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Abstract: 

In recent years, there has been a growing seismic demand for existing bridges and the final 

redesign of bridges, especially after a major earthquake One method to strengthen concrete 

frames on bridges is to use steel sheets or profiles to use the confining force. During this study, 

a sample at 30% scale under gravity and lateral cycle loading was examined within the 

laboratory. A finite element model is additionally used to compare the behavior of laboratory 

samples. The laboratory sample was a model of a typical bridge in iran that was generally 

designed with deficient detailing requirements in agreement with the typical regulations of the 

1970s. A finite element analysis set was used to evaluate various parameters in improving the 

behavior of the laboratory sample. The finite element model correctly predicted the weakness 

of the model. Subsequently, a reinforced specimen was investigated by increasing the 

prestressing force within the concrete beam and the thickness of the frp sheets utilized in the 

bridge pier by the finite element method. The results show the energy absorbed within the 

hysteresis curves improved the propagation of the failure. The  result also  showed that  a 100% 

increase in the prestressing load caused a 67% increase in resistance . 

1. Introduction 

Because many bridges are located in seismic areas, they may 

suffer irreparable damage or even collapse when exposed to 

strong earthquakes [1]. Bridge damage is usually caused by 

superstructure movement, joint failure, bent damage of the 

column due to shear or flexure, and abutment failure [5-2]. 

Therefore, bridges located in seismic areas need seismic 

reinforcement to be prevented from damage in severe 

earthquakes and to maintain their services after the 

earthquake. As demonstrated by the 2011 Tohoku 

earthquake, repaired bridges perform better in many 

earthquakes. Therefore, bridge reinforcement is very 

important [3] and can affect vital transportation operations 

after the earthquake [6].  
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Also, in cases where the bridge design follows the old codes, 

proper seismic reinforcement is required to bring the failure 

states closer to the desired states, by creating a weak 

column–strong beam using the principles of seismic design. 

[7-8]. The study of seismic reinforcement of bridges is of 

interest to many researchers and information about samples 

and their characteristics is easily available from experiments 

in research centres [9]. So far, various methods of 

reinforcement have been investigated, such as the use of 

fiber-reinforced plastic cover (FRP) [10], the creation of 

concrete cover around the sections [7], the removal of the 

connection zone of the cap beam–column [7], Increase of 

shear rebars in the joint [7], and other methods used to 

reduce the seismic demand in the column [11]. The first and 

most serious study on this subject was the experimental tests 

of Priestley theory [12-13] which examined the effect of a 

steel cover installed on the whole column in increasing the 

shear strength of concrete columns of the bridge frame. Due 

to the high cost of reinforcing the entire height of the column 

with a steel cover and the high time cost, this method 

currently seems incompatible. Some studies have also been 
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made on the reinforcement of composite materials, such as 

carbon fiber reinforced polymers (CFRPs), which are 

installed on bridge piers. In one study, it was shown that in 

such case, the shear strength of joint ductility and 

displacement increases significantly. Given that FRP 

materials cover a large area of beams and columns, it is both 

costly and time consuming, and therefore not feasible. Other 

reinforcement methods have been studied by researchers, 

such as reinforcement of a straight reinforced concrete 

bridge with non-buckling braces (BRB) to increase the 

strength of foundations under seismic loads, reduce 

displacement and increase seismic resistance under post-

earthquake service conditions [1] This method of retrofitting 

has also been studied by other researchers. The Priestley et 

al. (1993) retrofit plan for a two-story San Francisco bridge 

was used only for the cap beam–column connection zone 

and in cases where the column of the cap beam of the bridge 

was weak. However, this method encountered problems that 

included the difficulty of shuttering and concreting in the 

small area on the joint region, and in high regions, creating 

the required bonding between the new and old concrete, and 

completing the intricate details of reinforcing. 

