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Abstract-

A fully integral bridge that is restrained at both ends by 
the abutments has been proposed to form a monolithic 
rigid frame structure. Thus, the feasible horizontal force 

effect due to an earthquake or vehicle braking is mainly 

prevented by the end- restraining abutments. In a recent 
study, a fully integral bridge with appropriate end-

restraining abutment stiffness was derived for a multispan 

continuous railroad bridge based on linear elastic 
behavior. Therefore, this study aims to investigate the 
nonlinear behavior and seismic capacity of the fully 

integral bridge and then to assess the appropriate stiffness 

of the end-restraining abutment to sufficiently resist 

design earthquake loadings through a rigorous parametric 
study. The finite element 

modeling and analyses are performed using OpenSees. 
In order to obtain the force-deflection curves of the 
models, nonlinear static pushover analysis is 
performed. It is confirmed that the fully integral bridge 
prototype in the study meets the seismic performance 
criteria specified by Caltrans. The nonlinear static 
pushover analysis results reveal that, due to the end-

restraining effect of the abutment, the lateral 

displacement of the fully integral bridge is reduced, 
and the intermediate piers sustain less lateral force and 

dis- placement. Then, the sectional member forces are 
well controlled in the intermediate piers by a proper 
application of the end- restraining abutments. 

 

 

 

1. Introduction 

An integral bridge is known as a bridge type that integrates 

the superstructure and basic substructures. In general, in-

tegral bridges are considered as having more economic 

benefit than a regular bridge because an integral bridge can 

be constructed without expensive supplemental devices 

such as expansion joints and bridge bearings [1–8]. Integral 

abutment bridges (IABs) are commonly used in modern 

bridge construction, with well over 9,000 IABs in service 

across the US. Additionally, the integral abutment bridge 

can be selected as a seismic retrofitting method for existing 

bridges [9, 10] in addition to the conventional retrofitting 

techniques [11–13]. In spite of its increasing usage, 

standard 

 

design methods for integral bridges have not been fully 

established yet that led to the necessity of further research 

[14– 16]. The research study of Far et al. [17] has presented 

that thermal and seismic loads greatly aff ect the design of 

integral abutment bridges due to the integrity of the 

structure and complex soil-structure-pile interactions. 

Similarly, there have been studies concerning the seismic 

behavior of non-IABs [14, 18]. These studies looked into 

the eff ects that elastomeric bearings have on energy 

dissipation, as well as how non-IABs behave as a whole 

system when subjected to seismic excitation. The studies 

generally con- cluded that the bearings, abutment backwall, 

and pier col- umns provide a large contribution to an entire 

bridge’s seismic behavior. Kozak et al. [14] have evaluated 

an existing 
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integral abutment bridge seismic behavior including all 

important limit states that could occur in each bridge 

components. Erhan et al. [19] have demonstrated that in-tegral 

bridges have superior seismic performance in terms of smaller 

inelastic structure displacement, rotations, or forces compared 

to conventional bridges. Additional studies have also 

considered the individual behavior of the pile-pile cap 

connection under seismic load and of the girder-abutment 

connection, both of which are of concern due to the large 

moments transferred at these locations. Most prior studies 

concerning the seismic behavior of IABs have not consid-ered 

the behavior of bridges as a whole, instead focusing on 

individual components, which may neglect some important 

interactions between components [14]. Understanding the 

seismic behavior of bridges is important not only to develop 

cost-eff ective designs but also to properly assess existing 

bridges and their safety immediately after an earthquake. Since 

there is little experimental data on the seismic response of fully 

integral bridges, numerical models are essential for 

understanding structural behavior and ensuring safety in design 

provisions. 

