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ABSTRACT 

A mainshock is usually accompanied by a group of ground motions. In many design codes, the effects of 

the seismic sequences have been neglected or underestimated. Aftershocks can increase structural damage 

or even cause failure. The current study evaluated the seismic behavior of a rehabilitated and as-built RC 

structure under real scaled mainshock-aftershocks using nonlinear analysis. Verification was done in two 

modes. The inter-story drift ratio, maximum residual, and relative displacements were studied. The seismic 

study of the as-built structure showed that the residual displacement grew, on average, more than 90% 

under the mainshock-aftershock sequence compared to the mainshock-only record. A beam-column bonded 

CFRP rehabilitation strategy using six layers of T-700 CFRP was chosen based on the specific performance 

level. The strategy showed the ability to transfer the plastic strain from the columns to the beams, which 

could be considered as a change from a weak column-strong beam concept to a strong column-weak beam 

concept. Compared to the as-built structure under the seismic sequences, the rehabilitated structure showed 

an average growth of 78% in the first-story drift ratio, which was significant. Unlike the as-built structure, 

seismic sequences caused no growth drift in the rehabilitated structure. It also was observed that the ratio 

of aftershock PGA to mainshock PGA could have an intensive effect on the seismic behavior of both 

rehabilitated and as-built structures. 

Keywords: Seismic rehabilitation, Beam-column bonded strategy, CFRP, Mainshock-aftershock, Seismic 

sequences, Nonlinear time-history analysis. 
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1. Introduction 

The strain energy stored in active fault systems is not completely released with a single rupture. In many cases, the 

strain energy remaining in the fault system could cause repetitive ground motions (aftershocks) at brief intervals 

(Hatzivassiliou and Hatzigeorgiou, 2015; Amadio et al., 2003). Aftershocks can increase structural damage or even 

cause building collapse (García and Negrete-Manriquez, 2011). However, in many structural seismic design codes, 

the ground motions are considered as a single event and the effect of the aftershocks is underestimated (Moustafa and 

Takewaki, 2011).  

When considering the effect of aftershocks (seismic sequences) in seismic areas, a multi-level design 

approach for the design of structures has been suggested by Di Sarno (2013). Their study investigated the effect of 

seismic sequences on the inelastic behavior of a reinforced concrete (RC) frame. The results showed that the seismic 

sequences could be affect the behavior of the RC frame. Li et. al (2014) studied the collapse probability of steel 

buildings under mainshock-aftershock records, the effect of fault types, and some features of the mainshock-aftershock 

records. They reported that aftershocks could have a higher peak ground acceleration (PGA), energy content, and even 

longer duration than the corresponding mainshocks. The study also found that, during a strong mainshock, the collapse 

capacity of a structure could strongly decrease, meaning that structural collapse would be likely under even a weak 

aftershock.  

Ruiz-García (2012) assessed the characteristics of mainshock-aftershock ground motions by considering 184 

real seismic sequences. The effects of real mainshock-aftershocks on the seismic responses of buildings was 

investigated. The study found that the predominant period of the mainshock was longer than the corresponding 

aftershock. Furthermore, the seismic behavior of the structures under real seismic sequences was completely different 

from that under artificial seismic sequences.  

Ji et al. (2020) introduced the λ-index, which is defined as the ratio of the maximum structural residual 

displacement under a mainshock to the structural damage under an aftershock. This study performed nonlinear seismic 

analysis using more than 200 seismic sequences and a single degree of freedom (SDOF) model to determine the λ-

index. They proposed an equation for this index to predict structural damage under seismic sequences. Massumi et al. 

(2021) studied the effect of sequential ground motions (mainshock-aftershock) considering both vertical and 

horizontal components of two RC moment-resisting structures. The increase of the probability of failure or damage 

was presented in this study. 



In many seismic design codes, chiefly in regions with modest seismicity, such as central Europe, earthquake 

hazards have been downgraded (Dazio and Bachmann, 2000). Observation of the effect of strong ground motions 

such as in Kobe, Japan (1995) and Northridge, CA (1994) on structures which were designed according to the available 

seismic design codes have led to basic revisions in seismic design provisions (Venture, 2000). It has been 

recommended to upgrade the seismic performance of existing structures designed according to previous seismic design 

codes using a new generation of design codes using reliable methods such as rehabilitation strategies (Meitz, 1998).  

