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ABSTRACT 
 

     Several buildings in Tohoku University were severely damaged by the 2011 Great 
East Japan Earthquake. In this paper, the damages in one of these buildings are 
reported and the reason of this damage is discussed. Investigated building is a six-story 
reinforced concrete building with coupled shear walls in the transverse direction. The 
building was constructed in 1968 and survived some large earthquakes including the 
Miyagi-oki earthquake in1978. In 1997, this building was retrofitted. However, the 
building was severely damaged by the Great East Japan Earthquake and demolished. 
To understand the behavior of the building during the earthquake, some analyses are 
conducted. Based on the analytical results, the shear deformations in lower stories are 
reduced, instead, the flexural deformations in upper stories are enlarged by seismic 
retrofit. As a result, the coupling beams failed in shear. 
 
1. INTRODUCTION 
 

 A six-story Reinforced Concrete (RC) building in Tohoku University was severely 
damaged by the 2011 Great East Japan Earthquake. Figure 1 shows the overview of 
the building. In transverse direction, it had coupled shear walls. Coupling beams failed 
in shear, and it was the cause of demolishing of the building in 2012. 
     The building was built in 1968 and survived several earthquakes including Miyagi-
oki earthquake in 1978. The structural damage of the building in 1978 was reported by 
Siga et al. (1981), and according to the report, some slight cracks in shear walls in 
lower stories were observed. In 1997, the building was retrofitted. Figure 2 shows the 
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acceleration records of Miyagi-oki earthquake and Great East Japan earthquake 
recorded near the building. The maximum accelerations are not so different. However, 
duration time of Great East Japan earthquake is much longer than that of Miyagi-oki 
earthquake. The building was severely damaged only in 2011. 

Similar damages in coupling beams by the Northridge earthquake are reported 
(Mitchell et al., 1995). It is reported that the damage of the coupling beams are caused 
due to the small span-to-depth ratio of the coupling beams. In the ACI 318-11 (ACI, 
2011), coupling beams with small span-to-shear ratio less than 2.0 shall be reinforced 
with diagonal bars. The ratio of the coupling beams in the report is smaller than 2.0. 
However, the span-to-shear ratio of the coupling beam in Tohoku University was 
around 2.7. 
     In this paper, the damages observed in site investigation are reported. To 

     
                 (a) Longitudinal direction                                (b) Transverse direction 

Fig. 1 Overview of the building 
 

 
(a) Miyagi-oki, 1978 

 
(b) The Great East Japan earthquake, 2011 
Fig. 2 Acceleration record of the first floor 

 



  

investigate what happened during the earthquake, an analytical study is conducted. 
Based on the analytical results and observed damages, the reason of the damage and 
the effect of the seismic retrofit are discussed.  
 
2. Configuration of the building 
 

     The building was constructed in 1968 in Tohoku University, located approximately 
130 km from the epicenter. It was a reinforced concrete building with six stories above 
the ground, one story below and a single story penthouse. Figure 3 shows the plan of 
the first story and the penthouse, and the walls colored with red were replaced walls 
during the seismic retrofit. The seismic retrofit was conducted by replacing shear walls 
with thicker ones and casting new walls as shown in Fig. 4. Although the seismic retrofit 
was planned to all stories of the building, it was conducted from the first to the third 
stories as shown in this figure. In Japan, seismic capacity is usually estimated before 
seismic retrofit based on the Japanese Standard (Building Research Institute of Japan, 

        
                                 (a) First story                                       (b) Penthouse 

Fig. 3 Building plan 
 

 
Fig. 4 Seismic retrofit in transverse direction 

 



  

2005). Figure 5 shows the evaluated strengths of the transverse and longitudinal 
directions. The weakest story in the transverse and longitudinal directions was the 
second and the first stories before the seismic retrofit. After seismic retrofit, the weakest 
story in both directions was the fourth story. 
 