 

 
Fig. 1: Slip of longitudinal bars in the connection zone of 

reinforced concrete frame: (a) Slip of the joint due to insufficient 

anchorage of longitudinal bars; (b) Slip due to strain penetration 

 

Prestressing was introduced by Sitran et al. [14] due to its 

major benefits such as increased shear strength, reduced 

surface tension due to shear in the joint and increased 

flexural capacity of the cap beam. However, it is impossible 

to ignore the main disadvantages of prestressing: reduced 

ductility and embrittlement of the member due to significant 

axial forces. In terms of reinforcement of existing structures, 

there are setbacks in execution. The reinforcement technique 

of Pantlides et al. [15] is also an effective technique for 

strengthening the piers of bridges in which the foundation 

lacks sufficient rigidity and strength. Accordingly, a 

horizontal reinforcement strand can be created at the top of 

the foundation and at the level of the cap beam. This is good 

for new bridges, but in terms of reinforcing existing bridges, 

it can cause the problems mentioned above, especially in the 

area of the concrete column connection. Mander and Chen 

[16] reinforcement technique can be considered as a good, 

efficient and successful technique. The frame failure 

mechanism was successfully modified to a desirable 

mechanism, and it was found that this method was quite 

successful if the shear weakness of the columns did not 

dominate the final strength. The setbacks of this 

reinforcement design are due to insufficient anchorage of 

longitudinal rebars and defects in the shear strength of the 

columns, which can be amended easily without the 

intervention of other members. In the reinforcement design 

of a bridge frame containing a pile, the columns were 

weakened and the beams and joints were strengthened. The 

purpose of this project was to modify the failure mechanism 

and increase ductility, which was successful in the first 

attempt, but failed in the succeeding endeavor due to the 

severe weakness of the connection area. 

 

One of the reasons for the decrease in strength and 

undesirable seismic behavior in the concrete frame of the 

bridges is insufficient anchorage of longitudinal rebars used 

in the connection area. This issue should be considered in 

choosing the appropriate retrofitting technique, and one of 

the goals of the retrofitting design should be to strengthen 

the connection area properly and purposefully as slipping 

rebars in RC structures often occur at this location.  

One of the major problems of these bridges is the weakness 

in the cap beam–column connection. This weakness is due 

to insufficient transverse rebars in the joint connection, 

which leads to slippage of rebars under seismic loads in this 

area [7]. In this study, a sample was studied experimentally 

and compared with a finite element model (FEM). This 

model was built according to the average conditions of the 

built bridges, which were designed based on the old version 

of the bridge design specifications [18]. At that time, there 

were no seismic design criteria in Iran and the bridges were 

designed for gravity loads. 

These bridges are usually supported by multiple columns 

and have a simple span or continuous concrete deck 

mounted on a beam. These frames are usually characterized 

by strong columns and weak beams, with some defects in 

detail and confinement, especially in the joints [19]. 

Prominent prestressed concrete bridges are widely used due 

to their excellent properties, such as low price and beautiful 

appearance [20 - 29]. Vertical tensile stress is considered as 

the main cause of failure [30, 31]. Pan et al. [32] conducted 

a field study and divided these cracks into two main groups: 

longitudinal cracks and flange base cracks. Magley et al. 

[27] have developed the scaling process as the third type of 
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cracking. Podolny et al. [25] present four types of cracking 

at the bottom. Further analysis of the response of the 

structural system of prefabricated component steps is 

required to change the load that occurs during the fabrication 

sequence [33]. Structural performance in the thin-walled 

cubic structure is very complex and several two-dimensional 

analyses have been used for structural design [34-36]. 

According to the applicable regulations [37, 38], the 

transverse effects are ignored because the effect of the pre-

stretched strands is mainly on the bottom. Theoretical 

simulation of bottom plate failure during prestressing is 

complex. Accurate and efficient modelling of prestressing 

effect as well as nonlinear failure process analysis is 

desirable [39, 40]. 

Cracking is common in reinforced concrete (RC) bridges 

and other structures, but is not necessarily harmful. Many 

structures are designed to break under service loads. 

However, cracking needs to be controlled to ensure 

durability and aesthetic needs. Current regulations set limits 

on crack width and minimum reinforcement level. The 

causes of cracking in concrete members are many. Cracks 

may occur in concrete structures due to internal or external 

restraints. For example, temperature changes between 

different parts of a structure can change the nature of 

different needs. If those deformations are prevented, it may 

crack [41], [42]. In practice, however, some cracks may 

cross the specified boundaries, even if design regulations are 

followed. Most importantly, cracking not only negatively 

affects the durability and aesthetics, but may also affect the 

ductility and structural capacity of an RC member. It has 

been experimentally shown that the effect on ductility and 

final capacity can be positive or negative, depending on the 

location and characteristics of the crack as well as the state 

of failure. Cracks should be included in the structural 

assessment to consider their impact on ductility, capacity 

and failure condition, and therefore, there is a need for 

improved assessment of reinforced concrete infrastructure. 

