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1. Introduction 
 

High-speed railway (HSR) has become the new trend of 

railway development in the world especially in Asian and 

European countries due to its high speed, comfort, 

punctuality, safety and less land use (Sun et al. 2016).

 In 

China, the running mileage of HSR has been up to 25000 

kilometers by the end of 2017. With the implementation of 

national important strategies proposed during the 

“Thirteenth Five-Year Plan” period, such as “One Belt, One 

Road”, the construction of high-speed railway is gradually 

transferred to the Midwest of China (Zheng et al. 2014). 

The mileage of HSR is increasing in seismically active area. 

As one of the infrastructure of high-speed railway 

system, bridges account for more than 50% of the total HSR 

mileage (Yan et al. 2015). For some special HSR lines, 

bridges are even up to 90%. In seismically active area, these 

high-speed railway bridges may be subjected to multiple 

earthquakes (Abdelnaby and Elnashai 2015, Rostamian et 

al. 2017, Kostinakis and Morfidis 2017). And then the 

cumulative residual deformation of pier will be produced. 

Existing studies have shown that the effect of common 

cumulative residual deformation of piers on track regularity 

cannot be ignored, because the track regularity directly 
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affects the running safety and riding comfort of trains 

(Tutumluer et al. 2013, Ju et al. 2014, Gou et al. 2018). 

Therefore, it is necessary to investigate the cumulative 

residual deformation of high-speed railway bridge piers 

under multiple earthquakes. 

In recent decades, the residual deformation and 

vulnerability assessment of structures under multiple 

earthquakes have attracted more and more attention from 

domestic and foreign scholars. Based on the elastic-plastic 

hysteretic model of stiffness degradation and the shaking 

table tests of reinforced concrete members, Yazgan and 

Dazio (2011, 2012) pointed out that the fiber element model 

can be used to accurately calculate the residual deformation 

of reinforced concrete members. Thus, many fiber element 

models based on different material constitutive relation 

were established to study the residual deformation of 

reinforced concrete members under multiple earthquakes 

(Lee and Billington 2010, Saiidi and Ardakani 2012, Guo et 

al. 2016). And some shaking table tests were also used by 

other researchers to study the residual deformation of 

structures under multiple earthquakes (Dai et al. 2017, 

Benavent-Climent et al. 2018, Zheng et al. 2018). 

Moreover, many ways to calculate the residual deformation 

and assess the fragility were proposed. Ruiz-Garcia and 

Miranda (2010) proposed a probability model method for 

calculating the residual deformation of the multi-story 

framed building and determined the demand of residual 

deformation for structures under different requirements for 

seismic resistance. Zhang et al. (2013) presented a 

simplified method, which was suitable for Kinematic 

hysteretic model and Takeda hysteretic model, to calculate 

the residual deformation. Hatzigeorgiou et al. (2011) 

constructed empirical equations for a simple and effective 

determination of the maximum seismic deformation from 
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residual displacements, which was applied both to far-field 

and near-field ground motions. Alessandri et al. (2013) 

presented a method for evaluating post-earthquake bridge 

practicability based on a rational combination of 

information derived from numerical analyses and in situ 

inspection. Jalayer and Ebrahimian (2017) proposed a 

formulation to calculate the limit state exceedance 

probability of structure due to a sequence of mainshock and 

the triggered aftershocks. Omranian et al. (2018) used a 

cloud analysis method subjected to a wide range of as-

recorded sequences to perform the seismic fragility 

assessment of RC skew bridge subjected to mainshock and 

aftershocks. However, the studies mentioned above focused 

on the residual deformation of structures under single 

earthquake and mainshock-aftershock sequences. Besides, 

the research objectives were mainly simplified single DOF 

system and building frame structure. There is a lack of 

studies on the cumulative residual deformation of structures 

under swarm type seismic sequences, especially the high-

speed railway bridge piers with MDOF system.  

In this paper, a nonlinear numerical analytical model 

with MDOF system is proposed on the basis of considering 

flexural deformation of structure and slippage of 

reinforcement. Then, based on the presented model, the 

high-speed railway bridge pier model with MDOF system is 

established. Next, mainshock-aftershock sequences and 

swarm type seismic sequences are constructed as the input 

ground motions. Finally, the cumulative residual 

deformation of high-speed railway bridge pier is 

investigated by calculating displacement-time curves of pier 

top under different earthquake sequences. 