Considering the trade-off between required strength, cost, application ease, weight reduction, and corrosion 

resistance, rehabilitation using FRP is an ideal strategy (Hassan and Rizkalla, 2002; Chajlani and Hussain, 2015). 

Seismic rehabilitation of beam-column joints using FRP laminates was investigated by Ghobarah and Said (2001).  

Their experimental study contained a full-scaled RC moment-resisting frame tested under cyclic loading. The results 

showed that the FRP laminates increased the shear capacity and that flexural hinges formed in the beam connections.  

Wang et al. (2016) studied the flexural behavior of 16 members filled with CFRP. The results showed that 

the stiffness and moment capacity of the models improved remarkably. CFRP and steel core corporate with each other 

perfectly in both transverse and longitudinal directions. The authors presented an equation to calculate the flexural 

capacity of these kinds of members. Cabral-Fonseca et al. (2018) investigated the durability of concrete joints bonded 

with FRP sheets. The seismic behavior of six RC columns was investigated and compared with five columns 

strengthened with FRP sheets in the body and anchors. The moment capacity of the strengthened columns showed 

remarkable improvement (Del Rey Castillo et al., 2018). The rehabilitation of existing RC structures using FRP sheets 

and wood and the strengthening of wooden beams using CFRP laminates were studied by Grazide et al. (2020) and 

İşleyen et al. (2021), respectively. Both studies experimentally and numerically showed that the initial stiffness and 

ultimate loading capacity improved with the use of FRP or CFRP laminates.  

In previous studies on seismic rehabilitation using CFPR or FRP laminates, most attention has been paid to 

the structural members (beam or column), connections (beam-column) and SDOF models. The effect of seismic 

sequences, which are probable events in seismic zones, has not been considered or has been neglected. There also has 

been a lack of seismic rehabilitation studies on multi-story structures and seismic sequences.   

The focus of the current study was the rehabilitation and seismic behavior of a multi-story RC structure under 

seismic sequences. This study investigates the effect of the seismic sequences on an RC structure and proposes a 

rehabilitation strategy (beam-column bonded CFRP) according to the specific performance level. The sufficiency of 



the proposed rehabilitation strategy also has been assessed. The seismic behavior of the rehabilitated structure also 

was compared with an as-built structure under seismic sequences to determine whether or not the performance of a 

rehabilitated structure under a mainshock-aftershock sequence is similar to that under the mainshock. 

The effect of the seismic sequences in rehabilitated structures either has been neglected or underestimated by 

the engineering community and seismic design codes. This study provides a good perspective for the investigation of 

the seismic performance and sufficiency of rehabilitated RC structures using CFRP under seismic sequences. 

2. Analyzed frame 

The target structural model was the frame of a 6-story RC moment-resisting structure. The model was designed 

according to an outdated Italian provision that does not contain a seismic design code (Regio Decreto Leggne, 1939). 

Fig. 1 shows that the frame model has three bays with lengths of 4.5 m, 2 m and 4.5 m. The frame comprises three 

types of columns and one type of beam in both the short and tall models. The story height was 2.75 m in the first story 

and 3 m in the other stories (Calvi et al., 2002). The compressive strength of the concrete and yield strength of the 

steel longitudinal and shear rebars were 20 MPa and 380 MPa, respectively. The loads applied to the frames during 

analysis included the frame self-weight, live load, and earthquake forces. 

 

 

 
Fig. 1. Details of the studied model 

 

3. Numerical modeling 

3.1. Behavior model for concrete 

The compressive behavior of the concrete was calculated using the Mander concrete stress-strain relation in Eqs. (1) 

to (3) (Mander et al., 1988). The tensile stress-strain curve was defined according to the model of Carreira and Chu 



(1986). In this case, the yield stress was set at 7.5√𝑓′𝑐 psi where 𝐸 is the modulus of elasticity, 𝑓′𝑐 is the concrete 

compressive strength, 𝜀′𝑐 is the concrete strain at 𝑓′𝑐 and 𝜀 is the concrete strain. 