Recently, an innovative fully integral bridge system that 

is restrained at both ends has been proposed to form a 
monolithic rigid frame structure [18, 20]. The lateral loads 
(e.g., earthquake load and vehicle braking force) are mainly 

carried by the end-restraining abutments. Due to such 

restraining eff ect, the fully integral bridge is greatly com- 
mitted to substantially reduce the section properties of the 
substructure components except for the abutments, which 

consequently improves the bridge system’s aesthetics, eco- 

nomic efficiency, and seismic performance [21]. In  
addition, fully integral bridge system eliminates  other 

costly bridge components such as bridge supports, support 
inspection facilities, and expansion joints while reduces 
maintenance life-cycle cost due to frequent repair and 

replacement of bridge components. Thus, it is a low-cost 
and high-performance bridge system [14, 20–22]. 

Recently, Choi et al. [21] have provided insights into the 
load distribution characteristics of a fully integral bridge 

through a parametric study based on the response spectrum 

analysis. Their study has shown that the stiff ness of the 

end-restraining abutment has a significant eff ect on the 

behavior of intermediate piers. The results show that as the 

abutment’s stiff ness increases, the internal forces (i.e., 
overturning moment and base shear force) at the piers 
radically decrease and then converge to a certain level. 

Finally, a prototype design of a fully integral bridge has 
been proposed such that lateral forces and displacements of 
the bridge system are adequately restrained. However, due 

to the linear elastic assumption and a simplified modeling 
method used in the study, there is an inevitable limitation 
lying on the appli-cation of the analysis results. 

This study aims to investigate the seismic capacity of the 

fully integral bridge with end-restraining abutments and the 

variation of the seismic performance along with the sectional 

stiff ness of the abutments considering the nonlinear behavior 

of the bridges. For doing so, the displacement capacity and the 

ductility ratio are determined from pushover analyses by 

referring to the specified performance criteria in Caltrans 

[23], and the seismic demand is obtained from multimode 

spectrum analysis based on design specifications [23–25]. The 

capacity and the demand results are compared to conduct a 

seismic performance evaluation on the fully integral bridge 

models. Moreover, a series of parametric numerical analysis 

has been performed along with the variation of design pa- 

rameters of the end-restraining abutment. Lastly, the required 

stiff ness for eff ective end-restraining is examined to accom- 

modate the seismic design requirements. It should be noted 

that all considerations in this study are in the longitudinal 

direction only because the eff ect of end-restraining abutments 

is expected to enhance the seismic capacity of such bridge in 

the longitudinal direction. In the transverse direction, the 

integrated abutment is expected to provide some strength and 

stiff ness to the connected superstructure due to an innate frame 

action. However, the conventional bridge is usually restrained 

at abutments in the transverse direction, and in this case, the  

eff ect of the integrated abutment to enhance the seismic 

capacity is not significant. 

 

2. Theoretical Backgrounds 

2.1. Force-Displacement Curve and Moment Capacity. The 
seismic capacity of the entire bridge can be evaluated through 

global displacement and ductility when the plastic hinge is 

reached according to Caltrans [23]. This piece of information 

can be accessed by using the force-displacement curves. In 

order to obtain the force-displacement curve of a fully integral 

bridge, nonlinear static pushover analysis is carried out. The 

following basic steps of pushover analysis are implemented, as 

follows: (1) the lateral load-deformation behavior of the girder, 

end-restraining abutment, and intermediate pier 

sections is determined using moment-curvature (M-Φ ) 

analysis, and the results are used to define the finite element 

model of a fully integral bridge; (2) the pushover analysis is 

performed along the longitudinal direction, using an in- 

creasing monotonic displacement-controlled lateral load 

pattern, which gives an approximate representation of the 

relative inertia forces generated at the location of substantial 

mass, as it reaches its limit of structural stability [23]. It means 

that each increment pushes the frame, which is the entire 

integrated bridge system of the study, until the potential 

collapse mechanism is achieved; (3) the force-displacement 

curve diagrams are drawn based on the pushover analysis 

results, where the total applied loads are obtained from the 

base shear forces and the maximum displacement at a par- 

ticular location in the top of the entire bridge system; and (4) 

the bridge ductility and displacement capacity are extracted 

from the force-displacement curves by applying equation (2). 

Moreover, the lateral force capacity, Fu, and the moment 

capacity, Mu, are corresponding to C, which is determined at the 

ultimate state of the bridge system and at the potential collapse 

of this system after the formation of plastic hinge from the 

analysis results [23, 26]. 