 

 

2. Nonlinear numerical analytical model based on 
nonlinear beam-column element 

 

2.1 Residual deformation at   nonlinear beam-
column element 

 

The nonlinear beam-column element was proposed by 

Filippou. To obtain the residual deformation of an element, 

an element is divided into several integral regions. The 

section forces F(x) of the integration points, which relates 

the element forces Q, is expressed as 

QxbxF •= )()(  (1) 
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where x is the x coordinate of the integration point in the 

global coordinate system, and L is the length of the member. 

According to the section forces F(x) and section 

flexibility matrix f(x) of last iterative step, the section 

deformation d(x) can be obtained 

)()()( xFxfxd •=  (3) 

Using the relationship between the section forces F(x) 

and the corresponding deformations d(x), the section 

resisting forces DR(x) can be obtained 
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(5) 

where n is the total number of fibers in the section, Ei is the 

initial tangent modulus of the ith fiber, Ai is the initial area 

of the ith fiber, and yi is the y coordinate of the ith fiber in 

the local-coordinate system. 

If the section forces F(x) and the section resisting forces 

DR(x) are not equal, the unbalanced forces of section will be 

transformed into the residual deformation of section. 

))(-)(()()( R xDxFxfxr •=  (6) 

The element deformation increment of next iterative 

step can be obtained by integrating along the length. 
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where△qj+1 is the deformation increment of an element in 

step j+1, and sj is the residual deformation of an element in 

step j. 

The iteration mentioned above will continue until the 

section forces F(x) and the section resisting forces DR(x) are 

equal, namely the unbalanced forces are zero. And the 

above process is called internal iteration of element, which 

makes iterative convergence speed of the whole structure 

greatly improved (Chen et al. 2011). 

 

2.2 Nonlinear numerical analytical model 
 

In this study, the nonlinear numerical analytical model 

with MDOF system consisted of five nonlinear beam-

column elements in OpenSees, as shown in Fig. 1. To 

satisfy the precision and improve the computational 

efficiency, each element was set up with five integral points. 

The sections of element were divided into many fibers, 

including concrete fibers and reinforcing steel fibers. The 

concrete fibers are in the state of tension and compression 

alternately under earthquakes, and cracking may occur 

(Jiang et al. 2013). Therefore, the cover concrete fibers are 

usually simulated by the Concrete01 with simple 

constitutive model and considering the confinement of 

stirrup (Abbiati et al. 2015, Kurt et al. 2011, Pragalath et al. 

2016); the core concrete fibers are simulated by the 

Concrete01WithSITC which can well capture the residual 

deformation of members after earthquakes (Lee and 

Billington 2007). Except that, the Concrete02 considering 

the mechanical properties of concrete in tension can be also 

used to simulate the core concrete fibers (Sun et al. 2014), 

and the Concrete04 considering the stiffness degradation of 

concrete in elastic and cracking stage can be used to 

simulate the all concrete fibers (Akpınar and Binici 2013). 

The reinforcing steel fibers in the pier are simulated by the 

Steel02 which is proposed on the basis of Giuffre-

Menegotto-Pinto model and consider the Bauschinger effect 

of reinforcing steel (Han et al. 2010, Moghaddasi and  
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Fig. 1 Nonlinear numerical analytical model based on     

nonlinear beam-column element 
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Fig. 2 Geometry of the reinforced concrete single column 

pier (unit: cm) 

 

 

Zhang 2013, Shafaei et al. 2014). The reinforcing steel 

fibers at the bottom of the pier, namely on the zero-length 

element, are simulated by the Bond_SP01 which can take 

into account the slippage of reinforcing steel (Sun et al. 

2014). The loads on the pier include its deadweight and the 

vertical load on the top of the pier. The mass of the pier is 

equally distributed into each node according to the lumped 

mass method. The mass converting from the counterweight 

or load on the top of the pier is added to the node on the top 

of the pier. 

 

2.3 Validation of nonlinear numerical analytical model 
 

In general, model test and In-situ test have been 

considered as the effective approaches to investigate the 

mechanical performance of bridge structures (Gou et al. 

