis of the ISHs. If the fracture energy 

measured for the concrete of specimen S1, i.e., I
fG =0.60 lbf/in. (105 N/m), and the typical 

assumption of the crack band width of 3
eVh =  are considered, this results in an equivalent value 
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of κ =0.53. Based on this parametric study, this latter value is judged to be inadequate to estimate 

the crack band width of the tested ISHs. 
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(a) Load-displacement (b) Stress versus load at diagonal bar D1 

Fig. 2.10  Effect of crack band width (east and west bearing shown for test results).  

2.4.5 Shape of Tension-Softening Curve 

The effect of the shape of the tension-softening curve on the ISH response is discussed in this 

section. The shapes considered are a linear curve (Hillerborg et al. 1976) and two exponential 

curves (Cornelissen et al. 1986; Gopalaratnam and Shah 1985), shown in Figure 2.11. The stress-

strain relationships for the exponential curves are given by 
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where 1c =3, 2c =6.93, and uε  is the strain at σ =0. The values of uε  and k  are computed such that 

the area under the curve is equated to h/G I
f , i.e., hf/G. t

I
fu 145=ε  and I

ft G/hfk = . The effect 

of the shape of the tension-softening curve in the FEA of specimen S1 is shown in Figure 2.12. 

Based on the results of this figure, it is concluded that the effect of the shape of the tension-

softening curve is negligible in predicting the behavior of the ISHs. 
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Fig. 2.11  Tension-softening curves. 
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Fig. 2.12  Effect of shape of tension-softening curve (east and west bearing shown for test 
results). 
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3 Post-Test Finite Element Analysis 

This chapter describes the post-test FEA of the five ISH specimens tested in the experimental 

program (Hube and Mosalam 2009). These analyses were conducted using the general-purpose 

finite element program DIANA (2008). 

3.1 MESH DEVELOPMENT 

The five tested specimens (S1–S5) were discretized to match the geometry and the boundary 

conditions. Because of symmetry, only half of each specimen is considered in the FEA. The 

models include the ISH region, the concrete base, and one of the steel bearing plates. Specimens 

S1 and S4 have an identical geometry and are characterized by not having utility openings. The 

mesh of S1 and S4 was generated using 2505 nodes and 1894 brick elements, as shown in Figure 

3.1a. This mesh results in an average element length of 3.2 in. (81 mm). Specimens S2 and S5 

have identical geometry and are characterized by having utility openings. The mesh of S2 and 

S5, shown in Figure 3.1b, has fewer elements than the mesh of S1 due to the presence of these 

utility openings. The geometry of specimen S3 was identical to S2, but S3 was tested with larger 

bearing plates. Therefore, the mesh of S3 is identical to S2 but has additional nodes and brick 

elements to simulate the larger bearing plates. The mesh of specimen S3 is shown in Figure 3.1c.  

The boundary conditions of the concrete base are assumed pinned along the three global 

axes, and the post-tension forces of 120 kip (534 kN) are applied externally at the top of the 

concrete base at the locations of the anchoring rod. For the rods located at the center of the 

specimens, half of the post-tension force is applied. The steel bearing plates are modeled with a 

higher modulus of elasticity (10 times higher than regular steel) to simulate the stiffness provided 

by the loading swivels that are located adjacent to the loading plates. 

 



 24 

  
(a) S1 and S4 (b) S2 and S5 

 
(c) S3 

Fig. 3.1  Concrete mesh of tested specimens. 

To model the reinforcing steel, an embedded reinforcement formulation is used in the 

ISH region and in the concrete base, which is an adequate approximation for ISHs (Hube and 

Mosalam 2009). The location of the reinforced steel was based on the as-built characteristics of 

the specimens. The embedded reinforcement of specimen S1 is shown in Figure 3.2a–b. This 

model contains a total of 350 bars located throughout the specimen. The embedded 

reinforcement of specimen S4, which was designed with lower reinforcement ratio, is shown in 

Figure 3.2c–d. 
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(a) Cross section of S1 (b) Elevation view of S1 

  
(c) Cross section of S4 (d) Elevation view of S4 

Fig. 3.2  Embedded reinforcement of specimens S1 and S4. 

3.1.1 Mesh Size Convergence Study 

To validate the selected mesh size, a convergence study was conducted using meshes of 436, 

1894, and 15100 elements, as shown in Figure 3.3. The resulting average element lengths are 

h =5.2 in. (132 mm), h =3.2 in. (81 mm), and h =1.6 in. (41 mm), respectively. For this 

convergence study, linear elastic behaviors were considered for both the steel and concrete. The 

models were loaded with a horizontal load of 100 kip (445 kN) located at the bearing plates. 
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(a) h =5.2 in. (132 mm) (b) h =3.2 in. (81 mm) (c) h =1.6 in. (41 mm) 

Fig. 3.3  Mesh sizes considered. 

The comparison between the horizontal displacements of the concrete is shown in Figure 

3.4a. The mesh with h =3.2 in. (81 mm), which was adopted in the post-test FEA, predicts a 

horizontal displacement of 0.0089 in. (0.23 mm), which is 6% lower than the displacement 

prediction for the mesh with h =1.6 in. (41 mm). The comparison between the horizontal strains 

at a concrete element is shown in Figure 3.4b. The strain is measured at an integration point of a 

concrete element located adjacent to the seat edge, at the bearing height, as shown by the insert 

in Figure 3.4b. The strain is measured in the direction normal to the insert of Figure 3.4b to 

measure the bending action of the seat about the longitudinal axis of the bridge. For this case, the 

mesh with h =3.2 in. (81 mm) predicts a tensile strain of 0.15%, which is 17% lower than the 

strain prediction for the mesh with h =1.6 in. (41 mm). 

From the convergence study it is concluded that a mesh with h =3.2 in. (81 mm) 

presented reasonable results (Fig. 3.3b). The mesh with h =1.6 in. (41 mm) is more accurate, but 

the required time necessary to conduct a nonlinear analysis was considered prohibitive. The 

mesh size with h =5.2 in. (132 mm) showed significant error in the results to conduct the post-

test analysis. Additionally, this coarser mesh presents problems to accurately model the bearing 

plate size and the utility openings geometry. 
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Fig. 3.4  Results for different mesh sizes. 

3.2 MATERIAL BEHAVIOR 

The concrete and reinforcing steel properties used in the post-test FEA are based on the results of 

the material tests conducted as part of the experimental program (Hube and Mosalam 2009). 

Additionally, for selecting the concrete properties, the results of Section 2.4 are considered. 

The concrete material is modeled using the total strain rotating crack model with the 

properties summarized in Table 3.1. For the tensile behavior, linear tension softening is 

considered with a tensile strength of '
cf4 (psi units) and a fracture energy based on the CEB-

FIP (Comité 1990) code recommendations (Eq. 2.4). The crack band width considered is 
3

eVh κ=  where eV  is the volume of the FE and κ  is a calibration parameter chosen as κ =2.0. 

For the compressive behavior, an elastic-perfectly plastic behavior is assumed, where the 

compressive strength and the modulus of elasticity were obtained from the material tests. The 

compression softening due to perpendicular cracking is incorporated using Equations (2.10) and 

(2.11). It is important to note that the elastic-perfectly plastic assumption for the compressive 

behavior is adequate to model the ISH behavior because the reduction of the compressive 

strength at high strain level was achieved due to the compression softening caused by orthogonal 

cracking. In fact, the locations where the compressive strains of concrete were larger than oε  
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(strain at peak concrete strength) were characterized by having large tensile strains in the 

perpendicular directions. 

Table 3.1  Concrete properties. 

Property S1, S2 S3, S4 and S5 
Compressive strength cf ′  [ksi (MPa)] 6.30 (43.4) 6.87 (42.4) 
Modulus of elasticity cE  [ksi (GPa)] 3170 (21.9) 2910 (20.0) 
Tensile strength tf  [ksi (MPa)] 0.32 (2.2) 0.33 (2.3) 

Fracture energy I
fG  [lbf/in. (N/m)]  0.32 (56) 0.34 (59) 

 

The constitutive model of the reinforcing steel was obtained from the stress-strain tests 

conducted on the reinforcing bars, and includes strain hardening (Hube and Mosalam 2009). The 

constitutive models follows the Voce equation (Voce 1948), which is implemented in the FE 

software DIANA (2008). For the steel material, the behavior in tension and compression is 

assumed identical. The steel properties are summarized in Tables 5.3 and 6.3 in Hube and 

Mosalam (2009). 

3.3 SOLUTION STRATEGY 

The nonlinear FEA was conducted using the regular Newton-Raphson strategy. In this strategy, 

the tangent stiffness is calculated at every iteration. Because concrete is subjected to severe 

cracking and the material model uses a secant stiffness, the maximum number of iterations was 

set to 200 to assure convergence. 

To stop the iteration process at each load increment, the force norm convergence criterion 

was used (Zienkiewicz and Taylor 2005). The norm of the applied load vector extf  is compared 

with the norm of the out-of-balance force vector ig  at the i-th iteration. Convergence is achieved 

if, 

 ext
T

exti
T
i ffgg •≤• η  (3.1) 

where η  is the tolerance that was set to η =0.01, superscript T  indicates a transpose, and •  

indicates the dot product. 

The load at the ISHs is applied by imposing a monotonically increasing displacement at 

the center node of the bearing plate. To detect crack initiation, the ISHs were loaded initially 
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with 6 displacement increments of 0.0025 in. (0.064 mm). Subsequently, the ISHs were loaded 

with displacement increments of 0.005 in. (0.127 mm). 

3.4 SENSITIVITY ANALYSIS TO LOADING CONDITIONS 

Because of the test setup characteristics, the specimens were subjected to different loading 

conditions. The objective of this sensitivity analysis is to determine the effect of the loading 

conditions in the FEA. 

3.4.1 Bearing Plate Location 

Specimen S1 was tested with the bearing plates located in a lower position (closer to the 

diaphragm). The bearing plates were not centered with respect to the seat length, resulting in an 

offset of approximately 0.75 in. (19 mm), as shown in Figure 3.5a. 
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(a) West bearing plate location (b) Load-displacement 

Fig. 3.5  Effect of bearing plate location in specimen S1. 

The sensitivity analysis of the bearing plate location was studied using FEA. To modify 

the bearing plate location, the mesh of specimen S1 (Fig. 3.1a) was adjusted to obtain the desired 

offset. The load-displacement results for bearing plates offsets of δ =0 in., 0.5 in. (13 mm), and 

1.0 in. (25 mm) are shown in Figure 3.5b. The figure shows that the predicted strength of the ISH 

increases when the bearing plate is located closer to the diaphragm (larger offset). Additionally, 

it is observed that the FEA response approaches the test result of specimen S1 when the offset is 
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incorporated. It is concluded that the bearing plate offset of 0.75 in. (19 mm) has to be 

considered in the FEA of specimen S1.  

3.4.2 Loading Point Location 

Specimens S4 and S5 were tested with centered bearing plates, but with the tilt saddles not 

centered with respect to these bearing plates, as shown in Figure 3.6a for S4. This offset between 

the bearing plate and the applied load caused a premature localized bearing failure in both 

specimens, as shown in Figure 3.6a. The offset measured in both specimens was approximately 

0.70 in. (18 mm). 
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(a) Loading point offset on the west side (b) Load-displacement 

Fig. 3.6  Effect of loading point location in specimen S4. 

The sensitivity analysis of the loading point location was studied using FEA. To modify 

the loading point location, the coordinate of the center node of the bearing plate was modified to 

obtain the desired offset (the concrete mesh was not modified). The load-displacement results for 

a loading point offset of δ =0 in., 0.5 in. (13 mm), and 1.0 in. (25 mm) are shown in Figure 3.6b. 

The figure shows that the predicted strength of the ISH decreases as the offset of the loading 

point increases. Additionally, it is observed that the FEA response approaches the test result of 

specimen S4 when the offset is incorporated. This result is confirmed on the local level when the 

strains of the reinforcement are compared. The strain of the diagonal bar D1, located at near the 

bearings, versus the bearing displacement is shown in Figure 3.7. The figure shows that an offset 
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of δ =1.0 in. (25 mm) predicts a strain plateau of the diagonal bar at a strain level of 1.7%. This 

prediction approaches the experimental result, where a strain plateau was observed in the bar 

located at the west side (side where failure was observed) of the specimen. It is concluded that 

the loading point offset of 0.70 in. (18 mm) has to be considered in the FEA of specimens S4 and 

S5. 

 

0 0.1 0.2 0.3 0.4
0

1

2

3

4

ε
y

Displacement [in]

S
tr

ai
n 

[%
]

 

 
δ=0"
δ=0.5"
δ=1.0"
Test

0 2 4 6 8 10

Displacement [mm]

W
E

 

Fig. 3.7  Strain of diagonal bar versus bearing displacement. 

3.5 LOAD VERSUS DISPLACEMENT 

The bearing load versus displacement prediction of the FEA is compared with the experimental 

results (east and west bearings) for the five tested specimens in Figure 3.8. The figure shows an 

excellent agreement between the experimental and analytical results. The displacement is 

measured at the concrete surface, as shown in the insert of Figure 3.8b. For the experimental 

results, two load-displacement relationships are shown for each specimen, representing the load-

displacement envelope of the east and west bearings. The average bearing strength of each 

specimen is compared with the predicted strength in Table 3.2. The table shows that the FEA 

gives a good prediction of the strength of the tested ISHs, where a maximum error of 6% is 

obtained for specimen S1. 
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Table 3.2  Comparison of bearing strength. 