 
 

2.2. Seismic Performance Criteria. The entire structural 
system must meet the global displacement criteria and the 
displacement ductility requirements specified in Caltrans 
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FIGURE 1: Elevation view of the bridge. 
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FIGURE 2: Cross section of the superstructure (unit: mm). (a) Section A-A. (b) Section B-B. (c) Section C-C. 
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FIGURE 3: Cross section of the substructure (unit: mm). (a) Abutment. (b) Pier. 

 

structural analysis platform for simulating seismic re- 
sponses of a structure [28]. To simulate nonlinear inelastic 
behavior of structural components, eber modeling scheme  

is adopted [29]. The end-restraining abutment, in- 
termediate pier, and the part of the girders are expected to 
behave inelastically at the ultimate state. In the numerical 

models, the stiffness of the supporting soil is also accounted 
for where the soil property was considered as soft rock. 

2.3. Fiber Element Section Modeling. It was anticipated that 

bridge girder sections B and C, end-restraining abutment, and 

intermediate piers will be subjected to inelastic behavior under 

a severe earthquake loading. In order to achieve an accurate 

representation of plasticity and nonlinear behavior along the 

member length, they were appropriately dis-cretized into the 

enite elements, and then the distributed plasticity model 

(dispBeamColumn element in OpenSees) with the eber section 

modeling scheme was used. Figure 4 

1
5
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FIGURE 4: Cross section of the bridge: (a) abutment and (b) pier eber model. 

 

illustrates the eber section discretization of the end- 
restraining abutment and an intermediate pier, which are 

subdivided into steel, conened, and unconened concrete 

ebers. The girder-abutment and girder-pier connections are 

assumed to be rigid and modeled using rigid links. 

 

2.4. Material Modeling. Since the conenement of concrete 

by suitable transverse reinforcements increased both the 
strength and the ductility of compressed concrete [30], the 

prototype’s transverse rectangular hoops and cross ties 

design and arrangement were considered in the eber section 

modeling. In order to rationally reflect such influences, the 

concrete ebers were further categorized as unconened (i.e., 

cover concrete) and conened concrete (i.e., core concrete) 

[31–33], into which the corresponding material properties 

were assigned, respectively, as shown in Table 1. An 

important characteristic of concrete is that it exhibits 

different behavior in its conened and unconened states. 

Apart from higher strength, conened concrete tends to show 
a much greater ductility when compared to unconened 

concrete. Thus, it becomes important and desirable to have 

a stress-strain model that differentiates the behavior of con- 

ened and unconened concrete. The conened concrete 

properties were estimated based on the constitutive re- 

lationship proposed by Mander et al. [30]. The concrete02 

model in OpenSees, which adopted the Kent-Park model 
[34] was applied to the concrete of the end-restraining 

abutments and intermediate piers. This model assumes linear 

tension softening. The used reinforcing bar material was the 

SD40 (Fy 400 MPa),= which has been commonly used for 

design and construction of bridge structures in South Korea. In 

Table 1, fpc is the concrete compressive strength at 28 days, εco 

is the concrete strain at the maximum strength, fpcu is the 

crushing strength, εu is the concrete strain at the crushing 

strength, ft is the concrete tensile strength, and Ets is the 

tension-softening stiffness. Figure 5(a) shows the hysteretic 

stress-strain relationship of the concrete material model. 

The longitudinal reinforcing steel bars were added to the 

cross-sectional modeling as shown in Figure 4. Mechanical 

properties of the reinforcing bar are listed in Table 2 along 

with additional parameters deening the stress-strain model 

adopted in the analysis. The steel02 model in OpenSees which 

adopted the Menegotto-Pinto model [35] was used for  

modeling of the reinforcing bars in the bridge. In Table 2,  

Fy is the yield strength, Es is the initial elastic stiffness,  

b is the strain-hardening ratio, R0 is a constant between 10 and  

20, and CR1 and CR2 are coefficients deening the shape of the  

stress- strain diagram. Figure 5(b) shows the hysteretic  

stress-strain relationship of the steel material model. The moment- 

curvature relationship of the end-restraining abutment 

 along the longitudinal direction was illustrated in Figure 6. 