𝑓 = 𝑓′𝑐𝑋𝑟𝑟 − 1 + 𝑋𝑟 (1) 

𝑋 = 𝜀𝜀′𝑐 (2) 

𝑟 = 𝐸𝐸 − (𝑓′𝑐𝜀′𝑐 ) 
(3) 

3.2. Steel rebar behavior model 

The engineering stress-strain behavior of the rebars was calculated (Eqs. (4) to (6)) using the Ramberg and Osgood 

(1943) model. This behavior model can be used to approximate the stress-strain curve of material if the yield strength, 

ultimate strength, elastic modulus, and rupture strain are known. All of these values were readily available in this 

study. In order to consider the change in the cross-section area and provide a more accurate behavior model for steel 

rebars under loading, the true stress-strain curve was calculated using the engineering curve and Eqs. (7) and (8) (Beer 

et al., 2013), where 𝑓𝑢 and 𝑓𝑦 are the ultimate and yield strengths, respectively, 𝜎 is the stress, 𝜀 is the strain, 𝜀𝑟 is the 

rupture strain, 𝑛 is the material-dependent constant, 𝜎𝑡𝑟𝑢𝑒 and 𝜀𝑡𝑟𝑢𝑒 are the true stress and strain, respectively. 

𝜀 = 𝜎𝐸 + 0.002 (𝜎𝐸)𝑛
 (4) 

𝑛 = 𝐿𝑛 (𝜀𝑢𝑠0.2)𝐿𝑛 (𝑓𝑢𝑓𝑦)  (5) 

𝜀𝑢𝑠 = 100 ∗ (𝜀𝑟 − 𝑓𝑢𝐸 ) (6) 

𝜎𝑡𝑟𝑢𝑒 = 𝜎 ∗ (1 + 𝜀) (7) 𝜀𝑡𝑟𝑢𝑒 = 𝐿𝑛(1 + 𝜀) (8) 

4. Finite element implementation 

The proposed structure was modeled in ABAQUS software. The concrete damage plasticity model was used to define 

the concrete behavior. This model is based on the assumption of isotropic damage and is an analytical model used for 

the analysis of materials with concrete-like properties and behavior in which the intended material is subject to 



arbitrary loads, such as cyclic loads (Dassault Systèmes, 2017). This model has the ability to consider the interaction 

between the rebars and concrete (as in RC structures). Nonlinear implicit time-history analysis was employed based 

on the unconditionally stable Hilber Hughes Taylor (HHT) method, with appropriate time increments and a full 

Newton-Raphson solution (Dassault Systèmes, 2017; Hilber et al., 1977; Hibbitt and Karlsson, 1979).  

Figs. 2(a) and 2(b) show the finite element (FE) frame. For accurate analysis, the FE model was modeled in detail 

(section 2). The mesh elements of 8-node linear brick, 2-node linear 3D trusses, and 4-node doubly curved thin shells 

of appropriate sizes were assigned for the concrete, steel rebars, and CFRP materials, respectively (Johnson, 2006). 

  
(a) (b) 

Fig. 2. 3D view of the FE model: (a) whole model (b) reinforcement 

 

5. Verification 

5.1. CFRP behavior model 

To investigate the accuracy of CFRP modeling, the capacity of a beam rehabilitated using CFRP sheets (experimental 

model) was compared with the results of the FE model. The proposed beam model has been experimentally tested by 

Ahmadi (2013). The beam was a rectangular RC beam with a total length of 1.1 m, depth of 0.4 m, and width of 0.05 



m. The concrete was M30 with a yield strength of 335 MPa. Support plates were placed at each end of the beam and 

the effective length of the beam was 0.8 mm. Figs. 3(a) and 3(b) show the geometry of the beam model. 

 
 

(a)  

Fig. 3. The beam model scheme: (a) the geometry and details (b) elevation view 

 

The shear failure mode was considered as the dominant failure mode and the shear cracks expand at 45° (Parry, 

2004). An orthogonal pattern was used for the CFRP at a 45° angle to the horizon. The FE models of the proposed 

beam model in both unrehabilitated and rehabilitated states are shown in Figs. 4(a) and 4(b), respectively. The total 

number of mesh elements were 1703 and 19421 for the unrehabilitated and rehabilitated models, respectively. The 

CFRP sheets were applied to both sides of the rehabilitated beam. 

 
 

 

 

 

 

 
(a) (b) 

Fig. 4. FE model of the beam: (a) un-rehabilitated (b) rehabilitated 

 

The capacity curves of the models were obtained by applying a concentrated load at the mid-span of the beam and 

increasing it monotonically. Fig. 5 shows the capacity curves (load-displacement) of the experimental and FE models. 