 S1 S2 S3 S4 S5 
Test [kip (kN)] 233 (1036) 213 (947) 269 (1197) 191 (850) 193 (858) 
FEA [kip (kN)] 220 (979) 209 (930) 264 (1174) 198 (881) 199 (885) 
Error† [%] +5.6 +1.9 +1.9 -3.7% -3.1% 
†(Test-FEA)×100/Test 

 

The load versus displacement of specimens S1 and S2 are shown in Figure 3.8a–b. These 

specimens represented the as-built conditions of typical ISHs of California prestress concrete 

box-girder bridges. Specimen S2 was detailed identical to S1 but it contained utility openings. 

For the FEA, specimen S1 was modeled considering the bearing plate offset of 0.75 in. (19 mm), 

described in Section 3.4.1, whereas S2 was modeled without a bearing plate offset.  

The load versus displacement of specimen S3 is shown in Figure 3.8c. This specimen was 

designed identical to S2 but with oversized bearing plates to increase the punching shear 

strength. It is observed that the FEA gives a good prediction of the response for the specimens 

with a larger bearing plate. However, the predicted descending branch is steeper than the 

experimental results. 

The load versus displacement of specimens S4 and S5 is shown in Figure 3.8d–e. 

Specimens S4 and S5 were designed with low reinforcement ratio aimed to improve the 

performance and the constructability of ISHs. Specimens S5 was detailed identical to S4 but it 

contained utility openings. For the FEA, specimens S4 and S5 were modeled with a loading 

point offset of 0.70 in. (18 mm). It is observed that the FEA gives a good prediction of the 

responses. However, the experimental strengths and descending branches are lower than the 

FEA, which can be attributed to the anchorage failure of the punching shear reinforcement 

observed in these two specimens. This type of anchorage failure, shown in Figure 6.21h in Hube 

and Mosalam (2009), is not modeled in the FEA. 
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(c) S3 
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Fig. 3.8  Comparison of load-displacement relationship at bearings (east and west bearing 
shown for test results). 
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3.6 DAMAGE PROPAGATION 

The comparison between the experimental and analytical results shows that the FEA provides a 

good estimation of the crack formation and propagation of the ISHs. For the five tested 

specimens, the crack initiation occurred near the seat corner with the diaphragm. Figure 3.9a 

shows this initial cracking in specimen S1 for a bearing load of 50 kip (222 kN). At this load 

level, the estimated cracks from the FEA are shown in Figure 3.9b. Here the short lines are 

perpendicular to the crack direction and their lengths are proportional to the crack normal strain 

(opening mode). It is observed that the location of the initial cracking is reproduced by the FEA. 

Moreover, the FEA predicts that this cracking extended through the whole specimen length 

(Section A-A of Fig. 3.9b), which agrees with the observed crack in Figure 3.9a. 
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Fig. 3.9  Crack initiation in specimen S1 for 50 kip (222 kN) bearing load. 

For the five tested specimens, the damage propagation continued with a bending vertical 

(in the test orientation) crack that appeared in the seat behind the bearing plates. Figure 3.10a 

shows this crack in specimen S1 for a bearing load of 75 kip (334 kN). At this load level, the 

estimated cracks in the FEA are shown in Figure 3.10b. It is observed that the FEA predicts 

accurately the formation of this secondary crack. After the vertical bending crack, a 45° inclined 

crack appeared in the seat towards the free end of specimens S1, S2, S4, and S5. This inclined 

crack did not appear in specimen S3, due to the larger bearing plates used in S3. Figure 3.11 

shows the experimental and predicted cracks in specimen S1 for a bearing load of 150 kip (667 

kN). It is observed that the FEA predicts adequately the diagonal crack towards the free end of 

the specimen. 
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Fig. 3.10  Bending crack in specimen S1 for 75 kip (334 kN) bearing load. 
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Fig. 3.11  Diagonal cracking in specimen S1 for 150 kip (667 kN) bearing load. 

From the test results it was concluded that ISHs fail with a combination of three failure 

modes: (1) one-dimensional (1D) shear, (2) two-dimensional (2D) strut-and-tie (SAT), and (3) 

punching shear (Hube and Mosalam 2009). The punching shear failure mode was observed at the 

bearings of the specimens mostly in one direction. For specimens S1, S3, S4, and S5, the 

punching shear cracks were observed towards the center of the specimens, whereas for specimen 

S2, the punching shear cracks were observed towards the free end. The FEA of the tested 

specimens was able to predict the combined failure modes of the specimens. However, the 

punching shear failure mode was predicted towards the free end for the five specimens. 

In Specimen S2, punching shear was observed in the west side, and shear failure was 

observed in the east side. Figure 3.12a shows punching shear failure of the west side where the 
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diagonal punching shear crack at the top of the seat (in the test orientation) only appeared 

towards the west free end of the specimen, as marked with an arrow in Figure 3.12a. Towards the 

middle of the specimen, the west side experienced shear failure that was connected with a 1D 

shear failure mode of the east bearing. This combined failure mode is shown in Figure 3.13. The 

predicted cracks at the peak strength of specimen S2 are shown in Figure 3.12b. The cross 

sections at the bearing location (section B-B) and at the center of the specimen (section C-C) 

show shear cracks that agree with the experimental observation. Moreover, the top view of the 

seat (section D-D) shows punching shear cracks towards the west free end. 
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Fig. 3.12  Cracking at failure, specimen S2. 
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Fig. 3.13  Failure mode, specimen S2. 
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Specimen S3 was designed with larger bearing plates to avoid localized punching shear 

failure. When S3 reached the peak load, a global shear failure mode was observed throughout the 

whole length of the specimen. When the specimen was responding on the descending branch, a 

punching shear mechanism was observed on the east side, as shown in Figure 3.14a. The 

estimated cracks at the peak strength of specimen S3 are shown in Figure 3.14b. The cross 

section at the bearing (section B-B), center (section C-C) and free end (section A-A) location 

suggest that a global shear mechanism is predicted by the FEA. The top view of the seat (section 

D-D) shows punching shear cracks towards the free end of  the specimen, contrary to the 

experiment, where punching shear cracks were observed at both sides of the bearing (Fig. 3.14a). 

For specimens S4 and S5, anchorage failure was observed in the vertical (horizontal in 

the test orientation) reinforcing bars of the seat, shown in Figure 3.15a. The crack prediction at 

the top (in the test orientation and near the free end) of the seat (equivalent to section D-D in Fig. 

3.14) at the peak strength for specimen S4 is shown in Figure 3.15b. This crack prediction does 

not consider the anchorage failure of the reinforcement, because the reinforcing steel is modeled 

using the embedded reinforcement formulation. If the vertical bars of the seat are eliminated 

from the FE model of S4, larger diagonal and horizontal cracks are predicted at the top of the 

seat, as shown in Figure 3.15c. The crack pattern observed in S4 is between Figure 3.15b and c. 

Therefore, it can be concluded that the damage prediction of the FEA is sensitive to the 

reinforcement details. 
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Fig. 3.14  Cracking at failure, specimen S3. 
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Fig. 3.15  Predicted cracking for specimen S4 with (as-built) and without vertical 
reinforcement of seat (in original bridge orientation). 

3.7 REINFORCEMENT BEHAVIOR 

The comparison between the experimental and analytical results shows that the FEA provides a 

good estimation of the reinforcement behavior of the ISHs. For the tested specimens, the stresses 

of the reinforcing bars were computed from the strain measurements using the stress-strain 

relationships obtained from the reinforcing bar material tests (Hube and Mosalam 2009). The 

details of the reinforcement of the tested specimens are shown in Figure 3.16. 
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(a) Specimens S1, S2 and S3 (b) Specimens S4 and S5 

Fig. 3.16  Reinforcement details of tested ISHs (in test orientation). 

The comparison between the reinforcement stresses versus the bearing load for all 

specimens (S1 to S5) is shown in Figure 3.17. The figure shows the stresses of the principal bars 

located at the bearing cross section. For the analytical results, the stresses of the bars were 

calculated at the location of the corresponding strain gages, shown in Figure 3.16. For the 

experimental results, two load-displacement relationships are shown, representing the envelopes 
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measured at the east and west bearings. The yield stresses of the reinforcing bars are shown in 

Figure 3.16. The #3 (D1 and V1) and #4 (H1) bars of each specimen were characterized by a 

different yielding stress. Equivalent to the experimental results, the FEA predicts yielding 

initiation for all the specimens in the diagonal bar D1. Figure 3.16 shows that the FEA predicts 

the stress of the diagonal bar D1 accurately for the five specimens. The comparison between the 

stresses of the horizontal (vertical in the test orientation) bar H1 and the vertical (horizontal in 

the test orientation) bar V1 are not as accurate as the diagonal bar D1, especially for specimens 

S4 and S5. However, for high bearing loads, the FEA of S4 and S5 predicts yielding of these 

reinforcements, which agree with the test results. 
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(c) S3 

Fig. 3.17  Comparison of stresses in reinforcement at bearing cross section (east and west 
bearings shown for test results). 
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Fig. 3.17—Continued. 

At the peak ISH strength, the FEA stress prediction of the reinforcing bars located in the 

bearing cross section of specimen S1 and S4 is shown in Figure 3.18. The stress results of S1, 

Figure 3.18a, show that the 2D SAT proposed for S, Figure 5.7 in Hube and Mosalam (2009) is 

developed. However, the FEA predicts elastic response i.e., no yielding of the vertical 

(horizontal in the test orientation) bar V3 of Figure 3.18a. This prediction agrees with the 

experimental results (Hube and Mosalam 2009), which showed a maximum stress of 0.88 yf  for 

bar V3 located at the west bearing. For specimen S4, Figure 3.18b shows that the 2D SAT 

proposed in Hube and Mosalam (2009) for S4 is also developed at the bearing cross section.  
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Fig. 3.18  Stress prediction of reinforcing bars at the bearing cross section, from FEA for 
specimens S1 and S4. 
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To measure the 3D load transfer from the bearings to the whole diaphragm length, strain 

gages were installed on reinforcing bars throughout the specimen length. The comparison 

between the strain distributions on the reinforcing bars through the specimen length for 

specimens S1 and S3 is shown in Figure 3.19 for bearing loads of 100 kip (445 kN) and 200 kip 

(890 kN). For a bearing load of 100 kip (445 kN), i.e., 43% and 37% of the peak experimental 

strength (Table 3.2) for specimens S1 and S3, respectively, the lower plots of Figure 3.19 show 

that the FEA strain predictions of the diagonal bars D1 and vertical bars V1 are adequate for both 

specimens. For a bearing load of 200 kip (890 kN), i.e., 86% and 74% of the peak experimental 

strength (Table 3.2) for specimens S1 and S3, respectively, the higher plots of Figure 3.19 show 

that the differences between the experimental and analytical results are larger. However, at this 

load level, severe cracks were observed in the tested specimen, which induced significant strain 

variations along the bar length. These variations were also observed in the FEA where the strains 

predictions are very sensitive to the selection of the integration point along the bar length. 

Finally, Figure 3.19 shows that the strain predictions for S3 are more uniform than the strains for 

S1 near the bearing region. This is caused by the larger bearing plate incorporated in the FEA of 

S3. 
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Fig. 3.19  Strain distributions throughout ISH length at 100 kip (445 kN) (lower plots) and 
200 kip (890 kN) (higher plots) of bearing load. 

3.8 CYCLIC BEHAVIOR 

The ISHs were tested using a quasi-static cyclic compression load. However, the post-test FEA 

were conducted using a monotonically increasing load, and the predicted responses were 

compared with the envelopes of the experimental results. Figure 3.20 shows the load-

displacement comparison of specimen S4 if the cyclic loading is incorporated in the FEA of 

specimen S4. It is concluded that the cyclic characteristics of the loading do not affect the 

prediction of the analytical model due to the relatively high density of the reinforcement in the 



 43 

ISH region. Therefore, the influence of compression-only cyclic loading on the concrete 

constitutive model is minimal. 
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Fig. 3.20  Load-displacement of specimen S4 with monotonic and cyclic loading. 

3.9 CONCLUSIONS OF POST-TEST FEA 

From the comparison of the experimental and analytical results, it is concluded that the proposed 

FEA is adequate to simulate the behavior, the strength, and the mode of failure of ISHs. The 

FEA is sensitive to the reinforcement details, the bearing plate size, the bearing plate location, 

the loading condition, and to the presence of utility openings. Therefore, the proposed 3D FE 

model can be utilized to perform a parametric study of ISH regions for the purpose of developing 

design guideless as documented in the following chapters of this report. 
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4 Parametric Study 

The parametric study of ISHs is conducted using the FEA described in the previous chapters. 

This parametric study is intended to expand findings from the real experimental program (five 

specimens), by using virtual experiments. The variables analyzed in the parametric study are the 

reinforcement steel ratio and detailing characteristics, the size of the bearing plate, the aspect 

ratio of the seat, the load eccentricity, and the characteristics of the utility openings. This 

parametric study is aimed to develop design guidelines for ISH of prestressed concrete box-

girder bridges. Because of symmetry, only half of the virtual specimens are considered in the FE 

models of the parametric study. 

4.1 REFERENCE ISH 

A reference ISH was needed to be defined to conduct the virtual experiments of the parametric 

study. The geometry of the reference ISH was selected identical to specimen S1, which is 

characterized by not having utility openings. The reference ISH represents a 1/3-scale specimen 

anchored to the floor; its mesh is shown in Figure 4.1. 