2.5. Soil-Structure Interaction Modeling. Since it is well 
known that the soil-structure interaction signiecantly affects 

the response of the bridge system under earthquake load 

[14, 17, 18, 22, 36, 37], the modeling of the piles and its 

surrounding soil was considered to simulate the soil-pile 

interaction. As shown in Figure 7, the piles were modeled 

as linear elastic elements that extend 20 m below the pile 

cap and the tips of the piles were pinned in place. Figure 

7(d) illustrates that on each pile element, a cor- responding 

set of p-y and t-z nonlinear springs, which used zerolength 

elements in OpenSees, was attached to repre- sent soil 

foundation. The p-y soil spring model [38] in OpenSees 
represents the lateral resistance of soil foun- dation. The 

required ultimate capacity of the soil was determined based 

on Reese et al. [38] equations and tables. Moreover, the t-z 

soil spring model in OpenSees represents the friction which 

may act on the piles when they move vertically [18]. The 

required ultimate shear capacity of the soil was determined 

based on API [39] suggested equations and values. 

Concurrently, it is conservatively assumed that the end- 

restraining abutments should sustain the lateral forces 

without the supporting effect of the abutment- backell. 

 

3. Analytical Study Results 

3.1. General Observation and Behaviors. In this section, the 

pushover analysis result of a prototype design is discussed. As 

shown in Figure 8, the load distribution was applied at the top 

node of each abutment and piers in the longitudinal direction 

consistent with the distribution of the masses within the model. 

The pushover analysis was conducted using the displacement- 

controlled procedure. The dis- placement control node was 

located at the top node of the 

Y 
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TABLE 1: Concrete material properties. 
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FIGURE 5: Hysteretic stress-strain behavior of (a) concrete02 and (b) steel02. 

 

TABLE 2: Reinforcement steel properties. 

Fy (MPa) Es (GPa) B R0 R1 R2 

Steel 400 200 0.01 18 0.925 0.15 
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FIGURE 6: Moment-curvature relationship of the abutment along the longitudinal direction. (a) Variation in sectional area. (b) Variation in 
reinforcement steel. 

 

left abutment. The deformed shape of the prototype at the 
enal load step of the pushover analysis is shown in Figure 
9(a). It should be noted that the deformation of the 

bridge is exaggerated for a clearer view. Figure 9(b) illus- 
trates the general longitudinal pushover response of the 
prototype bridge, where it can be observed that the design 
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FIGURE 8: Fully integral bridge model load distribution. 
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FIGURE 9: Longitudinal pushover response of the fully integral bridge prototype. (a) Deformed shape. (b) Force-deflection curve. 

 

earthquake load is resisted by the entire frame action of the 

abutments and piers. Even though the intermediate piers 

exceed their yielding point, an increasing slope is still ob- 

served in the pushover curve of the entire frame. This in- 

dicates that the ultimate displacement capacity is dominantly 

affected by the strength of the end-restraining abutments, and 

that most of the entire base shear force is sustained by the end- 

restraining abutment with appropriate stiffness. 

 

 

3.2. Seismic Performance Evaluation. The seismic perfor- 
mance of the prototype was evaluated with respect to the 
bridge displacement capacity. Moreover, the displacement 

capacity of the entire frame and each substructural com- 
ponent was evaluated. Table 3 shows the comparison be- 
tween the displacement demand and capacity of the 

prototype bridge. As previously mentioned, the demands of 

the displacement and the member forces were derived from 
the multimode spectrum analysis. By comparing the de- 

mand and capacity of the prototype model, it is observed 

that the seismic capacities of the substructure are 

immensely larger than the nominal seismic demands. The 

results assert that the fully integral bridge with end- 

restraining abutments should retain a higher-level seismic 

capacity compared to the general integral abutment bridges 

as well as conventional bridges and, thus, it may provide a 

possible option to an innovative design. It should be noted 

that the investigated bridge was newly designed for this 

study according to KNR. It conerms that the current design 
code does not accom-modate the beneet of the end- 

restraining abutment, and subsequently, some structural 

members might be overdesigned. 
It can also be observed that the displacement ductility 

capacity of the entire bridge frame, µc, is 6.54, which is 
greater than the minimum capacity ductility criteria 

load, F 

node 

Pier 3 
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TABLE 3: Comparison of demand and capacity results. 