The areas under capacity curves (absorbed energy) were calculated and compared. The unrehabilitated and 

rehabilitated FE models showed a difference of 4.48%, and 1.86% compared to the corresponding experimental 

models. This indicates that there was good agreement between the experimental and FE models. 

11ϕ6 



 

  
(a) (b) 

FE model (this study)             Experimental model 

Fig. 5. Capacity curves: (a) un-rehabilitated (b) rehabilitated 
5.2. Seismic analysis 

To verify the nonlinear behavior of the structural model, it was analyzed under the Loma Prieta (1989) ground motion 

using time-history analysis (Table 1). In this regard, the maximum relative displacement of the FE model was 

compared with the results of the Calvi et al. (2002) for the same record. Fig. 6 shows that there was good agreement 

between diagrams on the both the negative and positive sides. 

Table 1. Details of the Loma Prieta ground motion 

Event Station Year Magnitude (Mw) 

Loma Prieta Hollister Differential Array 1989 6.9 
 

 
FE model (this study)            Calvi, G. M. et al. (2002) 

Fig. 6. Comparison of maximum relative displacement  
] 

6. Mainshock-aftershock records 

Seven real scaled mainshock-aftershock ground motion records were chosen to investigate the effect of seismic 

sequences on the rehabilitated and as-built frames (Ruiz-Garcia, 2012; Pacific Earthquake Engineering Research 
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Centre, 2011; Wang et al., 2018). The aftershocks (seismic sequences) were selected using the seismic declustering 

method using space-time history (Hainzl et al., 2010). For comprehensive and accurate analysis, seismic sequences 

with different ranges of magnitude, PGA values and aftershock PGA to mainshock PGA ratios were chosen. Table 2 

and Fig.7 show the details and time history records of the intended ground motions, respectively. For purposes of 

reasonable comparison, the PGAs of the mainshocks were scaled to 0.4g (3.92 m/s2). The aftershocks were adjusted 

using their corresponding mainshock PGA scale coefficient. The acceleration time-history records of seismic 

sequences for the Kozani, Mammoth Lakes, Cape Mendocino, Imperial Valley, Whittier Narrows, Northridge, and 

Coalinga records were multiplied by coefficients of 1.96, 0.94, 0.60, 1.22, 0.93, 0.46, and 3.29, respectively. A five-

second interval with zero acceleration between the mainshock and aftershock records was testing using trial and error 

to ensure that the structure did not vibrate. 

Table 2. Details of the mainshock-aftershock ground motions 

Event Station Year Type Magnitude (𝐌𝐰) 

Kozani Kozani 1995 

Mainshock 6.40 

Aftershock 5.30 

Mammoth Lakes Convict Creek 1980 

Mainshock 6.06 

Aftershock 5.70 

Cape Mendocino Petrolia 1992 

Mainshock 7.01 

Aftershock 6.60 

Imperial Valley El Centro Array #4 1979 

Mainshock 6.53 

Aftershock 5.01 

Whittier Narrows LA-Obregon Park 1987 

Mainshock 5.99 

Aftershock 5.27 

Northridge Rinaldi 1994 

Mainshock 6.69 

Aftershock 5.28 

Coalinga Coalinga-14th 1983 

Mainshock 5.09 

Aftershock 4.89 

 

 



  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

 

(g) 

Fig. 7. Scaled mainshock-aftershock acceleration records: (a) Kozani (b) Mammoth Lakes (c) Cape 

Mendocino (d) Imperial Valley (e) Whittier Narrows (f) Northridge (g) Coalinga 

 

7. Numerical investigation and discussion 

7.1. Seismic behavior of as-built structure 

0 10 20 30 40 50

-4

-3

-2

-1

0

1

2

3

4

Time (s)

A
c
c
e

le
ra

ti
o
n

 (
m

/s
2
)

0 10 20 30 40 50

-4

-3

-2

-1

0

1

2

3

4

Time (s)

A
c
c
e

le
ra

ti
o
n

 (
m

/s
2
)

0 20 40

-4

-3

-2

-1

0

1

2

3

4

Time (s)

A
c
c
e

le
ra

ti
o
n

 (
m

/s
2
)

0 20 40 60

-4

-3

-2

-1

0

1

2

3

4

Time (s)

A
c
c
e

le
ra

ti
o
n

 (
m

/s
2
)