 

Fig. 4.1  Concrete finite element mesh of reference ISH. 
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Based on the projects survey (Hube and Mosalam 2009), the parametric study is 

conducted with a concrete compressive strength of '
cf =5 ksi (34.5 MPa). The modulus of 

elasticity is based on the ACI code (ACI 2008) recommendation, cE = 4030 ksi (27.8 GPa), and 

the Poisson’s ratio is chosen as ν =0.2 (Caltrans 2004). For the tensile behavior, linear tension 

softening is considered with a tensile strength of '
cf4 (psi units) =0.28 ksi (1.9 MPa) and a 

fracture energy value based on the CEB-FIP (Comité 1990) code recommendations, I
fG =0.28 

lbf/in. (49 N/m). The crack band width considered in the concrete material model is 3
eVh κ=  , 

where eV  is the volume of the FE and κ =2.0 is the calibration parameter. For the reinforcing 

steel, elastic-perfectly plastic behavior is assumed with a yield stress of yf =60 ksi (414 MPa) 

and modulus of elasticity of sE =29000 ksi (200 GPa).  

The reinforcing steel ratios included in the diaphragm and the seat are shown in Figure 

4.2. It is assumed that the end diaphragm with prestressed blockout is not a critical element of 

the ISH and was excluded from this research (Hube and Mosalam 2009). In Figure 4.2, sdρ , svρ , 

shρ , and slonρ  represent the diagonal, vertical, horizontal,  and longitudinal reinforcing steel 

ratios of the seat, respectively. Also in Figure 4.2, ddρ , dvρ , dhρ , and dlonρ  represent the diagonal, 

vertical, horizontal, and longitudinal reinforcing steel ratios of the diaphragm, respectively. 

These reinforcing steel ratios are defined in Equation (2.4) in Hube and Mosalam (2009). 
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Fig. 4.2  Reinforcing steel designations of ISH. 



 47 

The reinforcing steel ratios of the tested specimens, the surveyed projects (Hube and 

Mosalam 2009), and the average ratios of the surveyed projects are shown in Figure 4.3. The 

reinforcing steel ratios of the reference ISH are selected as the average ratios of the surveyed 

projects (see Table 4.1). The ratios of the reference ISH are different from those of the as-built 

specimen S1, because the ratios of S1 were based mainly on the San Francisco Approach, Project 

4 in Figure 4.3 which is the main project used to define the prototype ISH for the experimental 

program. Similar to the tested specimens, the reinforcing steel ratios of the reference ISH are 

adopted near the bearings, defined by an equivalent width of 1.5 times the seat height. Beyond 

this region, the reinforcing steel ratios are reduced to 66% of the values listed in Table 4.1, 

except for the ratios of the longitudinal bars, which are kept constant throughout the specimen 

length. 
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Fig. 4.3  Reinforcing steel ratios of ISH [%]. 

Table 4.1  Summary of reinforcing steel ratios of ISH [%]. 

 
sdρ  svρ  shρ  slonρ  ddρ  dvρ  dhρ  dlonρ  

S1, S2, and S3 0.35 0.27 1.90 0.47 0.10 0.69 0.90 0.48 
S4 and S5 0.35 0.27 0.63 0.31 0.00 0.46 0.58 0.36 

Projects average 0.26 0.49 1.17 0.77 0.05† 0.74 0.56 0.38 
†

ddρ is chosen equal to zero in the reference ISH 
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The detailing of the reinforcing steel of the reference ISH, shown in Figure 4.4, is 

selected based on the experimental results and the common practice observed from the surveyed 

projects. Near the bearing, and similar to the tested specimens, the bars are spaced at 3 in. (76 

mm), except for the longitudinal bars. Beyond these regions, the bars are spaced at 4.5 in. (114 

mm).  Similar to the tested specimens, the diagonal reinforcement of the seat ( sdρ ) is oriented at 

36°, as shown in Figure 4.4a. For constructability concerns, the vertical reinforcement of the seat 

( svρ ) is concentrated in a single layer located at the edge of the seat, as shown in Figure 4.4a. 

The horizontal reinforcement of the seat ( shρ ) is distributed through the seat height h  using 3 

layers, located (from the bottom) at 0.1 h , 0.65 h  and 0.9 h . The diagonal reinforcement of the 

diaphragm ( ddρ ) was eliminated from the reference ISH (similar to the tested specimens S4 and 

S5), to improve constructability. Moreover, the predicted behavior of the reference ISH is not 

affected by the presence of these diagonal bars, which are characterized by having a low 

reinforcement ratio (see Fig. 4.3). The vertical reinforcement of the diaphragm ( dvρ ) is divided 

in two bars, as shown in Figure 4.4b. The horizontal reinforcement of the diaphragm ( dhρ ) is 

distributed through the diaphragm height hd  using 4 layers, located (from the bottom) at 0.05 hd , 

0.4 hd , 0.65 hd  and 0.9 hd . The proportion of each layer of the horizontal reinforcement in the 

seat and the diaphragm, and of the vertical reinforcement in the diaphragm, shown in Figure 4.4, 

is selected based on the experimental and post-test FEA results of the tested specimens. Finally, 

the longitudinal reinforcement, of the seat and diaphragm, is detailed using 8 bars located in each 

region, as shown in Figure 4.4. 
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Fig. 4.4  Details of reinforcing steel in reference ISH. 
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The load-displacement relationship predicted for the reference ISH is shown in Figure 

4.5a. The predicted strength is rC =155 (689 kN) at a displacement of rΔ =0.17 in. (4.3 mm). The 

load-displacement relationship is interrupted at 0.48 in. (11.8 mm) because the convergence 

criterion was not achieved in the FEA. Yielding of the reinforcement is initiated in the diagonal 

bars of the seat at an applied load of 80 kip (356 kN), i.e., at 0.52 rC , as indicated by the circle in 

Figure 4.5a. The predicted cracking at the peak load is shown in Figure 4.5b. This crack pattern 

is similar to the predicted cracks for the tested specimens, where some punching shear cracks are 

observed in section A-A. 

The strength and displacement of the reference ISH are lower than the experimental 

results because the reference ISH considers nominal material properties for the purpose of 

developing the design recommendations presented in Chapter 5. These nominal material 

properties are lower than material properties of the tested specimens. Additionally, the reference 

ISH considers smaller amount of diagonal reinforcement of the seat ( sdρ  in Table 4.1) than that 

of the tested specimens. This type of reinforcement is very effective on the ISH strength, as 

discussed later. 
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Fig. 4.5  Reference ISH results. 
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4.2 REINFORCEMENT 

A parametric study is conducted focusing on the reinforcement ratios and detailing 

characteristics of the reinforcing steel located in the seat and diaphragm (Fig. 4.4). First, the 

effect of using concentrated reinforcing bars near the bearing plates is evaluated. Subsequently, 

the effect of the reinforcement ratio and detailing characteristics of the designated reinforcement 

in Figure 4.2 is evaluated. For the reinforcing steel of the seat, this parametric study is conducted 

for the reinforcement ratios of the diagonal, vertical, horizontal, and longitudinal bars. 

Additionally, different detailing alternatives are analyzed for the diagonal, vertical, and 

horizontal bars of the seat. For the reinforcing steel of the diaphragm, this parametric study is 

conducted for the reinforcement ratios of the vertical and horizontal bars. For the vertical bars of 

the diaphragm, two detailing alternatives are analyzed. The longitudinal reinforcement of the 

diaphragm is not analyzed in this parametric study because it was considered not critical based 

on the experimental results as discussed in Hube and Mosalam (2009). It is to be noted that all 

load-displacement relationships of the parametric study are normalized with respect to the peak 

load and the corresponding displacement for the reference ISH. 

4.2.1 Reinforcement Concentration Near Bearings 

The reinforcing steel ratios of the reference ISH are adopted near the bearing, defined by an 

equivalent width of 1.5 times the seat height. As stated above, beyond this region, the reinforcing 

steel ratios are reduced to 66% of the values listed in Table 4.1, except for ratios of the 

longitudinal bars, which are kept constant throughout the specimen length. To study the effect of 

the reinforcement concentration, the reference ISH is compared with a virtual specimen 

containing uniform steel ratios throughout the entire length of the specimen. This second 

specimen is characterized by having 24% more steel than the reference ISH. 

The normalized load-displacement relationships of the ISHs with concentrated and 

uniform reinforcement throughout the specimen length are shown in Figure 4.6. It is observed 

that the strength of the ISH increases only to 1.05 rC  when the reinforcement ratio is uniform 

throughout the specimen length. The yield loads are marked with circles in the load-displacement 

relationships of Figure 4.6. It is observed that the yield load increases from 0.52 rC  for the case 

of concentrated reinforcement to 0.57 rC  for the case of uniform reinforcement. Therefore, it is 
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concluded that concentrating the reinforcement near the bearings is recommended to optimize 

the ISH design.  
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Fig. 4.6  Normalized load-displacement relationships of ISH with concentrated (reference) 
and uniform reinforcement throughout specimen length. 

4.2.2 Diagonal Bars of Seat 

The experimental and post-test FEA results revealed that the diagonal bars of the seat are the 

most critical bars (i.e., bars subjected to the largest strains) of the ISH region. These diagonal 

bars contribute to the sliding shear, SAT, 1D shear, and punching shear strength mechanisms of 

the ISH. 

From the projects survey, the range of the reinforcement ratio of diagonal bars of the seat 

varies from sdρ = 0.20% to 0.30% (see Fig. 4.3). The normalized load-displacement relationships 

for the ISH with sdρ  varying from 0.0% to 1.0% with an increment of 0.2%, i.e., 6 levels in 

addition to the reference case, are shown in Figure 4.7a, where the relationship for the reference 

ratio ( sdρ =0.26%) is shown with a thicker line. The modification in the reinforcement ratios was 

achieved by changing the cross section of the diagonal bars but keeping the bar spacing constant. 

Figure 4.7a shows that the strength of the ISH increases from 0.83 rC  for sdρ =0.0% to 1.43 rC  

for sdρ =1.0%. However, Figure 4.7a shows that the ductility of the ISH decreases as sdρ  

increases above the reference value of 0.26%. 

To study different detailing options, the ISH with the diagonal bars of the seat oriented 

differently from the reference case of 36° is analyzed. The normalized load-displacement 

relationships for the 5° orientation and the 54° orientation are shown in Figure 4.7b and c, 
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respectively. It is observed that using a steeper orientation increases the strength, where a 

maximum increase of 11% is observed for reinforcement ratio sdρ =0.4%, when comparing the 

54° and 36° orientations. However, the ductility of the ISH is significantly reduced for the case 

of 45° and 54° with large values of sdρ . 

The yield loads are marked with circles on the normalized load-displacement 

relationships of Figure 4.7. For all cases, yielding is initiated in the diagonal reinforcement of the 

seat. It is observed that the yield load increases as the reinforcement ratio increases, for the three 

bar orientations. Particularly, for the 36° orientation, the yield load increases from 0.26 rC  for 

sdρ =0.0% to 1.05 rC  for sdρ =1.0%. 
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Fig. 4.7  Normalized load-displacement relationships of ISH with diagonal reinforcement of 
seat sdρ = 0.0, 0.2, 0.26 (reference ratio), 0.4, 0.6, 0.8, and 1.0%. 
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4.2.3 Vertical Bars of Seat 

The vertical bars of the seat contribute to the punching shear strength of the ISH. From the 

projects survey, the range of the reinforcement ratio of these bars varies from svρ = 0.24% to 

0.92% (see Fig. 4.3). The normalized load-displacement relationships for the ISH with svρ  

varying from 0.0% to 1.0% with an increment of 0.2%, i.e., 6 levels in addition to the reference 

case, are shown in Figure 4.8a, where the relationship for the reference ratio ( svρ =0.49%) is 

shown with a thicker line. Figure 4.8a shows that the strength of the ISH increases from 

0.86 rC for svρ =0.0% to 1.02 rC  for svρ =1.0%. However, for a reinforcement ratio of svρ =0.2%, 

a capacity of 0.98 rC  is already achieved. Additionally, Figure 4.8a shows that the ductility is not 

affected by svρ . 

To study different detailing options, the normalized load-displacement relationships for 

the ISH with the vertical bars of the seat distributed in two (at 6 in. [152 mm] spacing) and four  

(at 3 in. (76 mm) spacing) layers are shown in Figure 4.8b and c, respectively. It is observed that 

the strength and the ductility are improved when the vertical bars of the seat are distributed using 

more layers. For the reference ratio ( svρ =0.49%), the strength is increased to 1.14 rC  and 1.17 rC  

for the cases of two and four layers, respectively, compared with the reference case of one layer 

at the end of the seat. It is concluded that using several layers of vertical bars improves the 

behavior of the seat by providing a more effective detailing for the punching shear mode of 

failure. However, this improved behavior was not investigated with the tested specimens. 

The yield loads are marked with circles in the normalized load-displacement relationships 

of Figure 4.8. For all cases, yielding is initiated in the diagonal bars of the seat. Accordingly, it is 

observed that the yield load is not affected by the ratio svρ  or by the number of layers of the 

vertical bars of the seat. 
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Fig. 4.8  Normalized load-displacement relationships of ISH with vertical reinforcement of 
seat svρ = 0.0, 0.2, 0.4, 0.49 (reference ratio), 0.6, 0.8, and 1.0%.  