One way to improve evaluation is to include up-to-date 

information about the structure, for example, information 

about pre-existing cracks. This may be facilitated by Digital 

Twin (DT) models, which in the future are expected to play 

a vital role in the optimal management of critical 

infrastructure [43]. DT is a virtual copy of the structure 

which saves information collected over the life of the 

structure (for example, through various types of sensors). It 

may provide insight into structural capacity through finite 

element analysis (FE). It may also act as a decision support 

tool [44,45]. 

 

 

 

2. Laboratory Sample Description 

The design of the laboratory sample was based on field 

studies, the indicated specifications for the structure of the 

base frame, the scope of the study and the available facilities. 

Figure 2 shows the laboratory specifications of the 

fabricated sample. The sample made in the 1370s was 

designed to show real samples common in Iran. In the 

construction of the samples, the ratios of the cross-sectional 

areas of the longitudinal and transverse bars and the 

dimensions of the sections and openings are similar to the 

average values in the studied steps. For example, the details 

of the longitudinal rebars of the columns are listed in Table 

1. 

The conventional design method at the time of construction 

of these bridges does not dictate the control of the relative 

flexural capacity of the column cap by considering the shear 

force transfer from the joint. Figure 2 shows the geometric 

dimensions of the constructed sample. 

 
Fig. 2: Built-in sample Detail 

 

Due to the size of laboratory facilities, available size and 

dimensions, jack capacity, frame limitations, the possibility 

of placing samples and gravity and lateral loads was not 

possible This test was performed in the structural laboratory 

of the University of Tehran. 
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Table 1: Mechanical specifications of longitudinal and transverse bars of columns 

Rebar type Yield stress (MPa) Ultimate stress (MPa) Ultimate strain (%) 

Longitudinal 511.4 653.2 12.56 
Transverse 365.4 540.8 12.34 

For concrete, the sample strength of standard cylinders was 

considered to be approximately 40 MPa. The compressive 

strength of concrete in the samples is given in Table 2. Also, 

longitudinal rebars of type AIII with yield stress of 511 MPa 

and transverse bars of type AII with yield stress of 365 MPa 

were selected. The concrete mix design was prepared for 

optimum strength, except that the diameter of the largest 

aggregate was reduced to 15 mm. The number and details of 

the longitudinal columns of the column are exactly the same 

as the existing rebars with full symmetry of the column cross 

section. 

 

Table 2: Compressive strength of concrete  

Member Compressive strength of 

concrete (MPa) 
Cap beam 41.6 
column 40.7 

 

 

As mentioned, the main problems of the studied structures 

are anchorage of longitudinal rebars in the joint area, which 

causes significant damage in the joint zone and the cap beam 

and reduces the energy absorption and loss capacity. The 

longitudinal rebars of the columns should be limited at the 

connection zone with the transverse bars. Failure to execute 

details or incomplete execution will cause damage to the 

frames under study. Confining force can be provided by 

transverse cross members, diaphragms, or transverse bars. In 

the studied frame, concrete confinement was applied by 

applying prestressing force to the connection zone of the 

longitudinal rebars from the outside. Figure 2 shows the 

details of the sample and the retrofitting method is described 

below. 

 

 

Figure 3 shows a schematic of the test instrument, parts and 

components used to set the laboratory sample and create a 

rigid floor. These are also explained in the discussion below. 

One of the bases in the laboratory was used for rigid support 

and lateral loading . 

 

Fig. 4: Setting up laboratory sample 

 

 

Gravity load was applied by the use of eight bolts that were 

prototyped symmetrically on both sides of the laboratory 

specimen (Figure 3, Section E). The required gravity load 

was applied to the frame by attaching one side of the cross 

beam to the jack and the other side to the tensile element, 

which moved freely along both sides of the specimen during 

the test. An axial load of 200 kN was constantly applied to 

the sample during test. By placing the steel shear keys at the 

connection zone of the cross beam and the specimen, the 

actual conditions and the application of lateral force in the 

laboratory model were applied. Loading was applied to the 

transverse beam with a horizontal reciprocating jack. The 

height of the jack position was adjusted in such a way that 

the actual level of the bridge deck mass and the region of the 

effect of the jack’s force had the necessary compliance. 

The yield displacement of 24 mm was estimated based on 

the initial analysis and observations during the experiment 

in accordance with the initial software model with SAP2000 

and was considered as a criterion for applying lateral load. 