0 20 40

-4

-3

-2

-1

0

1

2

3

4

Time (s)

A
c
c
e

le
ra

ti
o
n

 (
m

/s
2
)

0 10 20 30

-4

-3

-2

-1

0

1

2

3

4

Time (s)

A
c
c
e

le
ra

ti
o
n

 (
m

/s
2
)

0 10 20 30 40 50

-4
-3
-2
-1
0
1
2
3
4
5
6

Time (s)

A
c
c
e

le
ra

ti
o
n

 (
m

/s
2
)



The top story displacement of the as-built structure under the mainshocks (section 6) was recorded. On average, 

aftershocks caused a 92.8% growth in the residual displacement compared to the mainshock only, which is remarkable. 

This means that the aftershocks caused almost as much of an increase in the residual displacement as did the 

mainshocks. For example, under the Cape Mendocino seismic sequence, the residual displacement increased from 9.1 

cm for the mainshock alone to 18.5 cm for the mainshock-aftershock. Structural damage caused by the mainshock 

affected the growth of residual displacement under the aftershocks. This indicates that the consideration of seismic 

sequences for this type of structure could be vital. 

The drift ratio is a fundamental structural parameter used for the seismic assessment of a structure (Yang et al., 

2010). The drift ratio of the as-built structures under the mainshock and mainshock-aftershock ground motions (section 

6) were calculated and are shown in Fig. 8. Table 3 presents some seismic data about the as-built structure. 

Table 3. Seismic behavior data of the as-built structure under seismic sequences 

1 2 3 4 5 6 7 

Event 

Top story relative 

displacement 

under Mainshock 

(cm) 

Top story relative 

displacement under 

Mainshock-

aftershock (cm) 

Growth of 3 

compared to 

2▲ (%) 

Mainshock-

aftershock top 

drift ratio (%) 

Story with 

the most 

drift ratio* 

Drift ratio 

growth (%) 

Kozani 28.1 35.1 24.99 1.97 1 10.19 

Mammoth Lakes 27.0 27.2 0 1.52 1 20.11 

Cape Mendocino 23.3 25.6 8.66 1.40 1 17.30 

Imperial Valley 20.1 20.2 0 1.12 1 0 

Whittier Narrows 28.4 28.7 0 1.57 1 38.46 

Northridge 22.2 25.4 13.63 1.40 1 15.77 

Coalinga 26.7 48.2 84.61 2.70 1 43.60 

 

▲ Growth= 𝑐𝑜𝑙𝑢𝑚𝑛 (3)−𝑐𝑜𝑙𝑢𝑚𝑛 (2)𝑐𝑜𝑙𝑢𝑚𝑛 (2)  * Story with the most drift ratio under mainshock.   Drift ratio growth (%), 

showing the growth of the story with the most drift ratio under mainshock-aftershock (column 6), compared to drift 

ratio of the same story considering solely the mainshock 

 



  
(a) (b) 

 
  

(c) (d) 

  
(e) (f) 

 
(g) 

              Mainshock             Mainshock-aftershock 

 

Fig. 8. Mainshock and mainshock-aftershock drift ratio: (a) Kozani (b) Mammoth Lakes (c) Cape Mendocino 

(d) Imperial Valley (e) Whittier Narrows (f) Northridge (g) Coalinga 

 

Table 3 and Fig. 8 indicate that the aftershocks primarily increased the drift ratio in the lower stories. The highest 

drift ratios occurred in stories 1, 2, and 3, respectively. These stories experienced the most damage (plastic strain) 

under the mainshock, but the aftershocks caused a dramatic increase in the drift ratio in these stories. On the contrary, 
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in stories 5 and 6, the seismic sequences caused no remarkable increase in drift ratios because there was very little 

damage, plastic strain, or complete elastic behavior under the mainshock. Stories 5 and 6 under the Northridge 

mainshock, for example, showed no remarkable drift ratio growth). 

In the FEMA pre-standard and commentary for the seismic rehabilitation of buildings, a drift ratio of 2% is 

considered to be the life safety limit (LS) for concrete frames (Federal Emergency Management Agency, 2000). As is 

clear in Fig. 8, the structure experienced drift ratios of more than 2% (3.33% on average in the first story) under all 

mainshocks in the lower floors. These high drift ratios could cause structural instability; therefore, a rehabilitation 

strategy was chosen and was assessed (section 7.2). The maximum and minimum ranges and average drift ratios under 

the mainshock and mainshock-aftershock records are shown in Fig. 9. 