4.2.4 Horizontal Bars of Seat 

The horizontal bars of the seat contribute to the sliding shear, the bending,  and the SAT strength 

mechanisms of the ISH. From the projects survey, the range of the reinforcement ratio of these 

horizontal bars varies from shρ = 0.59% to 1.95% (see Fig. 4.3). The normalized load-

displacement relationships for the ISH with shρ  varying from 0.0% to 2.0% with an increment of 

0.4%, i.e., 6 levels in addition to the reference case, are shown in Figure 4.9a, where the 

relationship for the reference ratio ( shρ =1.17%) is shown with a thicker line. Figure 4.9a shows 

that the strength of the ISH increases from 0.45 rC for shρ =0.0% to 1.03 rC for shρ =2.0%. 
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However, for a reinforcement ratio of shρ =0.8%, a capacity of 0.98 rC  is already achieved. For 

larger horizontal reinforcement ratios in the seat, the bending failure mode is not critical, and the 

strength of the ISH is not improved effectively.  

To study a different detailing option, the normalized load-displacement relationships for 

the ISH with the horizontal reinforcement of the seat concentrated in one layer located at the top 

of the seat is shown in Figure 4.9b. This detailing was used in specimens S4 and S5 of the 

experimental program. It is observed that the strength and the ductility are compromised when 

the horizontal bars of the seat are concentrated in one layer. However, for the case of shρ =0.4% 

the strength increases by 16% when one layer is considered. 

The yield loads are marked with circles in the normalized load-displacement relationships 

of Figure 4.9. For all cases, yielding is initiated in the diagonal bars of the seat. When the steel is 

distributed in three layers, the yield load increases from 0.28 rC  for shρ =0.0% to 0.56 rC  for 

shρ =2.0%. 
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Fig. 4.9  Normalized load-displacement relationships of ISH with horizontal reinforcement 
of seat svρ = 0.0, 0.4, 0.8, 1.17 (reference ratio), 1.2, 1.6, and 2.0%. 

4.2.5 Longitudinal Bars of Seat 

The longitudinal bars of the seat contribute to the bending strength of the seat along the 

longitudinal axis of the bridge. From the project survey, the range of the reinforcement ratio of 

these longitudinal bars varies from slonρ = 0.23% to slonρ = 1.50% (see Fig. 4.3). The normalized 
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load-displacement relationships for the ISH with slonρ  varying from 0.0% to 2.0% with an 

increment of 0.4%, i.e., 6 levels in addition to the reference case, are shown in Figure 4.10, 

where the relationship for the reference ratio ( slonρ =0.77%) is shown with a thicker line. Figure 

4.10 shows that the strength of the ISH increases from 0.92 rC  for slonρ =0.0% to 1.04 rC  for 

slonρ =2.0%. Additionally, it is observed from Figure 4.10 that the ductility is not affected by slonρ . 

The yield loads are marked with circles in the normalized load-displacement relationships 

of Figure 4.10. For slonρ ≥0.2%, yielding is initiated in the diagonal bars of the seat at 0.52 rC . 

For slonρ =0.0%, yielding is initiated in the longitudinal bars of the seat at 0.37 rC  ( slonρ =0.0% 

represents the limit case where longitudinal bars still exist with a very small area). Therefore, it 

is concluded that a minimum ratio of slonρ ≥0.2% is required to provide adequate yield strength 

for the ISHs. 

0 0.5 1 1.5 2 2.5
0

0.5

1

1.5

Displacement / Δ
r

Lo
ad

 / 
C

r

slonρ =0.0%

slonρ =2.0%

slonρ =0.77%

 

Fig. 4.10  Normalized load-displacement relationships of ISH with longitudinal 
reinforcement of seat slonρ = 0.0, 0.4, 0.77 (reference ratio), 0.8, 1.2, 1.6, and 
2.0%. 

4.2.6 Vertical Bars of Diaphragm 

The vertical bars of the diaphragm contribute to the SAT, 1D shear, and punching shear strength 

mechanisms of the ISH. From the projects survey, the range of the reinforcement ratio of these 

vertical bars varies from dvρ = 0.42% to 1.10% (see Fig. 4.3). The normalized load-displacement 

relationships for the ISH with dvρ  varying from 0.0% to 2.0% with an increment of 0.4%, i.e., 6 

levels in addition to the reference case, are shown in Figure 4.11, where the relationship for the 
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reference ratio ( dvρ =1.17%) is shown with a thicker line. Figure 4.11a shows that the strength of 

the ISH increases from 0.75 rC  for dvρ =0.0%, to 1.12 rC  for dvρ =2.0%. However, the ductility 

decreases as dvρ  increases. For high values of dvρ , the strength of the ISH is controlled by a 

combined 1D shear and punching shear failure modes, where the failure surface of the 1D shear 

mode is located in the seat between the bearing and the first vertical bar of the diaphragm. This 

failure surface of the 1D shear mode is observed in Figure 4.12, where the predicted crack 

pattern is plotted for dvρ =2.0% at the maximum strength. 

To study a different detailing option, the normalized load-displacement relationships for 

the ISH with the vertical reinforcement of the diaphragm concentrated in one layer is shown in 

Figure 4.11b. This detailing was used on specimens S4 and S5 of the experimental program. It is 

observed that the strength increases when the vertical bars of the seat are concentrated in one 

layer, because the shear force is transmitted more effectively. For the reference ratio 

( dvρ =1.17%), the strength of the ISH increases by 12% when concentrating the vertical 

reinforcement of the diaphragm in one layer compared with the reference case of two layers. 

However, the maximum strength that can be obtained for dvρ =2.0% in both cases is similar. 
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Fig. 4.11  Normalized load-displacement relationships of ISH with vertical reinforcement of 
diaphragm dvρ = 0.0, 0.4, 0.74 (reference ratio), 0.8, 1.2, 1.6, and 2.0%. 

The yield loads are marked with circles in the normalized load-displacement relationships 

of Figure 4.11. For dvρ ≥0.4%, yielding is initiated in the diagonal bars of the seat for both 

detailing options. For the case of dvρ =0.0%, yielding is initiated in the vertical bars of the 
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diaphragm at 0.30 rC  for both detailing options ( dvρ =0.0% represents the limit case where 

vertical bars still exist with a very small area).  

1D shear 
failure

 

Fig. 4.12  Predicted crack pattern at bearing cross section for dvρ =2% and steel distributed 
in two layers (in test orientation). 

4.2.7 Horizontal Bars of Diaphragm 

The horizontal bars of the diaphragm transfer the horizontal stresses from the seat to the end 

diaphragm with prestressed blockout. These bars are used to anchor the horizontal bars of the 

seat and contribute to the sliding shear and bending strength mechanism of the diaphragm. From 

the projects survey, the range of the reinforcement ratio of these horizontal bars varies from dhρ = 

0.33% to dhρ = 0.87% (see Fig. 4.3). The normalized load-displacement relationships for the ISH 

with dhρ  varying from 0.0% to 1.0%, with an increment of 0.2%, i.e., 6 levels in addition to the 

reference case, are shown in Figure 4.13, where the relationship for the reference ratio 

( dhρ =0.56%) is shown with a thicker line. Figure 4.13 shows that the behavior of the ISH is 

affected only when dhρ ≤0.2% where the strength prediction for dhρ =0.0% is 0.67 rC . For this 

case, the diaphragm is not strong enough to transfer the forces from the seat to the end 

diaphragm with prestressed blockout. 
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Fig. 4.13  Normalized load-displacement relationships of ISH with horizontal 
reinforcement of diaphragm dhρ = 0.0, 0.2, 0.4, 0.56 (reference ratio), 0.6, 0.8, and 
1.0%. 

4.3 SIZE OF BEARING PLATE 

The experimental program revealed that punching shear is one of the critical failure modes of the 

ISH. To increase the punching shear strength, a larger bearing plate can be used. This idea was 

incorporated in specimen S3. From the projects survey (Hube and Mosalam 2009), the average 

bearing plate size for prestressed box-girder bridges is bp =0.4b , where b  is the seat width. To 

prevent local bearing failure, a square bearing plate of bp =0.45b  (i.e., bp =6.0 in. (152 mm)) 

was used in the experimental program of the specimens with normal bearing size (all specimens 

except S3). This bearing size was equivalent to 0.14bw , where bw  is the distance between the 

box webs of the bridge. 

To study the effect of the bearing plate area, a parametric study with different bearing 

plate sizes is conducted. In the longitudinal direction of the bridge, and equivalent to all tested 

specimens, a bearing size of ap =0.14bw  is considered. In the transverse direction of the bridge, 

bearing sizes of bp = 0.14bw , 0.33bw , and 0.44bw  are considered, where the intermediate size 

(bp = 0.33bw ) is equivalent to the bearing size of specimen S3. The effect of the bearing area in 

the normalized load-displacement relationships is shown in Figure 4.14, where the relationship 

for the reference size (bp = 0.14bw ) is shown with a thicker line. It is observed that the strength 

increases to 1.15 rC  and 1.19 rC  for the cases of 0.33bw  and 0.44bw , respectively. The predicted 
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strength increases for the case of bp =0.33bw  and is smaller than that measured in the 

experimental program, where the capacity of specimen S3 was 26% larger than that of S2. 

The predicted crack patterns at the cross section located at the edge of the specimens (i.e., 

cross section equivalent to section A-A in Fig. 3.12), at displacement of 1.0 rΔ  are shown in 

Figure 4.15. Here the short lines are perpendicular to the crack direction and their lengths are 

proportional to the crack normal strain (opening mode). It is observed that the crack widths at the 

edge of the specimen increase as the bearing area increases. Therefore, the load is distributed 

more uniformly throughout the seat length when a larger bearing area is used. Finally, Figure 

4.14 shows that the ductility increases with the use of larger bearing plate. This observation 

coincides with the experimental results, where specimen S3 with larger bearing plates showed a 

more ductile behavior than the rest of the specimens with normal size plates (Hube and Mosalam 

2009). 

The yield loads are marked with circles in the normalized load-displacement relationships 

of Figure 4.14. It is observed that the yield load increases from 0.52 rC  for the case of 

bp =0.14bw  to 0.54 rC when a bearing plate of bp =0.33bw  or 0.44bw  is used. 
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Fig. 4.14  Normalized load-displacement relationships of ISH with size of bearing area bp = 
0.14 (reference size), 0.33 and 0.44bw . 
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(a) bp =0.14bw  (b) bp =0.33bw  (c) bp =0.44bw  

Fig. 4.15  Predicted crack patterns with different sizes of bearing plates, at cross 
section located at edge of specimens (in test orientation). 

4.4 SEAT ASPECT RATIO 

A parametric study of the seat aspect ratio is conducted in this section. The seat aspect ratio is 

defined as h/b=α , where b  is the seat width and h  is the seat height. The seat aspect ratio of 

the tested specimens, and the reference ISH, is α =1.29. From the projects survey of ISHs with 

prestressed box girders, the range of the aspect ratio varies from α =0.62 to α =1.58, and the 

average aspect ratio is α =1.05. 

To study the effect of the aspect ratio, the reference ISH is compared with ISHs of aspect 

ratios α =0.86 and 1.71. These FE models are obtained by subtracting and adding two rows of 

elements at the edge of the seat, for the lower and higher aspect ratio, respectively. To keep all 

the reinforcement ratios constant, the bar areas were adjusted in the cases of α =0.86 and 1.71 

due to the modification of concrete volume. The cross sections of the FE models for the three 

cases are shown in Figure 4.16. 

 
(a) α =0.86 (b) α =1.29 (reference ISH) (c) α =1.71 

Fig. 4.16  Cross section of FE model for different aspect ratios (in test orientation, base not 
shown). 
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The normalized load-displacement relationships for the ISH with seat aspect ratio 

α =0.86, 1.29, and 1.71 are shown in Figure 4.17, where the relationship for the reference ratio 

(α =1.29) is shown with a thicker line. For the three cases, the displacement is measured at the 

concrete node located in the bearing axis, marked with a circle in Figure 4.16. From the results 

shown in Figure 4.17, the strength of the ISH increases as the aspect ratio decreases. However, 

the displacement at peak strength, and the ductility, decrease as the aspect ratio increases. The 

predicted strengths are 1.08 rC  and 0.90 rC  for the case of α =0.86 and 1.71, respectively. For the 

small aspect ratio (α =0.86), larger punching shear cracks are predicted. However, the larger 

strength prediction for this case may be affected by the concrete base because of the smaller 

distance between the applied load and the horizontal (in the test orientation) reinforcement of the 

base. For the large aspect ratio (α =1.71), the bending behavior becomes more relevant, but the 

strength is reduced because of the absence of shear reinforcement in the seat (vertical 

reinforcement of the seat in the real orientation) between the bearings and the diaphragm. The 

described behavior for small and large aspect ratios can be confirmed when observing the 

principal concrete stresses at the bearing sections in Figure 4.18. In this figure, the compression 

stresses for the peak load are show for each case of aspect ratio. 

The yield loads are marked with circles in the normalized load-displacement relationships 

of Figure 4.17. For the shown three cases, yielding is initiated in the diagonal bars of the seat 

( sdρ ). It can be concluded that the diagonal bars are the most critical bars regardless of the value 

of the value of the aspect ratio. 
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Fig. 4.17  Normalized load-displacement relationships of ISH with seat aspect ratio α = 
0.86, 1.29 (reference ratio), and 1.71. 
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(a) α =0.86 (b) α =1.29 (c) α =1.71 

Fig. 4.18  Predicted principal compression stresses of ISH with seat aspect ratio α = 0.86, 
1.29 (reference ratio), and 1.71 (in test orientation). 