Member 
Displacement (mm) Base shear force (kN) Overturning moment (kN-m) 

 Demand Capacity Demand Capacity Demand Capacity 

Abutment 7.5 1000.0 12,962 125,098 139,549 1,250,977 

Pier 3 10.1 1116.1 2,283 40,564 14,524 405,640 

 
TABLE 4: Parametric analysis results. 

Case 
Dimensions of abutments Results 

2 2 4 
H (mm) Ac (m ) As (cm ) Iy (m ) c (mm) Mu (kN-m) 

1 1500 9.25 5.07 1.7 1,000.0 81,930 
2 1900 14.1 5.07 6.8 1,000.0 226,528 

3 2400 14.7 5.07 12.8 1,000.0 325,894 

4 (base) 3400 15.9 5.07 31.1 1,000.0 554,038 
5 3900 16.5 5.07 43.5 741.0 610,207 

6 4400 17.1 5.07 58.3 696.5 707,486 

7 4900 17.7 5.07 75. 825.5 854,972 
8 3400 15.9 0.71 27.8 1,200.0 138,840 
9 3400 15.9 2.87 29.3 1,000.0 342,604 

10 3400 15.9 3.87 31.0 1,200.0 475,885 
11 3400 15.9 9.57 34.3 666.3 818,519 

12 3400 15.9 13.4 37.3 448.2 855,041 

 
 

specified by Caltrans [23] to ensure dependable rotational 
capacity. In addition, the global displacement criteria were 

also satisfied, in which the total displacement capacity of 

the fully integral bridge was 1,000 mm against its nominal 

displacement demand of 7.5 mm. 

 
3.3. Parametric Study Results. Since integrated abutments 
play a crucial role in structural behaviors of fully integral 
bridges, a parametric study was performed with respect to 
the dimension of the abutment. Meanwhile, the other 
influential parameters to the seismic behavior of such 
bridges were fixed to examine the eff ect of the abutment’s 
properties thoroughly. The parametric pushover analysis 
results are shown in Table 4, which have been obtained 
according to the variation of design parameters of the 

abutment. H is the abutment section thickness as shown in 
Figure 4(a), Ac is the total concrete area of the abutment, As 
is the area of one reinforcing steel bar, and Iy is the moment 
of inertia of the abutment section about its weak axis. It 
should be noted that the base model used in the previous 
sections is Case 4. 

The analysis results reveal that the bending capacity of 

the fully integral bridges increases proportionally to the 

abutment stiff ness by utilizing a larger section or steel 

reinforcement. The displacement ductility capacity of each 
case was found to be greater than 3.0. It means that each 
case also satisfied the specified minimum capacity ductility 

criteria by Caltrans [23]. In Figure 10, the overturning 
moment-lateral displacement curves of the end-restraining 
abutments demonstrate the nonlinear ductile behavior with 

respect to the parametric ranges. It is apparent that there is a 
minimal decrease in the structural ductility as the strength 
considerably increases. This also verifies the 

tendency that the end-restraining abutment carries most of 

the total system base shear force as its bending capacity 
increases. 

Figure 11 represents the variation in the top lateral 

displacement of the piers along with the horizontally applied 

loading, F. It can be observed in Figure 11 that the lateral 

displacement radically drops along the abutment stiff ness and 

converges into a value around Case 4. It means the lateral 

displacement of the entire bridge could be restrained 

eff ectively if the abutments hold a sufficient stiff ness. For 

example, if it is supposed that the lateral displacement must be 

restrained within 12.0 mm when subjected under an 

earthquake eff ect of 20,000 kN, it can be determined from the 

parametric study results that the required stiff ness for the 

abutments should be the same or larger than that of Case 4. 