2018a-e). Thus, Sakai et al. (2005) and Choi et al. (2010) 

respectively completed the shaking table test of single 

column piers under single earthquake and the shaking table 

test of cantilevered reinforced concrete piers under multiple 

earthquakes to study the seismic behavior of reinforced 

concrete piers. In this section, the two reinforced concrete 

piers mentioned above were modeled and used to verify the 

presented nonlinear numerical analytical model. 

 

2.3.1 Validation of nonlinear numerical analytical 
model under single earthquake 

A reinforced concrete single column pier tested by Sakai 

et al. in Berkeley branch School of California University is 

used to verify the nonlinear numerical analytical model 

under single earthquake. The geometry of the reinforced 

concrete single column pier is shown in Fig. 2, and the  

Table 1 Material properties of longitudinal reinforcing steel 

Yield strength 

(MPa) 

Ultimate strength 

(MPa) 

Elastic modulus 

(MPa) 

Hardening 

rate 

491 728 210000 0.02 

 

Table 2 Material properties of concrete 

Material 
Peak stress 

(MPa) 

Peak 

strain 

Ultimate 

stress 

(MPa) 

Ultimate 

strain 

Elastic 

modulus 

(GPa) 

Confined 

concrete 
45.03 0.006 39.291 0.017 28.15 

Unconfined 

concrete 
31.7 0.002 0 0.004 28.15 

 

 
(a) X direction 

 
(b) Y direction 

Fig. 3 Seismic waveforms 

 

 

material properties of longitudinal reinforcing steel and 

concrete are shown in Table 1 and Table 2, respectively. The 

vibration table was bidirectional, the axial pressure was 

applied by the deadweight of the rectangular concrete block 

on the top of the pier, and the P-Δ effect was also 

considered. The two horizontal components of a modified 

motion recorded in Los Gatos during the 1989 Loma Prieta, 

California, earthquake were selected for the test input 

signals. The waveforms are shown in Fig. 3. To investigate 

nonlinear dynamic response of the pier, the intensity of the 

ground motion was set to develop a displacement ductility 

of about 4 in the earthquake simulator test program (Sakai 

et al. 2005), and the amplitude scaling factor for the ground 

motion intensity was 0.7. Moreover, free vibration for 10 s 

was added to obtain the residual deformation.  

The test pier is modeled by the nonlinear numerical 

analytical model with MDOF system. The core concrete  
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Cover concrete (Concrete01)

Longitudinal reinforcement (Steel02)

Core concrete (Concrete01WithSITC)

 

Fig. 4 Fiber section of the reinforced concrete single 

column pier model 

 

 
(a) X direction 

 
(b) Y direction 

Fig. 5 Displacements of pier top 

 

Table 3 Maximum and residual distances of pier top 

 

Maximum 

displacement in 

X direction 

Maximum 

displacement in 

Y direction 

Vector sum 

of residual 

deformation 

Numerical simulation 

results (mm) 
147 111 33.15 

Test results (mm) 155 105 31 

Deviation 4% 5.7% 6.9% 

 

 

fibers are simulated by the Concrete01WithSITC, the cover 

concrete fibers are simulated by the Concrete01, the 

reinforcing steel fibers in the pier are simulated by the 

Steel02, and the reinforcing steel fibers at the bottom of the 

pier are simulated by the Bond_SP01. The fiber section of 

the model is shown in Fig. 4. Under the above ground 

motion, the displacement and residual deformation of pier 

top are obtained and compared with test results, as shown in 

Fig. 5 and Table 3. 

It can be seen in Fig. 5 that the displacements of pier top 

obtained by the nonlinear numerical analytical model and 

the shaking table test coincide well in the first 5s. Around 5 

seconds, the maximum displacement of pier top appears.  
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Fig. 6 Geometry of the cantilevered reinforced concrete pier 

(unit: cm) 

 

 

Fig. 7 Seismic waveform 

 

 

Then there is deviation between the numerical simulation 

results and the test results, which is caused by the sparse 

fiber section mesh or fewer elements. In Table 3, it can be 

seen that the maximum displacement and the residual 

deformation obtained by the nonlinear numerical analytical 

model and the shaking table test agree well, and the 

deviations are not more than 10%. Therefore, the nonlinear 

numerical analytical model can be used to study the residual 

deformation of bridge piers under single earthquake. 