4.5 LOAD ECCENTRICITY 

Due to thermal, prestressing, and shrinkage deformation, or due to construction offsets, ISHs can 

be subjected to load eccentricity when the applied vertical load of the bearing is not centered 

with respect to the bearing plate, as shown in the insert of Figure 4.19. A second type of 

eccentricity occurs when the bearing pad is not located at the center of the seat, but the load is 

centered with respect to the bearing (Hube and Mosalam 2009). The parametric study of this 

section deals with the first type of eccentricity. 

The normalized load-displacement relationships for the ISH with load eccentricity ratio 

η = b/e = 0, -5% and +5% is shown in Figure 4.19, where b  is the seat width and e  is the 

distance from the center of the seat to the applied load. It is observed that when the ISH is 

subjected to a negative eccentricity ratio of η =-5%, the strength is reduced to 0.96 rC  because 

stress concentration induces a local bearing failure of the concrete. The deformed shapes at the 

bearing cross sections for a displacement of 1.1 rΔ  are show in Figure 4.20, where the localized 

bearing failure for η =-5% is shown in Figure 4.20a. This localized bearing deformation was also 

observed in specimens S4 and S5, which were characterized by having a load eccentricity ratio 

η =-5% (see Section 3.4.2). When the ISH is subjected to a positive eccentricity ratio η =+5%, 

the strength is increased to 1.03 rC  and the displacement at peak strength is increased 

considerably up to 1.45 rΔ . For this case, less shear deformation is predicted at the seat, as shown 

in Figure 4.20c. 

The yield loads are marked with circles in the normalized load-displacement relationships 

of Figure 4.19. For all cases, yielding occurred in the diagonal bars of the seat. The predicted 
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yield loads are 0.54 rC , 0.52 rC , and 0.49 rC  for η = -5%, 0%, and +5%, respectively. It is 

concluded that a negative load eccentricity increases the yield load but decreases the strength of 

the ISH. 
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Fig. 4.19  Normalized load-displacement relationships of ISH with load eccentricity η = 
b/e = -5%, 0% (reference eccentricity), and +5%. 

Localized 
bearing failure

 
(a) η =-5% (b) η =+0% (c) η =+5% 

Fig. 4.20  Predicted deformed shapes at bearing cross section for a displacement of 1.1 rΔ  
and different values of load eccentricity. 

4.6 UTILITY OPENINGS 

The utility openings are introduced in the ISH region for maintenance purpose to allow routine 

inspection of the bearings (Hube and Mosalam 2009). The utility openings allow human access 

from the interior of the box girder to the seat of the ISH. They are commonly specified between 

two adjacent bearings, as shown in Figure 4.21. From the projects survey, these openings are 

located at mid-height or at low-height of the diaphragm. The cross sections of the openings are 
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square, rectangular, or circular, as recommended by the Standard Plan B7-10 of Caltrans 

(Caltrans 2006). For square or rectangular cross sections, the dimensions recommended by 

Caltrans are 

 { }mm)457(in1831 .,d/maxh hop =  (4.1) 

 { }mm)610(in2431 .,d/maxw hop =  (4.2) 

where oph  is the opening height, opw  is the opening width, and hd  is the diaphragm height, as 

shown in Figure 4.21. 

 
Utility openingA

A

Utility opening

opw

oph
oph hd

(a) Elevation view (b) Section A-A 

Fig. 4.21  Utility opening at mid-height location. 

For the experimental program, square openings of oph = opw =1/3 hd  located at mid-height 

of the diaphragm were considered in specimens S2, S3, and S5. The utility openings of these 

scaled specimens satisfy the dimensions requirements of Equations (4.1) and (4.2). 

For the parametric study of the utility openings, square and rectangular openings are 

considered. It is assumed that the circular openings are associated with less stress concentrations 

than that of rectangular openings. Therefore, circular openings are assumed less critical and are 

not considered in this parametric study. The variables analyzed in the parametric study of the 

utility openings are opening locations, opening dimensions, and reinforcement detailing. 

4.6.1 Opening Location 

The utility openings are located between the bearings at middle or lower height of the 

diaphragm. These openings are shown in Figure 4.21 and Figure 4.22, for the middle and lower 

height location, respectively. For an ISH with a lower opening (Fig. 4.22b), if the distance y  
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between the top of the opening and the seat  is less than 8 in. (203 mm), Caltrans recommends 

extending the top of the utility opening to the top seat edge (Caltrans 2006). 

 
Utility openingA

A

Utility opening

ophoph
hd y

opw

(a) Elevation view (b) Section A-A 

Fig. 4.22  Utility opening at low-height location. 

To study the effect of the utility opening location, the behaviors of the ISH without and 

with mid-height and low-height utility openings are compared. For the openings, a square cross 

section is considered with dimensions opw = oph =1/3 hd . For the ISH with a low-height opening 

location, the opening is considered at the top part of the seat because the scaled specimen does 

not satisfy the 8 in. (203 mm) distance required by Caltrans. The concrete meshes of the ISH 

with both types of openings are shown in Figure 4.23. To obtain a conservative estimate of the 

behavior, all the reinforcing bars located at the seat and diaphragm are terminated at the opening 

cross section except for the longitudinal bars that are not interrupted by the openings in both 

cases, as shown in the right insert of Figure 4.24. 

 

  
(a) middle location (b) lower location 

Fig. 4.23  Concrete mesh for utility opening locations. 



 67 

The normalized load-displacement relationships for the case without utility openings 

(reference ISH), with middle, and lower utility openings are shown in Figure 4.24. It is observed 

that the presence of utility openings reduces the strength to 0.96 rC  and 0.95 rC  for the middle 

and lower locations, respectively. This strength reduction is equivalent to the 5% strength 

reduction measured in specimen S2 (with middle openings) compared to S1 (without 

openings).In contrast, a strength reduction was not measured in specimen S5 compared to S4 

because their new reinforcement design was found to be less sensitive to the presence of utility 

openings. From Figure 4.24, it is also observed that the ductility is not affected considerably by 

the presence or locations of the utility openings.  

The yield loads are marked with circles in the normalized load-displacement relationships 

of Figure 4.24, where yielding is initiated for all cases at the diagonal bars of the seat. It is 

observed that the presence of utility openings, at either location, reduces the yield load from 

0.52 rC  to 0.45 rC . This load reduction is equivalent to 13% and is larger than the reduction 

caused to the load capacity by the openings. This larger reduction of the yield load is attributed 

to higher influence of the stress concentration caused by the openings at this load level. Finally, 

based on the behavior observed in Figure 4.24, it is concluded that the opening location does not 

affect significantly the behavior of ISHs. 
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Fig. 4.24  Normalized load-displacement relationships of ISH without utility openings 
(reference), with middle, and lower utility openings. 
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4.6.2 Opening Dimensions 

The dimensions of the utility openings of the ISHs suggested by Caltrans are given by Equations 

(4.1) and (4.2). To study the effect of the opening size, a rectangular opening located at mid-

height of the diaphragm, with constant height oph =1/3 hd  and variable width opop h/w =1.0, 1.7, 

and 2.5 are considered. The rectangular opening with opop h/w =1.0 is equivalent to the size of the 

opening of the tested specimens S2, S3, and S5. The cross sections of the ISH with varying 

opening dimensions are shown in Figure 4.25. The widths of these openings are equivalent to 

19%, 32%, and 46% of the spacing between bearings for opop h/w =1.0, 1.7, and 2.5, respectively. 

To obtain a conservative estimate of the effect of the opening size, all the reinforcing bars 

located at the seat and diaphragm are terminated at the opening cross section, except for the 

longitudinal bars that are not interrupted by the openings, shown in the top insert of Figure 4.24. 
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(a) opop h/w =1.0 (b) opop h/w =1.7 
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(c) opop h/w =2.5 

 Fig. 4.25  Cross section of ISH with varying utility opening dimensions. 

The normalized load-displacement relationships for the ISH with varying utility opening 

size are shown in Figure 4.26. The reference ISH, characterized by not having utility openings, is 

shown with a thicker line. It is observed that the strength of the ISH decreases as the opening 

size increases, where predicted strength values are 0.96 rC , 0.83 rC , and 0.63 rC  for the cases of 

opop h/w =1.0, 1.7, and 2.5, respectively. However, Figure 4.26 shows that the ductility increases 

as the opening size increases, because the punching shear failure mode becomes less critical. The 
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predicted crack patterns at the edge of the seat (section B-B) for the ISH with the three opening 

sizes are shown in Figure 4.27, at displacement of 1.0 rΔ . It is observed that the punching shear 

cracks are reduced significantly as the opening size increases. 
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Fig. 4.26  Normalized load-displacement relationships of ISH with varying utility opening 
dimensions.  
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Fig. 4.27  Predicted crack patterns of ISH with varying utility opening dimensions (in test 
orientation). 
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The yield loads are marked with circles in the normalized load-displacement relationships 

of Figure 4.26, where yielding is initiated for all cases at the diagonal bars of the seat. It is 

observed that the yield load decreases as the opening size increases. Finally, it is concluded that 

the utility opening size is critical for the behavior, the strength, the ductility, and the failure mode 

of the ISH. 

4.6.3 Reinforcement Detailing 

The parametric study of the opening location and dimensions described previously is conducted 

neglecting most of the reinforcement located near the openings. The strength reduction predicted 

by the virtual specimen with square openings, located at the mid-height of the diaphragm (Fig. 

4.21), is comparable to the strength reduction measured from the tests, when the strength of 

specimen S2 is compared to S1. However, specimen S2 was characterized by having 

reinforcement near the openings (Hube and Mosalam 2009). The fact that the reduction of 

strength of the virtual specimen is comparable to the strength reduction measured in the test 

suggests that the reinforcement near the opening is not critical for the behavior and the strength 

of the ISH. Nevertheless, this reinforcement is recommended to control cracking due to stress 

concentration near the openings. 

In this section, the reinforcement detailing near the utility opening is analyzed. The utility 

openings considered have square cross sections of dimension opw = oph =1/3 hd  and are located at 

the mid-height of the diaphragm. These dimensions are consistent with the utility openings used 

in the experimental program.  

To understand the reinforcement requirements at the opening locations, Figure 4.28 

shows vertical and horizontal (in the test orientation) cross sections of the predicted crack 

patterns of the virtual specimen at the peak load. The corresponding normalized load-

displacement relationship is shown in Figure 4.24, for the mid-height case. The short lines in 

Figure 4.28 are perpendicular to the crack direction, and their lengths are proportional to the 

crack normal strain (opening mode). These predicted cracks agree with the observed cracks of 

the tested specimens near the utility openings. The predicted directions of the largest cracks, at 

the cross section of the center opening, of the virtual specimen are shown in section B-B of 

Figure 4.28. These cracks also have a strain component in the direction longitudinal to the 

diaphragm (i.e., normal to section B-B), as shown in sections C-C and D-D of Figure 4.28. At 
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the peak load, the largest crack strain (crack opening normalized by the crack band width as 

discussed in Chapters 2) predicted at an integration point is 1.60% (about 8 times the steel yield 

strain) and 1.23% (about 6 times the steel yield strain) for the cross sections A-A and B-B, 

respectively. 
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Fig. 4.28  Predicted crack patterns of ISH near openings, D1 detailing defined in Table 4.1 
(in test orientation).  

The representative reinforcement detailing near the utility openings is obtained from the 

projects survey. Additionally, the Standard Plan B7-10 (Caltrans 2006) suggests reinforcement 

detailing for square and circular utility openings located at low-height of the diaphragm, for the 

case of non-prestressed box-girder bridges. The reinforcement within the utility opening region 

consists of (a) longitudinal bars in the seat and diaphragm (shown in the insert of Fig. 4.24); (b) 

vertical and horizontal bars of the seat and diaphragm at the opening cross section; (c) 

longitudinal bars around the opening; and (d) additional (concentrated) diagonal, vertical, and 

horizontal bars at the opening sides. These reinforcements are shown in Figure 4.29 for a utility 

opening located at mid-height of the diaphragm. 

To study the effect of the reinforcement detailing near the utility openings, 9 virtual 

specimens are analyzed. The reinforcement characteristics of these specimens are listed in Table 

4.2. The reinforcing steel ratios within the opening region are identical to the steel ratios of the 

reference specimen, beyond the bearings region (values of Table 4.1 multiplied by 0.66). For the 

cases of additional bars at the sides of the opening, the corresponding bars interrupted by the 
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openings are relocated to the opening sides, such that the total number of bars is equivalent to the 

number of bars of an ISH without openings. For the longitudinal bars around the openings, a 

reinforcing steel ratio of 0.1% is considered (area of steel divided by the diaphragm concrete area 

in section B-B of Fig. 4.29). This ratio is consistent with the Standard Plan B7-10 (Caltrans 

2006). 
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Fig. 4.29  Reinforcement detailing near utility openings. 

The results of the parametric study related to the reinforcement detailing near the utility 

openings are summarized in Table 4.2, together with the identification of the considered cases of 

the reinforcement detailing in this study. It is observed that the most effective bars to increase the 

strength of the ISH are the additional vertical and diagonal bars located adjacent to the utility 

openings. This result is consistent with the crack pattern predicted near the opening for the case 

D1, section A-A of Figure 4.28. Using these bars, the strength of the ISH is increased from 

0.96 rC to 0.98 rC , and 0.99 rC  for the cases of diagonal (Case D5) and vertical (Case D6) bars, 
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respectively. If both types of reinforcement are utilized simultaneously (case D8), the strength is 

increased to 1.00 rC , which is the strength of the ISH without openings. However, the yield load 

for the case D8 is equivalent to 0.48 rC , which is 7% lower than the yield load of the reference 

ISH (i.e., 0.52 rC ). The maximum crack strains at the cross sections either adjacent to or through 

the utility opening are tabulated in Table 4.2. It is observed that the longitudinal bars surrounding 

the openings are the most effective bars to reduce the crack strains at the section through the 

utility openings.  