The sectional moment allocated at the intermediate piers also 

shows the same tendency of decreasing along with the 

abutment’s bending stiff ness as represented in Figure 12. 

Thus, it seems to be insignificant to further increase the 

sectional stiff ness of the end-restraining abutments beyond 

the converging point (Case 4). 

 

4. Conclusions 

This study investigated the seismic behavior and nominal 

capacity of the fully integral concrete bridge with an end- 

restraining abutment. A series of nonlinear static pushover 
analyses were carried out to evaluate the seismic perfor- 

mance of the fully integral bridge. Based on the analysis 

results, the following conclusions are drawn: 

(1) The ultimate displacement capacity of the fully in- 
tegral concrete bridge with end-restraining abut- 
ments was primarily aff ected by the stiff ness of the 
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FIGURE 10: Parametric analysis results along with restraining abutments. (a) Variation in sectional area. (b) Variat ion in reinforcement steel. 
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end-restraining abutments. Due to the innate in-tegral 

characteristic of the bridge prototype at abutments, an 

increasing slope was still observed in the force- 

displacement curve of the entire frame even after the 

yielding of the piers. In fact, 80% of the total base shear 

force was distributed to the abut- ments while the 

remaining 20% was sustained by the piers. 

(2) The seismic performance of the bridge 
prototype satiseed the performance 
criteria specieed in Cal- trans with a large 
margin. Consequently, the dis- placement 
ductility capacity of the entire bridge 
frame, µc=6.54, passed the specieed 
minimum re- quirement of 3.0. This 

ensured a dependablerotational capacity 
in the plastic hinge regions of the 
bridge system. 

(3) The appropriate abutment stiffness converges 

to a certain level to control the displacement 

and/or the member force capacity. When the 

end-restraining abutment has sufficient 

stiffness, any further increase in the stiffness 

of the end-restraining abutments yields an 

insigniecant change in the bridge re-sponses. 

Since the sectional member forces at the 

intermediate piers are well controlled, the end-

restraining effect was also 

verieed.parameters of the 
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FIGURE 12: Sectional moment, My, of the  substructure  member (pier 
3) along with abutment stiffness. 

 

fully integral bridge using a dynamic analysis procedure. In 

addition, experimental veriecation tests are required on the 
details of the connected parts that make the superstructure 
and substructure well integrated. 

 

Data Availability 

All the data supporting the key endings of this paper are 
presented in the egures and tables of the article. Request for 

other data will be considered by the corresponding author. 

 

Conflicts of Interest 

The authors declare that they have no conflicts of interest. 

 

Acknowledgments 

The work presented in this paper was supported by the Korea 

Agency for Infrastructure Technology Advancement 
(18CTAP-C129912-02). 

 

References 

[1] S. Faraji, J. M. Ting, D. S. Crovo, and H. Ernst, “Nonlinear 
analysis of integral bridges: enite-element model,” Journal of 
Geotechnical and Geoenvironmental Engineering, vol. 127, no. 
5, pp. 454–461, 2001. 

[2] L. F. Greimann, P. S. Yang, and A. M. Wolde-Tinsae, 

“Nonlinear analysis of integral abutment bridges,” Journal of 

Structural Engineering, vol. 112, no. 10, pp. 2263–2280, 1986. 

[3] B. Briseghella and T. Zordan, “An innovative steel-concrete 
joint for integral abutment bridges,” Journal of Tra$c and 
Transportation Engineering (English Edition), vol. 2, no. 4, pp. 
209–222, 2015. 

[4] M. Arockiasamy, N. Butrieng, and M. Sivakumar, “State-of- 
the-Art of integral abutment bridges: design and practice,” 
Journal of Bridge Engineering, vol. 9, no. 5, pp. 497–506, 2004. 

[5] Masrilayanti, Re Behaviour of Integral Bridges 

under Vertical and Horizontal Earthquake Ground 

Motion, PhD thesis,School of Science, Computing 

and Engineering University of Salford, UK, 2003. 
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