Loading was continued until a loss of strength was observed, 

ensuring that the frame reached its maximum capacity. The 

loading protocol is shown in Figure 5. 

 
Fig. 3: Schematic of setting up a laboratory sample 
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Fig. 5: Loading protocol 

 

 

3. Finite element modeling 

The concrete diagram in pressure is determined based on the 

results of uniaxial concrete compression test. For concrete in 

pressure, three areas of the diagram are introduced. The first 

part of the diagram is assumed to be elastic to some extent 

proportional to that stress. The value of this stress is 

considered equal to 0.4 fc
⸍. Where fc

⸍ is the compressive 

strength of concrete. Strain ℇ1 is related to stress equal to 

0.0022. The Young's modulus is also calculated on the basis 

of the Poisson's ratio equal to 0.2. The second part of the 

diagram, which has a parabolic shape, starts from a point 

with a limit stress and continues until it reaches the highest 

compressive strength of concrete. This part of the graph is 

determined by Equation (1): 
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Where cmE  is the modulus of elasticity of concrete. 

The third part of the stress-strain curve is the descending part 

of the graph from cf   to crf , in which the reduction factor,  

r is considered to be 0.85.  

The final strain of concrete, cu  is equal to 0.01. 

 
Fig. 6: Stress-strain curve for concrete with a compressive 

strength of 41.6 MPa 

 

In software, the stress-strain curve must be introduced as the 

corresponding inelastic stress-strain. Inelastic strain is equal 

to the difference between total strain and elastic strain. The 

relationship between total, inelastic and elastic strains is as 

follows: 

(4) t
el

E


 = 

(5) 
in t el  = − 

 

In the above relations, t  is the total strain, el  is elastic 

strain and in is considered as the plastic strain. 

 

 
Fig. 7: Concrete behavior based on tensile stress (cracking of 

concrete) [46] 

 
Fig. 8: Behavior of concrete in tension[46] 
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The gradual decrease in stiffness can be characterized in two 

ways, either by a stress-strain relationship after the crack 

point or by applying a crack energy rupture criterion shown 

in the figure. In the software guide, it is suggested that in 

cases where concrete reinforcement is not suitable, it is 

better to replace the brittle behavior of concrete in the form 

of rupture energy with a stress-strain relationship for the 

tensile behavior of concrete.  

Tensile damage parameter was also used in modeling the 

behavior of concrete materials. The elastic stiffness of 

concrete materials decreases after the concrete cracks. The 

reduction in elastic stiffness is determined by two damage 

parameters, which are considered as a function of plastic 

strain. These parameters can take values from zero to 1, the 

value of zero indicates a state that has not suffered any 

failure, and the value of 1 indicates a state where all strength 

is lost. In the tests, it was observed that the concrete cracked 

in the joint area, but no corrosion of the concrete occurred in 

the upper and lower part of the joint. Therefore, in the finite 

element modeling, only the tensile failure parameter is 

applied (Figures 7 and 8). 

Taking C40 grade concrete as an example to calculate the 

damage factor, the material properties are: uniaxial 

compressive strength characteristic value fck =26.8N/mm2 f 

, uniaxial tensile strength characteristic value ftk 

=26.8N/mm2, elastic modulus E0 =2.7393104 N/mm2, 

Poisson's ratio =0.2  , dilation angle ψ =30 , eccentricity = 

0.1 , the ratio of initial equibiaxial compressive yield stress 

to initial uniaxial compressive yield stress is fb0 / fc0=1.16 , 

the ratio of the second stress invariant on the tensile meridian 

to that on the compressive meridian Kc=0.6667 , viscosity 

parameter μ=0.0001. 

ABAQUS modelling must be performed using true stress 

and true strain. Thus, the equations for converting 

engineering stress to true stress are used as follows (Eqs. 4-

5): 

𝜎 = 𝜎(1 + 𝜀) (4) 

𝜀 = 𝑙𝑛(1 + 𝜀) − 𝜎/𝐸 (5) 

 

Where E is elastic modulus, σ is engineering stress, ε is 

engineering strain, ¯σ is true stress and ¯ε is true strain and 

figure. 2 illustrates the values of yield and ultimate stress as 

Fy is 360 MPa and Fu is 506 MPa. 

 

 

Fig. 9: Engineering Stress-Strain Curve 

 
Converting equations can only be used to calculate the true 

stress before the necking stage, after which stress and strain 

would be concentrated on a particular point. On the other 

hand, the stress-strain curve must cover the range of strain 

up to 0.9 in order to depict the fracture. Hence, the below 

equation is proposed in Eq.6. 