Table 4.2  Parametric study of reinforcement detailing near utility openings. 

Case D1 D2 D3 D4 D5 D6 D7 D8 D9 
Vertical bars at opening 
cross section - Yes - - - - - - - 

Horizontal bars at opening 
cross section - - Yes - - - - - - 

Longitudinal bars 
surrounding the opening - - - Yes - - - - Yes 

Additional diagonal bars  at 
opening sides - - - - Yes - - Yes Yes 

Additional vertical bars at 
opening sides - - - - - Yes - Yes Yes 

Additional horizontal bars 
at opening sides - - - - - - Yes - - 

Strength [ rC ] 0.96 0.97 0.96 0.97 0.98 0.99 0.97 1.00 1.00 
Yield load [ rC ] 0.45 0.45 0.46 0.45 0.46 0.46 0.46 0.48 0.48 

Crack strain #1 † [%] 1.60 1.53 1.46 1.68 1.43 1.55 1.64 1.38 1.28 

Crack strain #2‡ [ %] 1.23 1.20 1.66 0.86 1.10 1.04 1.22 0.81 0.82 
† Maximum concrete crack strain in section adjacent to utility opening (Section A-A in Fig. 4.28). 
‡ Maximum concrete crack strain in section through utility opening (Section B-B in Fig. 4.28). 

 

The normalized load-displacement relationship of the ISH with opening reinforcement 

detailing cases D1 and D9 are shown in Figure 4.30. Additionally, Figure 4.30 shows the 

relationship for the reference ISH, characterized by not having utility openings. It can be 

concluded that using additional vertical and diagonal bars at the opening sides, and using 

longitudinal bars surrounding the opening (case D9), the behavior of the ISH is almost identical 

to an ISH without openings. However, it is recommended to keep the horizontal bars of the 
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diaphragm in the opening cross section, to provide better anchorage between the diaphragm and 

the end diaphragm with prestressed blockout (see Fig. 4.2). 

For ISHs with larger openings, the reinforcement detailing near the opening is more 

critical. The normalized load-displacement relationships of an ISH with opening width 

opw =1.7 oph  (equivalent to 32% of the spacing between bearings) and with detailing D1 and D9 

are shown in Figure 4.31. It can be observed that the predicted strength is increased from 0.83 rC  

for detailing D1 to 1.00 for detailing D9. Therefore, providing adequate reinforcement near the 

opening, the reduction of strength due to the existence of the opening can be eliminated. 

Moreover, Figure 4.31 shows that for this larger opening size, the ductility with detailing D9 is 

larger than that for an ISH without opening. It is to be noted that for this larger opening size, the 

punching shear failure mode becomes less critical. 
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Fig. 4.30  Normalized load-displacement relationships of ISH with reference opening 

( opop h/w =1.0) and different reinforcement detailing near openings. 
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Fig. 4.31  Normalized load-displacement relationships of ISH with larger opening 

( opop h/w =1.7) and different reinforcement detailing near openings. 
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5 Design Recommendations 

The design recommendations presented in this chapter are applicable to the ISH of RC box-

girder bridges when subjected to vertical loads through the bearings. The cross section and the 

reinforcement designation of the ISH are shown in Figure 5.1. It is assumed that an end 

diaphragm with prestressed blockout is not a critical element of the ISH and is therefore 

excluded from this study. In Figure 5.1 sdρ , svρ , shρ , and slonρ  represent the diagonal, vertical, 

horizontal, and longitudinal reinforcing steel ratios of the seat, respectively. Also in Figure 5.1, 

dvρ , dhρ , and dlonρ  represent the vertical, horizontal, and longitudinal reinforcing steel ratios of 

the diaphragm, respectively. These reinforcing steel ratios are defined in Equation (2.4) in Hube 

and Mosalam (2009). It is to be noted that the ISH should be designed according to the Caltrans 

Bridge Design Specifications (Caltrans 2004) and the specific project design criteria. 
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dhρ
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Diaphragm Seat
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Fig. 5.1  Cross section and reinforcement steel designations of ISH of prestressed box-
girder bridges. 
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5.1 STRENGTH ESTIMATION 

Based on the experimental and analytical results, it is concluded that the ISH fails with a 

combination of three failure modes when it is subjected to vertical loads though the bearings: (1) 

one-dimensional (1D) shear, (2) two-dimensional (2D) strut-and-tie (SAT), and (3) punching 

shear. Therefore, the ISH design must consider these failure modes and their combination, in 

addition to the bending and the sliding shear modes typically considered in the design approach 

of short cantilevers (Hube and Mosalam 2009). Accordingly, it is recommended to obtain the 

strength of the ISH using all of the following design criteria: 

(a) Sliding shear friction 

(b) Bending moment 

(c) 2D SAT 

(d) 1D shear 

(e) Punching shear 

Additionally, it is recommended to check the concrete bearing failure at the locations of the 

bearing plates to avoid localized concrete failure, e.g., using ACI318 (2008) requirements in 

Section 10.14. The details of the listed design models above, with the corresponding design 

equations, were introduced in details in Hube and Mosalam (2009). The design equations are 

based on the ACI code (2008) and on the Bridge Design Specifications (Caltrans 2004). When 

utility openings are present, the reduction of the concrete section and the possible reduction of 

reinforcing steel have to be incorporated in the capacity estimation. Additional design 

recommendations for each of the design criteria are described below.  

The sliding shear friction and the bending moment have to be computed at the seat and at 

the diaphragm, as shown in Figure 5.2. The critical section of the diaphragm coincides with the 

concrete junction of the diaphragm. To obtain the sliding shear friction, or bending moment 

strength of the ISH, a section width equal to the total length of the diaphragm should be 

considered.  
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Fig. 5.2  Critical sections for sliding shear and bending moment.  

The proposed 2D SAT model provides a good capacity estimate for the ISH. This model 

assumes that the bearing load is distributed uniformly through the bridge width, and neglects the 

3D effect caused by the concentrated load at the bearing locations. The proposed SAT is shown 

in Figure 5.3 where continuous and dashed lines represent tension ties and compression struts, 

respectively. The thickness of this truss considers the total diaphragm length; the steel area of 

each tie is the sum of the bars along the bridge width. The proposed truss is statically 

indeterminate, but the capacity is obtained assuming that the vertical bars of the diaphragm ( dvρ ) 

and the diagonal bars of the seat ( dvρ ) are yielding simultaneously. Therefore, the SAT capacity 

for the ISH is given by 

 )sin(fAfAV ysdydvn θ+=  (5.1) 

where dvA  is the area of steel of the vertical bars of the diaphragm, sdA  is the area of steel of the 

diagonal bars of the seat, θ  is the orientation of these diagonal bars (Fig. 5.1), and yf  is the yield 

stress of the steel. In order to obtain the capacity given by Equation (5.1), equilibrium 

requirements must be satisfied. The amount of reinforcing steel in ties BA  and HI  must be 

sufficient to satisfy the equilibrium at nodes A  and I , respectively. Additionally, the amount of 

horizontal reinforcing steel located near node K  in the diaphragm (marked with (*) in Fig. 5.1) 

must be sufficient to transfer the horizontal component of the diagonal tie KF  at node K .  
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Fig. 5.3  Proposed 2D SAT of ISH.  

The geometry of the proposed 2D SAT model (Fig. 5.3) is determined using the 

following procedure. The X  coordinate of node A  is centered with respect to the bearing, and 

the Y  coordinate coincides with the location of the upper horizontal reinforcing steel of the seat 

( shρ  in Fig. 5.1). The tie AB  is fixed at node B , which has its coordinate coinciding with the 

concrete junction of the diaphragm. Note that tie AB  is not physically fixed at B, but it is 

assumed that the stress from the horizontal bars of the seat ( shρ ) is transferred to the horizontal 

bars of the diaphragm ( dhρ ) using adequate lap splices. The nodes D  and E  are located at the 

bottom end of the vertical bars of the diaphragm ( dvρ ), and node F  is located at the bottom end 

of the diagonal bar ( sdρ ). The nodes H  and I  are located at the intersection of the vertical bars 

of the diaphragm ( dvρ ) with the upper horizontal bar of the diaphragm ( dhρ ). Node K  is located 

at the top end of the diagonal bars of the seat, which are oriented with an angle α . Note that the 

diagonal bars of the seat do not extend beyond the construction joint, whereas the horizontal bars 

of the diaphragm ( dhρ ) marked with (*) in Figure 5.1 transfer the horizontal component of the 

stress to the end diaphragm with prestress blockout. Finally, nodes J  and L  are obtained 

considering 45° compression strut from nodes H  and I , respectively. 

For the 1D shear failure mode shown in Fig. 5.4, the capacity of the ISH is obtained 

assuming a width equal to the whole diaphragm length. The distance d , in Fig. 5.4, corresponds 

to the effective depth of the seat assuming a 45° inclination of the shear plane. The total shear 
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resistance ( nV ) is the sum of the contributions from the concrete ( cV ) and the transverse 

reinforcing steel ( sV ). The reinforcing steel bars that contribute to sV  are the diagonal bars of the 

seat ( sdρ ) and the vertical bars of the diaphragm ( dvρ ) that cross the shear plane in Figure 5.4. 

According to ACI code (2008), the contribution of diagonal reinforcement has to be limited to 

dbfV w
'

csdiag 3=  (psi units), where wb  is the concrete width. For the 1D shear failure mode, the 

contribution of the vertical reinforcement bars of the seat ( svρ ) is neglected because it is assumed 

that they mainly contribute to the punching shear failure mode. 

Shear 
plane

Seat

Diaphragm

d

Note: End diaphragm with 
prestress blockout not shown

 

Fig. 5.4  1D shear failure mode of ISH. 

The punching shear failure mode is shown in Figure 5.5, where the distance d  

corresponds to the effective depth of the seat. The total punching shear resistance ( nV ) is the sum 

of the contributions from the concrete ( cV ) and the transverse reinforcing steel ( sV ). The 

contribution from the concrete is obtained using the critical perimeter ob  defined in Section 2.4 

of (Hube and Mosalam 2009). On the other hand, the contribution from the steel is obtained from 

the transverse bars that cross the three shear planes of the punching shear cone in Figure 5.5. 

From the two shear planes on the sides, the vertical bars of the seat ( svρ ) are considered. From 

the shear plane on the back, the diagonal bars of the seat ( dsρ ) and vertical bars of the diaphragm 

( vdρ ) are considered. 
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Fig. 5.5  Punching shear failure mode of ISH. 

Using the described design models, the experimental capacity versus computed capacity 

(E/C) ratios of the five tested specimens are obtained in Section 6.9 of (Hube and Mosalam 

2009). The experimental capacity (referred to as demand in Hube and Mosalam [2009]) of the 

specimens is loosely defined as the maximum strength obtained from each test, and the 

computed capacity corresponds to the strength computed using the described design models. The 

E/C ratios for the five tested specimens are summarized in Figure 5.6. In this figure, sSS  is for 

the sliding shear of the seat, dSS  is for the sliding shear of the diaphragm, sB  is for the bending 

moment of the seat, dB  is for the bending moment of the diaphragm, SAT  is for the 2D strut-and 

tie, and S  is for the 1D shear. For the punching shear case, two ratios are shown: PS , computed 

for scn VVV += , and maxPS , computed for the punching shear limit of dbfV o
'

cn 6= . Finally, the 

case labeled as Max  corresponds to the critical E/C ratio for each specimen, obtained from the 

largest ratio of all the failure modes. From Figure 5.6, it is observed that the critical cases (with 

E/C larger than 1.0) are the SAT, the 1D shear, and the punching shear modes of failure. This 

result agrees with the experimental observations, where a combined failure from these three 

modes was observed. 

For the virtual specimens used in the parametric study, the corresponding E/C ratios are 

shown in Figure 5.7. A total of 38 virtual specimens are considered, where specimens that have 

reinforcement ratios within the surveyed range (see Section 4.2) are included. For the virtual 

specimens with utility openings, only the specimens with detailing types D1 and D9 (see Table 
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4.2) are considered. More details of the capacity estimates for the virtual specimens are available 

in Appendix A. Because of the absence of experimental results, the experimental capacity of 

each virtual specimen is defined as the maximum strength predicted by the FEA. Similar to the 

experimental specimens, Figure 5.7 shows that the critical cases are the SAT, the 1D shear, and 

the punching shear mode of failures. In addition, for two virtual specimens, the ratios for bending 

of the seat and for bending of the diaphragm are also larger than 1.0.  
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Fig. 5.6  E/C ratio of experimental specimens. 
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Fig. 5.7  E/C ratio of virtual specimens of parametric study. 
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The E/C ratios of the experimental and virtual specimens, shown respectively in Figure 

5.6 and Figure 5.7, are summarized in Table 5.1. When the ISH is designed using all the 

described failure modes (column Max  in Table 5.1), the mean E/C ratios are 1.40 and 1.05 for  

the experimental and virtual specimens, respectively. Therefore, a conservative strength estimate 

of the ISH is obtained in both cases. The corresponding coefficients of variations (cov) are 0.10 

and 0.08 for the experimental and virtual specimens, respectively (Table 5.1). For the 

experimental specimens, the strength of the ISH is controlled in all cases by the SAT design 

criteria, whereas for the virtual specimens, 79% of the cases are controlled by SAT, 8% by 

bending of the seat (for large aspect ratio or low shρ ), 5% by 1D shear (for low )dvρ , 5% by 

punching shear (for small aspect ratio or uniform reinforcement distribution), and 3% by bending 

of the diaphragm (for small dhρ ). The difference between the strength estimates of the 

experimental and virtual specimens is mainly caused by the higher concrete strength of the 

experimental specimens, which increases the ISH strength considerably (as shown in Section 

2.4.2), but does not increase the SAT capacity estimation. For the virtual specimens, the lowest 

E/C ratio of 0.90 is obtained for the virtual specimen with uniform reinforcement distribution 

through the specimen length. This type of reinforcement distribution is not recommended in 

ISHs (see Section 5.2). 