 

2.3.2 Validation of nonlinear numerical analytical 
model under multiple earthquakes 

To verify the nonlinear numerical analytical model 

under multiple earthquakes, a cantilevered reinforced 

concrete pier tested by Choi et al. in the University of 

Nevada-Reno (UNR) is selected to model. The geometry of 

the cantilevered reinforced concrete pier is shown in Fig. 6. 

The reinforcing steel had a yield strength of 490 MPa, and 

the concrete had a compressive strength of 44.1 MPa. The 

axial pressure was applied by the prestressed steel strand 

anchored on the top of the pier and at the bottom of the pier, 

and the axial compression ratio was 0.08. The ground 

motion recorded by the Rinaldi Station in the Northridge 

earthquake in 1994, as shown in Fig. 7, was selected for the 

test input seismic loads. And free vibration for 15 s was 

added to obtain the residual deformation. Because of the 

damage of the pier and the limit of the shaking table, a total 

of 12 shaking table tests were carried out under ground 

motions with the same waveforms but different peak ground 

accelerations (0, 0.04, 0.08, 0.17, 0.25, 0.38, 0.50, 0.63, 

0.75, 0.88, 1.01, and 1.13). 
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Fig. 8 Residual deformations of pier 
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Fig. 9 Cross section and reinforcement of the high-speed 

railway simple supported beam bridge pier (unit: cm) 

 

 

The test pier is modeled by the nonlinear numerical 

analytical model with MDOF system. The cover concrete 

fibers are simulated by the Concrete01, the core concrete 

fibers are simulated by the Concrete02, the reinforcing steel 

fibers in the pier are simulated by the Steel02, and the 

reinforcing steel fibers at the bottom of the pier are 

simulated by the Bond_SP01. Under the above ground 

motion, the residual deformations of pier are obtained and 

compared with test results, as shown in Fig. 8. The 

simulation and test results coincide well. Therefore, the 

nonlinear numerical analytical model can be used to study 

the residual deformation of bridge piers under multiple 

earthquakes. 

 

 

3. Modeling of the high-speed railway bridge pier 
 

Compared with highway bridge piers, the aspect ratio of 

the high-speed railway bridge pier is larger, but the 

longitudinal reinforcement ratio is lower. To ensure the 

running safety and riding comfort of trains, the longitudinal 

and transverse stiffness of the high-speed railway bridge 

pier are also greater than that of normal railway bridge pier. 

At present, the high-speed railway bridge pier forms mainly 

include solid pier with round ended cross-section, hollow 

pier with round ended cross-section, solid pier with 

rectangular cross-section, hollow pier with rectangular 

cross-section, single cylindrical pier, and double cylindrical 

pier in China. In this paper, a solid pier with round ended 

cross-section is selected to investigate the cumulative 

residual deformation of the high-speed railway bridge pier. 

 
3.1 The high-speed railway bridge pier structure 

Core concrete

Cover concrete

Mass node

Nonlinear Beam-column element

Reinforcement

 

Fig. 10 High-speed railway simple supported beam bridge 

pier model 

 

 

The high-speed railway bridge pier investigated in this 

paper is in the Beijing-Shenyang Railway Line. The height 

of the pier is 32 m. The length of cross section is 650 cm, 

and the breadth of cross section is 300 cm, as shown in Fig. 

9. The concrete is C35, the longitudinal reinforcing bars are 

HRB400 with diameter of 25 mm, and the stirrups are 

HPB300 with diameter of 10 mm. 

 

3.2 The high-speed railway bridge pier model 
 

The high-speed railway bridge pier model with MDOF 

system is shown in Fig. 10. Since the pile-soil interaction is 

not considered, the pier model only consists of four 

nonlinear beam-column elements, and the zero-length 

element was not established. The concrete fibers are 

simulated by the Concrete04, the reinforcing steel fibers are 

simulated by the Steel02. The mass of the pier is equally 

distributed into each node. The mass of bridge girder is 

added to the node on the top of the pier.  

 

 

4. The input earthquake sequences 
 

In general, there are three types of earthquake sequence, 

including mainshock-aftershock sequence, swarm type 

seismic sequence and isolated type seismic sequence. 

According to literatures (Wu et al. 1990, Zhou et al. 1980), 

the mainshock-aftershock sequence accounts for 60%, the 

swarm type seismic sequence accounts for 25%, and the 

isolated type seismic sequence accounts for 15%. 