𝜎 = 𝐾𝜀𝑚 (6) 

Based on the diagram, the values of m and K are equal to 

0.195 and 841.34 respectively. As these factors are obtained, 

the true stress-strain curve would be as figure 10. 

 

Fig. 10: True Stress-Strain Curve 

 

 

3.1 Modeling of components 

For all samples, the model geometry, including components 

such as concrete columns, concrete beams, reinforcements 

and rigid supports, and loading in the software, were 

modeled separately as shown in the figure, and finally 

attached together. These components were made entirely in 

software. Since constraints and interactions between 

components have a great impact on the results of the 

analysis, an effort was made to apply them accurately and in 

accordance with the experiment (Figure 11).
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Fig. 11: 3D model in finite element analysis (right side, reinforcements and left side, columns and concrete beams) 

 

 

3.2 Type And Size of Elements 

Concrete columns are modeled by the three-dimensional 

elements available in the ABAQUS software library, which 

are essentially the 8-point elements used for nonlinear 

analysis involving surface to surface contact, large 

deformations, plasticity, and failure. Concrete beams and 

other components were also meshed with C3D8R elements 

as shown in Figure 10. The reinforcements were also 

modeled by T3D2 truss elements. Also, to reduce the 

analysis time, elements with larger sizes were used in most 

parts and smaller elements were used in the areas of the 

connection zone (Figure 12). 

 

 
Fig. 12: Finite element model mesh 

 

 

 

 

3.3 Interaction And Conditions Of Constraints 

Between Different Components 

To assemble the concrete beam with the concrete column, 

the tie constraint , which fixed all the degrees of freedom of 

the upper and lower plates of the concrete column and the 

end plates of the beam, was used. For rigid plates, a 

reference point was defined, where all degrees of freedom of 

these plates are affected by this point, called the reference 

point. While defining a tie constraint, two surfaces are tied 

together, in which, one of them is defined as a master and 

the other as a slave. As mentioned in the software guide, to 

avoid numerical errors, it is better that the slave level 

corresponds to a surface whose materials are softer and the 

dimensions of its elements are smaller than the master 

surface. Therefore, when this constraint is used, the 

displacement of the Slave surface points is obtained by the 

displacement of the Master surface points, and in fact the 

relative slip between these two levels is ignored. To place 

the reinforcements in the concrete, the Embedded constraint 

was used, in which the degrees of transfer freedom of the 

nodes in the elements of the reinforcement are limited to the 

degrees of freedom of the corresponding nodes in the 

concrete elements and the slip of the reinforcements in the 

concrete is considered zero. 

 

 

3.4 Boundary conditions 

In laboratory tests, the concrete column is in accordance 

with the test and its connection is pinned to the foundation. 

Therefore, in its software modeling , all degrees of 

transitional freedom are closed and the rotation of the 

column end, which is connected to the rigid support plate, is 
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released. In fact, this boundary condition is applied to the 

reference point of the rigid plane, which is affected by the 

movement of other nodes (Figure 13). The displacement and 

gravity force applied to the finite element model are also 

shown in Figure 14. 

 

 
Fig. 13: Boundary conditions of the columns  

 

 

 

  

Fig. 14: Displacement applied to the end of the beam and axial 

load uniformly applied to the top of the concrete beam in FE 

model  

 

 

 

4. Comparing finite element analysis and 

laboratory results 

The behavior of the concrete frame in the experimental 

model is compared with the numerical model. Cyclic 

loading was applied to the concrete beam to bring the sample 

to yield (rebar fracture and concrete cracking). The behavior 

of the concrete frame as well as the curves obtained are 

compared with the results of the numerical model. Figures 

15 and 16 show the hysteresis curves of the numerical and 

laboratory models of the samples. 

At the beginning of the work, to ensure that the sample was 

properly modeled and the assumed parameters had 

reasonable values, the finite element sample of the 

laboratory sample was checked and it was observed that the 

finite element analysis results and the laboratory results were 

in good agreement. And then a parametric study was 

conducted to investigate how the various components of the 

connection are affected. 