Table 5.1  E/C ratio of experimental and virtual specimens. 

   sSS  dSS  sB  dB  SAT S  PS  maxPS  Max

All cases Mean 
Cov 

0.59 
0.13 

0.50 
0.24 

0.83 
0.18 

0.76 
0.18 

1.40 
0.10 

1.09 
0.17 

1.07 
0.11 

1.03 
0.11 

1.40 
0.10 

No openings Mean 0.55 0.51 0.81 0.71 1.28 0.98 1.09 1.03 1.28 Te
st

 

With openings Mean 0.62 0.50 0.84 0.80 1.48 1.16 1.06 1.02 1.48 

All cases Mean 
Cov 

0.41 
0.07 

0.62 
0.13 

0.81 
0.19 

0.82 
0.13 

1.04 
0.09 

1.00 
0.09 

0.86 
0.11 

0.87 
0.11 

1.05 
0.08 

No openings Mean 0.40 0.60 0.79 0.80 1.02 1.00 0.88 0.89 1.03 

Pa
ra

m
et

ric
 

With openings Mean 0.41 0.70 0.92 0.92 1.10 1.02 0.79 0.77 1.11 
 

For the ISHs that contain utility openings, the mean values of the E/C ratio are 1.48 and 

1.11, for the experimental and virtual specimens, respectively (see Table 5.1). Therefore, the 

capacity prediction of ISHs with openings is more conservative than for ISHs without openings. 

In fact, the region where the openings are located is away from the bearing area and does not 
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significantly affect the actual strength (from experiments or FEA) of the ISH, but it does reduce 

the capacity estimate from the different models discussed above. 

For service loads levels, yielding of the ISH starts in the diagonal bars of the seat for all 

the experimental and virtual specimens considered. The yield load for all these cases is shown in 

Figure 5.8, normalized by the maximum strength of each specimen. It is observed that yielding is 

initiated at an average load of 55% and 50% of the maximum strength for the experimental and 

virtual specimens, respectively. The minimum yield load corresponds to 44% of the maximum 

strength for specimen S2 (specimen with as-built reinforcement detailing and with utility 

opening) of the experimental specimens. On the other hand, the maximum yield load 

corresponds to 65% of the maximum strength for specimen S5 (less congested reinforcement 

detailing and with utility openings) of the experimental specimens. 
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Fig. 5.8  Yield strength of experimental and virtual specimens. 

Finally, it is important to note that Caltrans recommends vertical factored loads for the 

design of the ISH, which depends on the diaphragm height (Caltrans 2007). The suggested 

factored vertical load per bearing, for the reference ISH (which represents a 1/3-scale of a 

prototype ISH with 70 in. (1780 mm) diaphragm height), is 68 kip (302 kN). Accordingly, the 

mean safety factor is 3.2 (beyond any load factor incorporated in the suggested values from 

Caltrans (2007)) for the five tested specimens, obtained by dividing the mean experimental 

capacity by the suggested factored load. Similarly, the mean safety factor is 2.3 (beyond any load 
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factor incorporated in the suggested values from Caltrans [2007]) for the virtual specimens 

considered in this study. 

5.2 REINFORCEMENT DETAILING 

This section contains design recommendations for the reinforcement detailing of the ISH. It is 

important to note that the experimental specimens were detailed with headed reinforcement for 

all bars of the ISH region except for the longitudinal bars ( slonρ  and dlonρ ), the vertical bars of the 

seat ( svρ ), and the diagonal bars of the diaphragm ( ddρ ); see Figure 5.1 for reinforcing bar 

designations. If headed bars are not used in the ISH, adequate lap splice length and hooked 

anchorages must be provided to the reinforcement. 

5.2.1 Reinforcement Concentration Near Bearings 

It is recommended to concentrate the reinforcement (using smaller spacing) within the extended 

bearing region, defined by an equivalent width of 1.5 times the seat height. Beyond this region, it 

is recommended to reduce the reinforcing steel ratio by 33%. It is important to note that the 

capacity estimates in the previous section are obtained for experimental and virtual specimens 

with this concentrated reinforcement near the bearings.  

5.2.2 Diagonal Bars of Seat 

The diagonal bars of the seat ( sdρ ) are the most critical bars (i.e., bars subjected to the largest 

strains) of the ISH region. These diagonal bars contribute to the sliding shear, SAT, 1D shear, 

and punching shear strength mechanisms of the ISH. Increasing their reinforcement ratio is the 

most effective way to increase the yield and peak the loads of the ISH. An orientation angle 

35° ≤≤ θ 55° is recommended, but 45° is preferred (see Fig. 5.1). A minimum reinforcement ratio 

of 0.2% is recommended (calculated using the vertical cross section of the seat). 
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5.2.3 Vertical Bars of Seat 

The vertical bars of the seat ( svρ ) contribute to the punching shear strength of the ISH. 

Distributing these vertical bars in several layers through the seat width improves the behavior of 

the seat by providing a more effective detailing for the punching shear mode of failure. 

Therefore, at least two layers are recommended to distribute these bars into, as shown in Figure 

5.1. A minimum reinforcement ratio of svρ =0.3% is recommended (calculated using the 

horizontal cross section of the seat) in the punching shear failure region shown in Figure 5.5. The 

vertical bars should have a hook of 135° at one end and of 90° at the other end, as shown in 

Figure 5.9, and they should be installed with alternating ends. It is to be noted that installing 

these bars does not considerably affect the construction process because the vertical bars can be 

easily installed from the top. 

 

bd6≥

bd6≥

bd : Bar diameter

 

Fig. 5.9  Details of vertical bars of seat. 

5.2.4 Horizontal Bars of the Seat 

The horizontal bars of the seat ( shρ ) contribute to the sliding shear, the bending, and the SAT 

strength mechanisms of the ISH. However, current designs of ISHs are over-reinforced with 

horizontal bars of the seat to prevent bending failure (Hube and Mosalam 2009). To increase the 

ductility of the seat, it is recommended to distribute these bars along the seat height using two or 

three layers. If three layers are used, it is recommended to install the middle layer close to the top 

one, as shown in Figure 5.1. 
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5.2.5 Longitudinal Bars of Seat 

The longitudinal bars of the seat ( slonρ ) contribute to the bending strength of the seat along the 

longitudinal axis of the bridge. They are required to control the vertical (in the test orientation) 

bending cracks that appeared behind the seat in the five experimental specimens. It is 

recommended to use at least 4 bars distributed at the top and at the bottom of the seat, as shown 

in Figure 5.1. A minimum reinforcement ratio of 0.4% is recommended (calculated using the 

vertical cross section of the seat) to provide adequate yield strength and crack control for the 

ISH. 

5.2.6 Diagonal Bars of Diaphragm 

The diagonal bars of the diaphragm ( ddρ ) that are installed across the concrete junction of the 

diaphragm are not recommended for constructability concerns. 

5.2.7 Vertical Bars of Diaphragm 

The vertical bars of the diaphragm ( dvρ ) contribute to the SAT, 1D shear, and punching shear 

strength mechanisms of the ISH. It is recommended to distribute these bars using two layers, as 

shown in Figure 5.1. This recommendation allows using closed stirrups when headed bars are not 

installed or available. 

5.2.8 Horizontal Bars of Diaphragm 

The horizontal bars of the diaphragm ( dhρ ) transfer the horizontal stresses from the seat to the 

end diaphragm with prestressed blockout. It is recommended to distribute these bars using four 

layers, as shown in Figure 5.1. These bars should be long enough to provide adequate lap splices 

with the horizontal bars of the seat. The third layer, marked with (*) in Figure 5.1 is used to 

transfer the horizontal force component of the diagonal bars (tie KF  of the SAT model in Fig. 

5.3) of the seat and it should be sized accordingly. For constructability concerns of the upper and 

lower seats, it is not recommended to extend the horizontal bars of the diaphragm to the end of 
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the seat. Figure 5.1 shows that the horizontal bars of the diaphragm do not continue towards the 

seat region (lower seat shown). 

5.2.9 Longitudinal Bars of Diaphragm 

The longitudinal bars of the diaphragm are not critical for the strength of the ISH when it is 

loaded vertically through the bearings. Minimum reinforcement should be installed to provide an 

adequate bending resistance and crack control along the diaphragm length.  

5.3 GEOMETRICAL DETAILING 

This section contains design recommendations for the geometrical considerations of the ISH. 

Additionally, design recommendations for the utility openings and the reinforcement are 

suggested. 

5.3.1 Size of Bearing Plate  

The size of the bearing plate has to be large enough to prevent local bearing failure of the 

concrete. Larger bearing plates can be used to considerably increase the strength and the ductility 

of the ISH. The use of larger bearing plates distributes the bearing load to a wider region of the 

seat, and accordingly increases the punching shear strength. 

5.3.2 Seat Aspect Ratio 

The seat aspect ratio is defined as h/b=α , where b  is the seat width and h  is the seat height. 

The recommended range of this aspect ratio is 0.9 ≤≤ α 1.5. Aspect ratios ≤α 0.9 (i.e., short 

seats) are not recommended because the risk of unseating is increased, the allowed tolerance for 

the construction of the bridge deck is reduced, and because the ISH becomes difficult to 

construct due to the small available space. For ≥α 1.5 (i.e., long seats) the bending behavior of 

the seat becomes more important and additional horizontal reinforcement of the seat might be 

required. Additionally, for ≥α 1.5, special vertical shear reinforcement needs to be installed in 

the seat between the bearing and the diaphragm. 
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5.3.3 Load Eccentricity 

The ISH can be subjected to load eccentricity when the applied vertical load of the bearing is not 

centered with respect to the bearing plate. Such eccentricity may produce local bearing failure 

underneath the bearing plate. The accepted eccentricity is η = b/e ≤ 5%, where b  is the seat 

width and e  is the distance from the center of the seat to the applied load. This eccentricity is 

equivalent to approximately ±2 in. (51 mm) for the full-scale bridge. A second type of 

eccentricity occurs when the bearing pad is not located at the center of the seat, but the load is 

centered with respect to the bearing. This eccentricity can be treated as an ISH with different seat 

aspect ratio according to the previous section. For this case, b  is obtained as two times the 

distance between the loading point and the diaphragm. 

5.3.4 Utility Openings 

The utility openings are introduced in the ISH region to allow routine inspection of the bearings. 

The utility openings are located at the center between two adjacent bearings to minimize its 

effect on the ISH. These openings can be located at the middle or lower height of the diaphragm 

(see Fig. 4.21 and Fig. 4.22, respectively). The shape of the opening may be square or circular 

and the recommended dimensions are oph = opw = 3/d h . A larger rectangular opening may be 

used with oph = 3/d h  and opop h.w 51≤ , but additional reinforcement at or near the openings is 

required. 

To minimize the effect of the openings on the strength of the ISH, additional diagonal 

reinforcement of the seat, and vertical reinforcement of the diaphragm are required adjacent to 

the utility openings. This is achieved by relocating the interrupted bars (because of the presence 

of the openings) to the opening side, such that the total number of bars is equivalent to the 

number of bars of an ISH without openings. To minimize cracking at the opening location, 

longitudinal bars around the openings should be provided (see Fig. 4.29). A minimum 

reinforcing steel ratio of 0.1% is recommended for these bars (area of steel divided by the 

diaphragm only concrete area in section B-B of Fig. 4.29). 
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5.4 ISH DESIGN METHODOLOGY 

Based on the recommendations of this chapter, a design methodology for ISHs of RC box-girder 

bridges, subjected to vertical loads through the bearings, is presented in this section. This 

methodology is based on the strength estimation and the reinforcement and geometrical 

recommendations described previously. The design methodology is presented below. 

1. Obtain the factored vertical design load of the ISH from the structural analysis of the 

whole bridge structure following the corresponding code recommendations. 

Alternatively, the recommended Caltrans factored load of Table 2.6 in Hube and 

Mosalam (2009) can be considered. 

2. Determine the seat width of the ISH based on the code requirements of Section 2.1 in 

Hube and Mosalam (2009) and the recommendations of Section 5.3.2. 

3. If a utility opening is required, determine its location and dimensions from Section 5.3.4. 

Smaller openings required for the installation of restrainers and equalizing bolts are not 

considered critical and no recommendations are provided. 

4. Define the size of the bearing plates according to the manufacturer specifications and 

using the recommendations in Section 5.3.1. 

5. Define reinforcement detailing of the ISH region based on the recommendations of 

Section 9.2. 

6. Compute the nominal ISH strength based on sliding shear at the critical sections of the 

seat and diaphragm, Equations (2.5), (2.6), and (2.7) in Hube and Mosalam (2009). 