 

Mainshock            Mainshock-aftershock 

Fig. 9. Maximum, minimum ranges, and average value of drift ratios 

 

7.2. Seismic rehabilitation strategy 

An effective seismic rehabilitation strategy should decrease the undesirable effect of seismic loading and improve the 

seismic performance in a structure in accordance with its performance level (limit state). For each case, several 

efficient strategies can be suggested, each having advantages and disadvantages. These include steel/concrete shear 

walls, infill concrete panels, steel bracing, active and passive structural control systems, and FRPs (El-Sokkary and 

Galal, 2009; Kurata et al., 2012; Hollaway, 2014; Ghobarah, Abou Elfath, 2001; Syrmakezis et al., 2006).  

Fig. 10 shows the plastic strain magnitude of a structure under the Imperial valley mainshock-aftershock. Plastic 

behavior formed predominantly in the columns and beam-column connections, which represents the weak column-
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strong beam concept (Ye et al., 2010). This concept relates to the type of structural design in which the model 

experiences high drift, chiefly in the lower floors under lateral loading (section 7.1). In this case, the seismic 

rehabilitation of the structure was done using the beam-column bonded T700-CFRP sheet strategy. This strategy can 

transfer the plastic strain from the columns to the beams (strong column-weak beam concept), which sharply decreased 

the drift ratio under seismic or lateral loading. Table 4 shows the mechanical properties of the T700-CFRP sheets 

(Hassan et al., 2018; Toray Composite Materials America Inc., 2020). T700 CFRP sheets are generally used to increase 

the load-carrying capacity and stiffness of building, bridges, silos, chimneys, and similar structures (Toray Composite 

Materials America Inc., 2020). 

 

Table 4. T700-CFRP mechanical property 

Mechanical property Value 

Thickness 1.02mm 

Density 1800kg/m3 

Filament Diameter 7µm 

𝐄𝐱 132GPa 

𝐄𝐲 10.3GPa 

𝐄𝐳 10.3GPa 

𝛖𝐱𝐲 0.25 

𝛖𝐲𝐳 0.38 

𝛖𝐱𝐳 0.25 

𝐆𝐱𝐲 6.5GPa 

𝐆𝐱𝐳 6.5GPa 



𝐆𝐲𝐳* 3.73GPa 

𝐓𝐱 2100MPa 

𝐓𝐲 24MPa 

𝐓𝐳 65MPa 

𝐂𝐱 1050MPa 

𝐂𝐲 132MPa 

𝐂𝐳 132MPa 

𝐒𝐱,𝐲,𝐳 75MPa 

 ∗ 𝐺 = 𝐸2(1 + 𝜐) 

where 𝐸 is the Young’s modulus, 𝜐 is the Poisson’s ratio, 𝐺 is the shear modulus, 𝑇 is the tensile strength, 𝐶 and 𝑆 

are the compressive strength and the shear strength respectively. 

 
Fig. 10. The as-built structure plastic strain magnitude under Imperial Valley mainshock-aftershock 

 

Table 5 shows the drift ratio limits according to performance levels of immediate occupancy (IO) and LS (Federal 

Emergency Management Agency, 2000). The IO performance level was chosen as the target performance level for 



the seismic rehabilitation. The Imperial Valley mainshock was considered to determine the required length (𝐿𝑒) and 

thickness (number of layers 𝑛) of the CFRP sheets. The rehabilitation strategy and drift ratio of the structure (under 

mainshock) before and after rehabilitation (as-built and rehabilitated models) are shown in Figs. 11(a) and 11(b), 

respectively. Using trial-and-error, six layers of T700 CFRP were used for the rehabilitated structure and the inter-

story drift ratio was less than 1% in all the stories (IO performance level). 