3. Observed damages 
    
   The observed cracks on the axis C are shown in Fig. 6. Hatched area in this figure 
represents blocked area and thick lines represent cracks wider than 1 mm. Many 
cracks on the shear walls are observed and the widths are smaller than 1 mm. The 
damage on the shear walls is not large. Some cracks on the columns are also observed, 

          
                           (a) Transverse direction                   (b) Longitudinal direction 

Fig. 5 Story shear coefficient 
 

 
Fig. 6 Cracks on the axis C 

 



  

however, the widths are smaller than 1 mm and the damage was minor. On the other 
hand, damages on some beams are prominent, and shear failures of the beams are 
observed. Damaged beams are located above large openings such as entrance of 
rooms. In addition, some damaged beams have web openings as shown in Fig. 6. 
Meanwhile, no damage was observed in the penthouse and the basement floor. 
   The observed cracks on the axis 3 are shown in Fig. 7. Many cracks were observed 
on the shear walls and most of them are smaller than 1 mm. The damages of the 
columns were also not serious because few cracks were observed on the columns. On 
the axis 3, the damages of the coupling beams were prominent. These damages 
indicated the shear failures of the coupling beams.  
     The shear span length of the coupling beams was short because of the wing wall 
with the column on the axis C. In addition, most of the coupling beams had openings 
which reduce the shear strength of the beam. Consequently, these coupling beams 
were more likely to fail in shear. Figure 7(b)-(d) shows the detail of the damages of the 
coupling beams. Numbers represent the width of prominent cracks in mm, and these 
numbers are used to estimate the deformation of the building later. Besides wide shear 
cracks, spall of concrete and exposed reinforcing bars were observed. 
 
4. Pushover analysis 
 
     4.1 Modeling procedure 

Pushover analysis is conducted to the transverse direction because the observed 
damage in the direction is much larger than that in the longitudinal direction. Figure 8 
shows an example of the analytical model. In this analysis, adjacent frames are 

      
                    (a) Cracks on the axis 3 

Fig. 7 Damage on the axis 3 
 

         

 
              (b) Sixth floor beam 
                    

 
(c) Fifth floor beam 

                    

 
(d) Fourth floor beam 

                    



  

connected by infinity rigid truss elements at beam levels so that each story drift is equal 
in all frames. In Fig. 8, axes 2 and 5 are connected as an example. Each structural 
member is modeled as follows. 

 
(a) Beam and column have two nonlinear rotational springs at their ends and a 

nonlinear shear spring at the middle. The characteristic of these springs is represented 
by the tri-linear relationship which is introduced in the Japanese Guideline (MLIT, 2007). 
Axial deformation of beam and column is ignored. The section of the beam is assumed 
to be T-shaped because the contribution of the slab should be considered. In this 
research, the effective width of the slab is assumed to be 2,000 mm in each side of the 
beam. Many coupling beams in this building had openings, and the cracking strength 
and the ultimate shear strength of these beams are reduced from those of the beam 
without opening. In the case of the beam with a single opening, the strength is reduced 
according to the Japanese Standard (AIJ, 2010). In the case of the beam with multiple 
openings, the openings are replaced with an opening by the following procedures (Fig. 
9). 
1) If the center-to-center distance between two proximate openings (the radius is r1 and 

r2, respectively) is smaller than 3(r1 + r2), each opening is replaced with an 
equivalent square whose area is equal to that of the original one (Fig. 9). If the 
distance is longer than 3(r1 + r2), smaller one is ignored because the failure will 
across only one opening in such a case. 

2) As shown in Fig. 9, vertically and horizontally projected lengths are calculated.  

     

 
    (a) A frame with coupled shear walls             (b) A moment-resisting with walls 

Fig. 8 An example of frame models 
 



  

3) Some rectangular openings are replaced with one rectangular whose lengths are the 
sum of vertically projected lengths and horizontally projected lengths. 

4) Rectangular opening is replaced with an equivalent circular opening again. 
5) Cracking and the ultimate strengths are calculated by applying the Japanese 

Standard (2010) to a circular opening. 
Table 2 shows the reduction factor of the beams on axes 3 and 5, where Qsu0 and Qsu 
are the ultimate shear strength of the beams with and without openings, respectively. 
Except for the 2nd floor beam on axis 5, all beams had openings. Most of the reduction 
rates are 20-30 %. The calculation is not conducted to the roof floor beam on axis 5 
because it has no shear spring in this analysis. In Table 1, the ratio of the shear 
strength Qsu0 to the flexural strength Qmu is also shown. The flexural strength of the 
beam is calculated by assuming the yielding at both ends of the beam. According to the 
calculated strength, most of beams fail in shear and the observed damage agreed with 
the calculation. 
 