Therefore, three mainshock-aftershock sequences and two 

swarm type seismic sequences are constructed as the input 

ground motions to study the cumulative residual 

deformation of the high-speed railway bridge pier subjected 

to multiple earthquakes. 

 

4.1 Three mainshock-aftershock sequences 
 

The mainshock-aftershock sequences are constructed by 

the ground motions selected from the Pacific Earthquake 

Engineering Research Center (PEER) database, as shown in 

Table 4. All ground motions are intercepted and baseline 

corrected to remove the seismic waves that had no 

significant effect on the structure and avoid the “drift” of 

velocity or displacement. The peak ground acceleration  
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(a) X direction 

 
(b) Y direction 

Fig. 11 CHICHI_CHY101_1244 Seismic waveforms 

 

Table 4 Mainshock-aftershock sequences 

Earthquake 

sequence 

number 

Record 

number 
Station Name Type 

Peak ground 

acceleration 

(g) 

1 

1503 TCU065 
Chi-Chi, 

Taiwan 
Main shock 0.150 

2382 TCU065 
Chi-Chi, 

Taiwan-02 
Aftershock 0.117 

2618 TCU065 
Chi-Chi, 

Taiwan-03 
Aftershock 0.117 

3467 TCU065 
Chi-Chi, 

Taiwan-06 
Aftershock 0.117 

2 

1244 CHY101 
Chi-Chi, 

Taiwan 
Main shock 0.150 

2507 CHY101 
Chi-Chi, 

Taiwan-03 
Aftershock 0.117 

2752 CHY101 
Chi-Chi, 

Taiwan-04 
Aftershock 0.117 

3317 CHY101 
Chi-Chi, 

Taiwan-06 
Aftershock 0.117 

3 

1100 Abeno 
Kobe_ 

Japan 
Main shock 0.150 

1104 Fukushima 
Kobe_ 

Japan 
Aftershock 0.109 

1110 Morigawachi 
Kobe_ 

Japan 
Aftershock 0.109 

1118 Tadoka 
Kobe_ 

Japan 
Aftershock 0.109 

1121 Yae 
Kobe_ 

Japan 
Aftershock 0.109 

 

 

(PGA) of the main shock is adjusted to 0.15 g, and the 

PGAs of the aftershocks are determined according to the 

method proposed by Hatzigeorgiou and Beskos (2009). The 

ratio of PGAs in X direction and Y direction is 1:0.85 (GB 

50011-2010, Code for Seismic Design of Buildings). In 

addition, zero acceleration for 3t (t was the duration of last  

 
(a) X direction 

 
(b) Y direction 

Fig. 12 CHICHI_CHY101_2752 seismic waveforms 

 

 

ground motion) was added between each seismic wave to 

obtain the residual deformation. 

 

4.2 Two swarm type seismic sequences 
 

The swarm type seismic sequences are constructed by 

the two seismic waves recorded by the CHY101 Station in 

the 1999 Chi-Chi Earthquake, as shown in Fig. 11 and Fig. 

12. The two seismic waves are numbered 1244 and 2752, 

respectively. The intensity and duration of each earthquake 

are assumed to be the same, and the seismic waves are 

repeated. In addition, there is a time interval of 3t (t was the 

duration of last ground motion) between each seismic wave 

to obtain the residual deformation. 

 

 

5. Results and discussion 
 

5.1 Cumulative residual deformation under 
mainshock-aftershock sequences  

 

The displacements of pier top in X direction and Y 

direction under mainshock-aftershock sequences are 

displayed in Fig. 13, Fig. 14 and Fig. 15, respectively. It can 

be seen that the maximum displacement of the pier and the 

residual deformation of the pier are different under 

mainshock-aftershock sequences. Thus, there is no direct 

relationship between the maximum displacement and the 

residual deformation of the pier under mainshock-

aftershock sequences. Besides, the maximum displacement 

of the pier under aftershocks is much smaller than that 

under main shock in Fig. 13(a). The reason is that the 

acceleration of aftershocks in the mainshock-aftershock 

sequence 1 is less than 0.05 g in most time, even the PGA  
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(a) X direction 

 
(b) Y direction 

Fig. 13 Displacements of pier top under the mainshock-

aftershock sequence 1 

 

 
(a) X direction 

 
(b) Y direction 

Fig. 14 Displacements of pier top under the mainshock-

aftershock sequence 2 

 

 

of aftershocks is 0.117 g. Therefore, the factors influencing 

maximum displacement of pier under mainshock-aftershock 

sequences are not only the PGA, but also the duration of 

acceleration. 