 

Table 5. IO and LS performance levels drift ratio limitation of RC structures 

Structure 

Drift ratio limitation (%) 

IO LS 

Concrete frame 1.0 2.0 

Concrete wall 0.5 1.0 

 

 

 

(a) (b) 

 
                   Mainshock (as-built) 

                   Mainshock (rehabilitated) 

Fig. 11. Rehabilitation strategy: (a) place of CFRP sheets (b) drift ratio under Imperial valley ground motion 
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The effective length (𝐿𝑒) of the CFRP sheets were calculated using Eq. (9), as proposed by the ACI (American 

Concrete Institute, 2008). The 𝐿𝑒 is the length required at which the FRP strain fell to zero (Fig. 12(a) and (b)), where 𝑛 is the number of layers (six, in this study), 𝐸𝑓 is the elastic modulus in MPa (𝐸𝑥, in this study) and 𝑡𝑓 is the thickness 

of the FRP sheets in mm (1.02 mm according to Table 4). 

𝐿𝑒(𝑚𝑚) = 23300(𝑛𝐸𝑓𝑡𝑓)0.58 (9) 

 

 

  

(a) (b) 

Fig.12. FRP/CFRP effective length: (a) concrete and FRP/CFRP scheme (b) strain curve through the 

effective length 

 

7.3. Seismic behavior of rehabilitated structure 

The seismic behavior of a rehabilitated structure under mainshock and mainshock-aftershock records was studied. As 

stated, the chosen rehabilitation strategy provides the possibility of the formation of plastic strain in the beams instead 

of the columns, which can substantially decrease the drift ratio and relative displacement under seismic loading. The 

plastic strain magnitude of the beam-column connection on the fifth story under the Imperial Valley mainshock is 

shown in Fig. 13. It can be seen that rehabilitation allowed the plastic strains to be transferred from the column and 

the beam-column connections to the beam elements, which is desirable seismic behavior (strong beam-week column 

concept). It can be concluded that the proposed rehabilitation strategy was sufficient. 

 

 

 
(a) 

 
(b) 

Fig. 13. Plastic strain magnitude of story five beam-column connection: (a) rehabilitated (b) as-built 
 



Fig. 14 and Table 6 show the drift ratios and structural seismic behavior data, respectively, for the 

rehabilitated structure under mainshocks and mainshock-aftershocks. The mean drift ratios of the as-built model under 

mainshocks and mainshock-aftershocks are shown in Fig. 13. This parameter was less than 1% (IO performance level) 

under all mainshocks; therefore, the proposed rehabilitation strategy can be considered valid and sufficient.  

The choice of the IO performance level for rehabilitation resulted in structural damage (plastic strain) values 

that were not remarkable under the mainshocks, even in the lower floors. Except for the Coalinga seismic sequence, 

the drift ratios did not increase under the mainshock-aftershock or seismic sequences in comparison with the 

mainshocks only. In this case study, the seismic sequences had little effect on the seismic behavior of the rehabilitated 

structure; thus, the aftershocks may not be deterministic. However, the aftershocks had an intensive effect on the 

seismic behavior of the as-built structures and caused an increase in relative displacement that was equal to that of the 

mainshocks under all selected seismic sequences. 

Table 6. Seismic behavior data of the rehabilitated frame under seismic sequences 

1 2 3 4 5 6 7 

Event 

Top story relative 

displacement 

under Mainshock 

(cm) 

Top story relative 

displacement under 

Mainshock-

aftershock (cm) 

Growth of 

3 compared 

to 2▲ (%) 

Mainshock-

aftershock top 

drift ratio (%) 

Story with 

the most 

drift ratio* 

Drift ratio 

growth 

(%) 

Kozani 11.1 11.1 0.0 0.65 2 0.0 

Mammoth Lakes 15.8 15.8 0.0 0.89 3 0.0 

Cape Mendocino 14.3 14.3 0.0 0.80 2 0.0 

Imperial Valley 10.3 10.3 0.0 0.58 2 0.0 

Whittier Narrows 8.7 0.87 0.0 0.49 2 0.0 

Northridge 7.9 7.9 0.0 0.44 2 0.0 

Coalinga 10.4 18.7 79.8 1.05 2 77.0 

▲ Growth= 𝑐𝑜𝑙𝑢𝑚𝑛 (3)−𝑐𝑜𝑙𝑢𝑚𝑛 (2)𝑐𝑜𝑙𝑢𝑚𝑛 (2)  * Story with the most drift ratio under mainshock.   Drift ratio growth (%); 

showing the growth of the story with the most drift ratio under mainshock-aftershock (column 6), compared to drift 

ratio of the same story considering solely the mainshock 



  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

 
(g) 

                 Mainshock (rehabilitated)              Mainshock-aftershock (rehabilitated) 