 

 
Fig. 15: Force - displacement diagram of beam in laboratory 

model 

 

 

Fig. 16: Comparison of force-displacement diagrams of beam in 

FE model and laboratory model 

 

As it is known, the results of numerical analysis and 

laboratory results are consistent with each other and show 

exactly the same behavior and experience maximum 

strength in displacement of approximately 24 mm, but in 

displacements higher than this value, due to cracking of 

concrete in the finite element the model has decreased in 

strength. The only difference between the two diagrams is 

that in the finite element model, due to the non-slip of 

reinforcements in concrete, the phenomenon of pinching is 

not seen in the finite element diagram. But in terms of 

strength, they are reasonably compatible with each other. 

Therefore, with the relevant details, the numerical model can 

be easily applied in similar cases. To accurately study the 
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seismic parameters and the impact of retrofitting, some 

important parameters were calculated, as discussed in the 

following section. 

 

4.1 Cracks in concrete columns and beams 

In this experiment, displacement is applied to the cap beam 

by a hydraulic actuator, and the column is allowed to rotate 

within the plate at one end and is attached to the beam at the 

other end. As can be seen from Figure 17, cracks in the 

concrete column start from the connection point to the 

concrete beam near the load region and gradually spread to 

the lower area of the column as the load continues. It is also 

clear that due to double curvature in concrete beams, cracks 

spread from the bottom to the top of the concrete beam at the 

point of connection to the concrete column near the place of 

application of the load and at the point of connection to the 

next concrete column. The loading of this process will also 

be reversed, so in the lateral loading, the places that need 

reinforcement are the connection of the column to the 

column beam, as well as the areas of the concrete beam that 

are adjacent to the column. Another important point is that 

the cracks that form on the surface of the concrete column 

do not spread perpendicular to the outer surface of the 

concrete and will spread with a gentle slope towards the 

joint. This point is important because if the concrete column 

needs to be reinforced, the rebars that will be placed in this 

area can be placed perpendicular to the direction of cracking, 

the best case of which is the placement of the arch 

perpendicular to the crack path. As it is known, the cracks in 

the joint area in the laboratory model and the finite element 

model are well matched with each other and correctly 

predict the cracking behavior in the case. Therefore, by 

recognition of the crack path as well as the areas prone to 

cracking, different reinforcement methods can be used to 

delay the onset of cracking and also increase the strength of 

the reinforcement method, which will be mentioned in this 

article. The fibers are FRP. Prestressing is used to prevent 

cracking of concrete beams and FRP fibers are used to delay 

column cracking. The following figure shows the amplified 

regions in the finite element model (Figure 18). 

 

 

 

 

 

 
Fig. 17: Comparison of cracking in FE model and laboratory model 
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Drift = 0.055% 
 

Drift = 0.0% 

 

Drift = 0.2% 
 

Drift = 0.07% 

 

Drift = 0.7% 

 

Drift = 0.35% 

Fig. 18: The propagation of diagonal cracks in the connection zone in the finite element model 

 

 

4.2 Minimum and maximum main stress distributions 

Figure 19 shows the formation of stresses in the rebars, 

according to which the concentration of stress in the rebars 

of the columns in the joint area and below indicates that the 

reinforcements in this area are strongly under tension due to 

loading, as well as cracks in the concrete beam shown in the 

previous figures are also the location of the maximum 

stresses of the longitudinal beams embedded in the concrete 

beam. Figure 20 also shows the main maximum and 

minimum stresses, which are mainly shown with red and 

blue arrows. It is clear according to the direction of the 

arrows, corrosion has started to expand, and if necessary, 

more attention can be paid to reinforcement of these areas. 

 

 

 

 

 

 
Fig. 19: Mises stresses formed in steel reinforcements 
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Fig. 20: Minimum and maximum main stresses formed in 

reinforcements 

 

 

Figure 21 shows how to create the main strains in steel 

components, which according to the contour of the strains 

and also the direction of the arrows in the figure can identify 

in which areas most strains will be in the rebars. 

 

 

 
Fig. 21: Minimum and maximum main strains in reinforcements 

 

 

4.3 Strengthening of the finite element model 

By recognizing the areas prone to cracking and creating a 

plastic joint, the sample can be strengthened. As it is known, 

the reinforced sample includes prestressing in the concrete 

beam section, which in finite element software is done as a 

compressive load on both sides of the beam before 

horizontal displacement. In the lower part, where the 

concrete columns are located, FRP, which is covered with 

half of the column length, was used to delay cracking in the 

column. As it is clear from the results, this reinforcement 

method has increased the final strength and ductility by 

calculating the area under the displacement force curve 

(Figure 22). 