To study the influence of damage in the last earthquake 

on residual deformation in the next earthquake, the 

 
(a) X direction 

 
(b) Y direction 

Fig. 15 Displacements of pier top under the mainshock-

aftershock sequence 3 

 

 
(a) X direction 

 
(b) Y direction 

Fig. 16 Cumulative residual deformations under the 

mainshock-aftershock sequence 1 and sums of residual 

deformation under mainshock and aftershocks of the 

mainshock-aftershock sequence 1 
 

 

cumulative residual deformations of the pier under 

mainshock-aftershock sequences and the sums of residual 

deformation of the pier under mainshocks and aftershocks 

are compared, as shown in Fig. 16, Fig. 17 and Fig. 18. The  
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(a) X direction 

 
(b) Y direction 

Fig. 17 Cumulative residual deformations under the 

mainshock-aftershock sequence 2 and sums of residual 

deformation under mainshock and aftershocks of the 

mainshock-aftershock sequence 2 
 

 
(a) X direction 

 
(b) Y direction 

Fig. 18 Cumulative residual deformations under the 

mainshock-aftershock sequence 3 and sums of residual 

deformation under mainshock and aftershocks of the 

mainshock-aftershock sequence 3 

 

 

cumulative residual deformation of the pier considers the 

damage of the pier in the last earthquake sequence, but the  

 

Fig. 19 Displacements of pier top under the swarm type 

seismic sequence 1244 

 

 

Fig. 20 Displacements of pier top under the swarm type 

seismic sequence 2752 

 

 

sum of residual deformation of the pier does not. 

Fig. 16, Fig. 17 and Fig. 18 show that there is deviation 

between the cumulative residual deformation and the sum 

of residual deformation. It is caused by cumulative damage 

of the pier under mainshock-aftershock sequences. 

Moreover, the cumulative residual deformation of the pier 

increases with the earthquake number under mainshock-

aftershock sequences. This indicates that the cumulative 

effect of residual deformation caused by aftershocks cannot 

be ignored. 

 

5.2 Cumulative residual deformation under swarm 
type seismic sequences  

 

The displacements of pier top in X direction and Y 

direction under swarm type seismic sequences are depicted 

in Fig. 19 and Fig. 20. It can be seen that the direction of 

maximum displacement of pier top is offset to the direction 

of residual deformation, which is caused by the damage in 

the last earthquake sequence. The residual deformation of 

the pier increases with the earthquake number, and the 

increasing rate of residual deformation also increases with 

the earthquake number. Then damage of pier caused by 

swarm type seismic sequence is obvious. The pier may be 

destroyed.  

To study the cumulative effect of residual deformation 

under swarm type seismic sequences, the cumulative 

residual deformation of the pier are obtained, as shown in 

Fig. 21 and Fig. 22. In the initial stage of swarm type  
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Fig. 21 Cumulative residual deformations of pier under the 

swarm type seismic sequence 1244 

 

 

seismic sequences, the cumulative residual deformation of 

the pier is less than 30 mm. But the cumulative residual 

deformation of the pier nonlinearly increases with the 

earthquake number. The reasons are that damage of the pier 

is accumulated with the increase of earthquake number and 

the residual deformation of the pier is amplified by the axial 

pressure of pier top with considering P- effect. It shows 

that .the damage of the pier caused by swarm type seismic 

sequences is obvious. 

 

 

6. Conclusions 
 

Based on the above investigation, several conclusions 

can be drawn as follows: 

• The cumulative residual deformation of high-speed 

railway bridge pier under mainshock-aftershock 

sequences increases with the earthquake number, and 

the increasing rates are different under different 

earthquake number. The cumulative effect of residual 

deformation caused by aftershocks cannot be ignored.  

• The cumulative residual deformation of high-speed 

railway bridge pier under swarm type seismic sequences 

is nonlinearly related to the earthquake number. 

Increasing the earthquake number increases the 

cumulative residual deformation of pier and the 

increasing rate of cumulative residual deformation. 

• The residual deformation of high-speed railway bridge 

pier under multiple earthquakes is accumulated and even 

exceeds the limit of code. The cumulative effect of 

residual deformation cannot be ignored. 
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