                                Mean mainshock (as-built)              Mean mainshock-aftershock (as-built) 

Fig. 14. Mainshock and mainshock-aftershock drift ratios of the rehabilitated frame: (a) Kozani (b) Mammoth Lakes (c) 

Cape Mendocino (d) Imperial valley (e) Whittier narrows (f) Northridge (g) Coalinga 
 

Except for the Coalinga mainshock-aftershock, the ratio of the aftershock PGA to mainshock PGA for the 

other seismic sequences was less than 1 (
𝑃𝐺𝐴𝑎𝑃𝐺𝐴𝑚 ⩽ 0.91). For the Coalinga seismic sequence, the ratio was 1.62, which 

was remarkable and unlikely. For rehabilitated structures, the Coalinga aftershock was the only case that showed a 
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growth in the damage (plastic strain), residual displacement, and drift ratio in comparison with only the mainshock. 

This could be the main reason behind the different seismic behaviors shown by the structures under this seismic 

sequence. The first-story normalized drift ratios of the rehabilitated structure under all seven mainshock-aftershocks 

and rate of growth compared to the mean value of the as-built structure drift ratio (same floor) are shown in Fig. 15. 

This figure indicates that the rehabilitated frame showed, on average, a 78% drop in the drift ratio on the first story 

compared to the as-built frame. These results are related to rehabilitation based on the IO performance level. At higher 

structural performance levels like LS or CP, the effect of the seismic sequences could differ from that seen in this 

study. 

 
Fig. 15. Comparison between the first-story drift ratio growth of as-built and rehabilitated structures under 

mainshock-aftershocks 

 

Conclusions 

The realistic seismic behavior of structures under seismic sequences is of major concern in structural engineering. The 

effect of seismic sequences has been ignored or underestimated by seismic design codes, provisions, and the 

engineering community. This study focused on the seismic behavior of a multi-story RC structure. The structure was 

designed according to an outdated Italian provision that did not have a seismic design code using seven real scaled 

mainshock-aftershocks and nonlinear time-history FE analysis. A rehabilitation strategy based on beam-column 

bonded CFRP sheets and the IO performance level has been suggested to improve the seismic behavior of the structure. 

The seismic behavior of the rehabilitated structure was evaluated under the chosen seismic sequences and the results 

were compared to the as-built structure. The main results of this study are summarized below: 
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1. The results of the analysis show that the seismic sequences had an intensive effect on the seismic behavior 

of the structures. On average, the top residual displacement and first-story drift ratio increased about 90% 

and 21%, respectively, under the mainshock-aftershock compared to mainshock only. 

2. The beam-column bonded CFRP rehabilitation strategy demonstrated good performance for improving the 

seismic behavior of the structure. The plastic strain contours indicated that the strategy transmitted plastic 

strains from the columns and beam-column connections to the beams, which can be considered as the strong 

column-weak beam concept. This sharply decreased the relative displacements of the stories. 

3. According to the seismic behavior of the rehabilitated frame, unlike the as-built structure, aftershocks caused 

no increase in the drift ratio of any of the stories, except under the Coalinga mainshock-aftershocks. This 

implies that it may not be necessary to consider seismic sequences for IO-based rehabilitation under the 

average aftershocks. The first-story drift ratios of the rehabilitated structure showed, on average, a 78% 

decrease compared to the as-built frame. 

4. The ratio of aftershock PGA to mainshock PGA is a determinative parameter in the seismic behavior of the 

structures under seismic sequences. The only aftershock that increased the drift ratio in the rehabilitated 

structure was the Coalinga mainshock-aftershock. The aftershock PGA to mainshock PGA for this event was 

1.62, which is unusual. This ratio for the other six seismic sequences was less than 0.91. This may be the 

reason for the different seismic behaviors of the rehabilitated frames under the Coalinga mainshock-

aftershock. 

5. Overall, in rehabilitation based on the IO performance level, the level of the damage under mainshocks was 

slight or negligible, aftershocks (or the use of seismic sequences) caused no remarkable increase in the 

relative displacement, residual displacement, drift ratio, plastic strain, and so on. This indicates that the effect 

of the seismic sequences can be ignored in these types of rehabilitated structures. 

These conclusions relate to an RC structure with rehabilitation based on the IO performance level under seven 

mainshock-aftershock sequences. More studies and analyses are required at different performance levels and different 

types of structures. 
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