 

 
Fig. 22: Schematic of finite element model strengthening 

 

 

 
Fig. 23: Comparison of force displacement diagrams of beam in 

FE model and laboratory model and retrofitted finite element 

model 

 

 

Improvements in the seismic behavior of the reinforced 

specimen were significant compared to the fabricated 

specimen. For example, since the specimens are loaded to 

their final capacity, the increased capacity and the area under 

the pressure curve can be considered almost as a basis for 

improving the seismic behavior. Figure 23 shows the 

hysteresis curves of the numerical and laboratory models of 

the samples. Improvements in the seismic behavior of the 

reinforced specimen were significant compared to the 

fabricated specimen. For example, because the specimens 

are loaded to their final capacity, the capacity is increased 

by about 20 to 25 percent, and the area under the 

displacement-force curve can be considered almost as a 

basis for improving seismic behavior. Permanent 

deformation is a good criterion for assessing the extent of 

damage, the formation of nonlinear behavior and the 

serviceability of structures after an earthquake. 

 

4.4 The effect of prestressing force 

To investigate the effect of prestressing force on the 

connection response, 3 different modes were considered. 

Figure 24 shows the effect of prestressing force on the 

connection capacity. As it is known, by increasing the 
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prestressing force, the connection capacity also increases. A 

100% increase in the prestressing load (50kN to 100 kN) 

caused a 67% increase in resistance (150 kN to 250 kN), and 

a 1.5-fold increase (50 kN to 150 kN) in the prestressing load 

increased the resistance by 100% (150 kN to 300 kN).  

 
Fig. 24: Effect of prestressing force on joint capacity 

 

 

4.5 Effect of FRP sheets thickness around concrete 

column 

Because the FRP sheets of the concrete confinement provide 

a suitable confinement for the joint area, the thickness of the 

sheets was studied in 3 different sizes and its effect on 

connection capacity is shown in Figure 23. According to the 

figure, it is clear that the thickness of FRP cover sheet does 

not have significant effect on the final strength capacity. 

 
Fig. 23: Effect of FRP sheets thickness on final capacity 

 

 

4. Conclusion 

In this study, a sample at 30% scale under gravity and lateral 

cycle loading was examined in the laboratory. A finite 

element analysis set was used to evaluate various parameters 

in improving the behavior of the laboratory sample. The 

finite element model correctly predicted the weakness of the 

model, then a reinforced specimen was investigated by 

increasing the prestressing force in the concrete beam and 

the thickness of the FRP sheets used at the base of the bridge 

by the finite element method. The results are summarized 

below:  

 

• Numerical and experimental results are consistent, 

exhibiting exactly the same behavior, with a maximum 

displacement resistance of about 2 mm, but displacements 

exceed this value due to cracks in the concrete in the tissue. 

Strength has decreased in the finite element shape. The only 

difference between the two diagrams is that, in the finite 

element model, due to the non-slip of reinforcements in 

concrete, the phenomenon of pinching is not seen in the 

finite element diagram. 

• The seismic properties of the improved samples are 

considerably improved compared to the constructed 

samples. When the sample is loaded to its final capacity, 

increasing the capacity and area under the force-

displacement curve can be considered almost the basis for 

improving seismic behavior.  

• Cracks in concrete columns start at the joint with the beam 

near the load location and gradually propagate down the 

column as the load continues. Apparently, due to the double 

curvature of the cap-beam, the crack at the end connecting 

to the concrete column is close to where the load is applied 

to the cap-beam at the connection to the next column. The 

upper part of the concrete beam expands to the lower surface 

of the cap-beam and therefore by reversing, the load will 

reverse. Therefore, in lateral loading, the places that need 

reinforcement are the connection point of the column to the 

concrete beam and also the areas of the concrete beam that 

are adjacent to the column. 

•Cracks formed on the surface of concrete columns do not 

propagate vertically to the outer surface of the concrete, but 

rather at a slight slope towards the joint. This is important 

because if the concrete columns need to be reinforced, these 

reinforcements will be placed in this area perpendicular to 

the direction of the crack. The best case is to place the 

hammer perpendicular to the crack.  

 •The stress concentration of the column reinforcements 

below the joint area indicates that the reinforcements in this 

area are heavily stressed by the load. 

•Three different modes were considered to investigate the 

effect of prestress forces on the assembly response. As the 

prestressing load increases, so does the connection capacity.  
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