7. Compute the nominal ISH strength based on bending moment at the seat and diaphragm, 

Equation (2.8) in Hube and Mosalam (2009). 

8. Compute the nominal ISH strength based on the proposed 2D SAT, Equation (5.1).  

9. Compute the nominal ISH strength based on 1D shear (see Fig. 5.4), Equations (2.13), 

(2.14), and (2.15) in Hube and Mosalam (2009). 

10. Compute the nominal ISH strength based on punching shear (see Fig. 5.5), Equations 

(2.13), (2.16), and (2.17) in Hube and Mosalam (2009). 

11. Verify that the minimum strength (with the corresponding reduction factor φ , defined by 

the adopted code requirements) predicted from steps 6–10 above, is larger than the 

factored vertical load from step 1. 
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12. Check the concrete bearing failure, e.g., using ACI318 (2008) requirements in Section 

10.14, at the locations of the bearing plates to avoid localized concrete failure. 

13. Specify reinforcement near the utility openings following the recommendations of 

Section 5.3.4. 
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6 Conclusions and Future Extensions 

This report presents the results of the post-test analysis and the design recommendations for in-

span-hinges (ISHs) of reinforced concrete (RC) box-girder bridges. The report focuses on ISHs 

of prestressed box-girder bridges, when subjected to vertical loads through the bearings. For the 

post-test analysis, a computational model is validated with the previous experimental results of 

five ISH specimens. With this computational model, a parametric study is conducted to predict 

the behavior and the strength of ISHs with different detailing and geometrical characteristics. 

This parametric study is intended to expand findings from the experimental program, by using 

these analysis virtual experiments. 

The computational model adopts nonlinear three-dimensional (3D) finite element 

analysis (FEA) that considers cracking behavior of concrete and elastic-plastic behavior of the 

reinforcement. The reinforcing steel is modeled using embedded reinforcement formulation 

assuming perfect bond between the concrete and the reinforcement. The concrete material is 

modeled using the total strain rotating crack constitutive model. The reduction of compressive 

strength due to perpendicular cracking is incorporated in the constitutive model. 

The parametric study of the ISHs is conducted using the proposed FEA. The variables 

analyzed in the parametric study are the reinforcement steel ratio and detailing characteristics, 

the size of the bearing plate, the aspect ratio of the seat, the load eccentricity and the 

characteristics of the utility openings.  

From the results of the parametric study and the experimental program, detailed design 

recommendations and guidelines are presented for ISHs of RC box-girder bridges. These 

recommendations aimed towards obtaining optimal designs with less congestion and improved 

structural behavior. For the design recommendations of the ISH region, global geometrical 

parameters, reinforcement ratios, and detailing characteristics are considered. Additionally, 

design recommendations for the geometrical characteristics and the reinforcement detailing 

related to the utility openings of ISHs are presented in this report. 
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6.1 CONCLUSIONS 

From the comparison of the experimental and computational results of ISHs, it is concluded that 

the developed 3D FEA is adequate to simulate the behavior, the strength, and the mode of failure 

of ISHs. The FEA is sensitive to the reinforcement details, the bearing plate size, the bearing 

plate location, the loading condition, and the presence of utility openings. Accordingly, the 

developed 3D FEA can be utilized to assess the behavior and the strength of current and future 

ISHs of RC box-girder bridges. 

Based on the experimental and analytical results, it is concluded that the ISH fails with a 

combination of three failure modes when it is subjected to vertical loads though the bearings: (1) 

one-dimensional (1D) shear, (2) two-dimensional (2D) strut-and-tie (SAT), and (3) punching 

shear. Therefore, the ISH design must consider these failure modes and their combination, in 

addition to the bending and the sliding shear modes typically considered in the design approach 

of short cantilevers. 

It is concluded that the strength of the ISH should be obtained from the critical of five 

design criteria: (1) sliding shear friction, (2) bending moment, (3) 2D SAT, (4) 1D shear, and (5) 

punching shear. The design equations corresponding to each design criteria are based on current 

ACI and Caltrans design code recommendations. Additionally, it is recommended to check the 

concrete bearing failure at the locations of the bearing plates to avoid localized concrete failure. 

Using this proposed design methodology a conservative strength estimate of the ISH can be 

achieved. The mean ratios of the “measured” capacity (using tests or FEA) versus the computed 

(using formulas for the above five design criteria) capacity are 1.40 and 1.05 for the 

experimental and virtual specimens, respectively. The difference between these two ratios is 

mainly due to the higher compressive concrete strength of the experimental specimens compared 

to the nominal compressive strength of the virtual specimens. Moreover, if the recommended 

design factored vertical loads from Caltrans are considered, it is concluded that mean safety 

factors (beyond any load factors incorporated in the suggested values from Caltrans) of 3.2 and 

2.3 are obtained for the experimental and virtual specimens, respectively. 

For service load levels, it is concluded that yielding is initiated in the diagonal 

reinforcement of the seat at about 50% of the maximum ISH strength. The lowest yield initiation 

is obtained at 44% of the maximum ISH strength for an experimental specimen containing utility 

openings and with as-built reinforcement configuration. 
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From the reinforcement detailing recommendations, it is concluded that the diagonal bars 

of the seat are the most critical bars of the ISH region. Increasing their reinforcement ratio is the 

most effective way to increase the yield and the peak loads of the ISHs. For economical and 

structural performance aspects, it is recommended to concentrate the reinforcement using smaller 

spacing within the extended bearing region, defined by an equivalent width of 1.5 times the seat 

height. 

From the geometry recommendations, it is concluded that using larger bearing plates is 

an effective alternative to increase the strength and the ductility of the ISH. The use of larger 

bearing plates distributes the bearing load in a wider area of the ISH and increases the punching 

shear strength. Regarding the seat aspect ratio ( h/b=α  where b  is the seat width and h  is the 

seat height), it is concluded that a range of 0.9 ≤≤ α 1.5 is recommended mainly for 

constructability concerns.  

When utility openings are required in the ISH region, it is concluded that the strength is 

not compromised if an adequate reinforcement detailing is provided near the openings. 

Finally, it is concluded that use of headed bars is clearly appropriate to reduce 

reinforcement congestion for improving constructability and for providing adequate 

reinforcement development in the relatively small ISH region. 

6.2 FUTURE EXTENSIONS 

To identify the representative ISH characteristics, a survey of eight bridge projects was 

considered in this report. It is recommended to expand this survey to obtain a more 

representative characterization of current ISHs. 

The experimental program conducted on ISHs considered only five specimens. To 

corroborate the design recommendations, it is suggested to expand the experimental program of 

ISHs with specimens of different geometrical and reinforcement detailing configurations. It 

would be desirable to corroborate the design recommendations for the following: (1) the 

concentration of the reinforcement near the bearing region, (2) the distribution of the vertical 

bars of the seat along the seat width, (3) the orientation of the diagonal bars of the seat, (4) the 

seat aspect ratio, (5) the utility opening locations, (6) the utility opening size, and (7) the utility 

opening reinforcement. 
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The proposed methodology to estimate the strength of ISHs is verified using the 

experimental results of five ISH specimens and the FE results of 38 virtual specimens. However, 

the virtual specimens of the parametric study are based on a reference ISH defined from the 

average properties of a survey of few bridge projects. The strength estimate using the proposed 

methodology should be compared with the FEA predictions for the ISHs of each surveyed 

project in a future study. 

The development of a 3D nonlinear SAT model, a structural reliability analysis, and the 

use of topology optimization for the design of ISHs are considered parts of the study program of 

ISHs. These tasks are not addressed in this report and are suggested for the future study of ISHs. 

The development of a 3D nonlinear SAT model is aimed to simulate the behavior and the 

strength of ISHs to provide an alternative analysis tool to the proposed 3D FEA of this report. 

The structural reliability analysis of ISHs is suggested to obtain the probability of failure of 

current and future ISHs by developing a performance-based design and assessment framework 

for these critical regions of the bridge system. This reliability analysis can be used to improve the 

design recommendations of ISHs. Finally, the topology optimization is suggested to obtain 

alternative reinforcement configurations that could be used for the design of ISHs based on 

different optimization criteria (e.g., to minimize the total amount of steel for reduced cost, to 

minimize the use of diagonal reinforcement for improved constructability, etc.). 
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Appendix A: Capacity Estimation Results for 
Virtual Specimens 

This appendix shows the detailed capacity estimates for the different failure modes for the virtual 

specimens used in the parametric study. These capacity estimates are compared with the strength 

of the virtual specimens predicted by the FEA. In this appendix, the capacities are normalized by 

the strength rC  of the reference ISH (see Section 4.1). Also, for the figures of this appendix, sSS  

corresponds to sliding shear of the seat, dSS  to sliding shear of the diaphragm, sB  to bending 

moment of the seat, dB  to bending moment of the diaphragm, SAT  to 2D strut-and-tie, S  to 1D 

shear, and PS  to punching shear. It is to be noted that some design criteria that are not shown in 

the subsequent figures have values larger than the range of the figure. 

A.1 REINFORCEMENT VARIATIONS 

The capacity estimates of the virtual specimens with varying reinforcing steel ratios and detailing 

are presented in this section. 

The capacity estimates for the virtual specimens with varying reinforcement ratios and 

different orientations of the diagonal bars of the seat are shown in Figure A.1. For the three 

orientation angles it can be observed that the SAT and the punching shear ( PS ) accurately 

predict  the FEA strength when ≤sdρ 0.3%. 
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Fig. A.1  Capacity estimates with varying diagonal reinforcement of seat ( sdρ ). 

The capacity estimates for the virtual specimens with varying reinforcement ratios and 

different configurations of the vertical bars of the seat are shown in Figure A.2. For the three 

reinforcement configurations (see section 4.2), it is observed that the punching shear ( PS ) 

failure mode underestimates the FEA strength for small reinforcement ratios. For ≥svρ 0.5%, the 

punching shear capacity is constant because it is controlled by the punching shear limit of 

dbfV o
'

cn 6= . Additionally, when the vertical steel is distributed using two or three layers and 

≥svρ 0.5%, the FEA strength is larger than the capacity prediction of the SAT and the 1D shear 

( S ) modes of failure. 
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Fig. A.2  Capacity estimates with varying vertical reinforcement of seat ( svρ ). 

The capacity estimates for the virtual specimens with varying reinforcement ratios and 

different configurations of the horizontal bars of the seat are shown in Figure A.3. For the two 

reinforcement configurations (refer to Section 4.2), it is observed that the SAT and the bending 

moment of the seat ( sB ) underestimate the FEA strength for small reinforcement ratios. 

Additionally, it is observed that the predicted sliding shear capacity of the seat ( sSS ) is never 

smaller than the FEA strength. 
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Fig. A.3  Capacity estimates with varying horizontal reinforcement of seat ( shρ ). 

The capacity estimates for the virtual specimens with varying reinforcement ratios of the 

longitudinal bars of the seat are shown in Figure A.4. It is observed that the predicted capacity of 

all the failure modes is not affected by this reinforcement ratio.  
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Fig. A.4  Capacity estimates with varying longitudinal reinforcement of seat ( slonρ ). 

The capacity estimates for the virtual specimens with varying reinforcement ratios and 

different configurations of the vertical bars of the diaphragm are shown in Figure A.5. For the 

two reinforcement configurations (see Section 4.2), it is observed that the SAT and the shear 

modes of failure ( S ) underestimate the FEA strength for small reinforcement ratios. 
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Fig. A.5  Capacity estimates with varying vertical reinforcement of diaphragm ( dvρ ). 

The capacity estimates for the virtual specimens with varying reinforcement ratios of the 

horizontal bars of the diaphragm are shown in Figure A.6. It is observed that the sliding shear of 

the diaphragm and the bending of the diaphragm underestimate the FEA strength for small 

reinforcement ratios.  
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Fig. A.6  Capacity estimates with varying horizontal reinforcement of diaphragm ( dhρ ). 

A.2 GEOMETRY VARIATIONS 

The capacity estimates of the virtual specimens with varying bearing plate size and varying 

aspect ratios of the seat are presented in this section. 
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The capacity estimates for the virtual specimens with varying bearing plate size are 

shown in Figure A.7 (see Section 4.3). In Figure A.7 bp  is the bearing size in the transverse 

direction of the bridge and bw  is the distance between the box webs of the bridge (see Section 

4.3). For the case of the geometrical variations, the capacity prediction for the different failure 

modes is only computed for the case of the virtual specimens (i.e., the capacity is computed only 

at three points as shown in Fig. A.7). From Figure A.7, it is observed that the punching shear 

failure mode is the only one affected by the bearing plate size. It is also observed that the 1D 

shear ( S ) and SAT modes of failure underestimate the FEA strength when the bearing plate size 

( bw/bp ) is larger than the reference size. Finally, Figure A.7 shows that the punching shear 

strength overestimates the FEA strength for the three cases. 
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Fig. A.7  Capacity estimates with varying bearing plate size. 

The capacity estimates for the virtual specimens with varying size of the seat aspect ratio 

is shown in Figure A.8 (see Section 4.4). It is observed that the capacity predictions for the 

bending of the seat ( sB ) and of the diaphragm ( sB ) decrease as the aspect ratio of the seat 

increases. For the case of α =1.71, it is observed that the bending of the seat becomes the critical 

failure mode (i.e., the failure mode that predicts the lowest capacity). 
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Fig. A.8  Capacity estimates with varying aspect ratio of seat. 
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