     (b) Shear wall is replaced with a component with three vertical elements (Fig. 8) 
proposed by Kabeyasawa et al. (1983). It has infinitely rigid beams at the upper and 
lower floor levels. Two outside elements have an axial spring which represents the axial 
stiffness of the boundary column. The middle element has a rotational spring at its 
bottom, an axial spring and a shear spring at the mid height of the element. The 
characteristic of each spring is determined according to Kabeyasawa et al. (1983). In 
this research, columns with wing wall are also replaced with the model as seen in the 

     

 
 

 

 
 

Fig. 9 Replacement of multiple openings with an equivalent opening 
 

(a) Center-to-center 
distances of 
adjacent openings 

(b) Replacement of 
openings with 
equivalent squares 

(c) Replacement of a 
rectangle with an 
equivalent circle 

Table 1 The ratio of shear to flexural capacity about coupling beams 

Floor 

Axis 3 Axis 5 

Qsu0/Qsu 

[kN] 

Qsu0/Qmu 

[kN] 

Qsu0/Qsu 

[kN] 

Qsu0/Qmu 

[kN] 

R 0.97 1.03 - - 

6 0.87 0.88 0.81 0.82 

5 0.73 0.65 0.81 0.73 

4 0.72 0.72 0.78 0.78 

3 0.81 0.81 0.62 0.61 

2 0.77 0.75 1 0.97 

 



  

columns on axis C (Fig. 8). In the case of the column with wing wall, a half of the wall 
panel is modeled as if it is a boundary column because this part will be under 
compression during the earthquake (Fig. 8). 
 
     (c) Beam-column joint under the penthouse indicated in Fig. 7a (see (1) in this 
figure) is replaced with a series of axial and rotational springs. The rotational spring 
simulates the deformation shown in Fig. 10a and b. The cracking moment of the section 
depicted as red line in Fig. 10c is used as the cracking moment of the rotational spring. 
The yield moment of the rotational spring is computed as sum of the yield moment of 
the column in the penthouse and that of the roof beam. The characteristic of the spring 
is shown in Fig. 10d. The spring is assumed infinitely rigid before cracking. To compute 
the rotation angle Ry at the yielding, the following conditions are assumed based on the 
test by Takahashi et al. (2014): 

1) The strain of the beam and column reinforcement is uniformly distributed in the 
region shaded by green in Fig. 10c where Db and Dc represent the depths of the beam 
and the column, respectively; 

 
 

 

 

 
 

            (d) Moment-rotation relationship                   (e) Joint with wing wall 
Fig. 10 Assumed failure mode of joint 

 

(a) Moment on a 
crack of the beam 

(b) Moment on a crack 
of the column 

(c) Definition of rotation 
angles 



  

2) The center of the rotation is assumed to be the point depicted as the circle in Fig. 
10c. The distance from the point to the beam reinforcement eb is assumed to be 0.7 
times of the beam depth. Similar assumption is used in the column. 

Under these conditions, the rotation angle can be computed by the following 
equation. 

                         
0.7 0.7

y b y b y

y

b b

D D
R

e D

   
    (1) 

where, εy is the yield strain of the reinforcing bar. 
 

On the other hand, the deformation of the joint connected with the other side of the beam 
is shown in Fig. 10e. Three axial springs are used to represent this deformation as shown in 
Fig. 8.  

According to the procedures described above, the analytical model for the building 
before/after the retrofit (model B/A) is constructed. In addition, another model fot the building 
after retrofit (model A′) is constructed in which the shear strength of the coupling beams are 
reduced to 1 % of the original strength. This model is used to investigate the effect of the 
shear failure of the coupling beams without strength degradation in the shear springs 
because it is expected that the ground was shaking after the failure of the coupling beams 
due to its long duration beyound 180 seconds.  

 
     4.2. Results of analysis 

Pushover analysis is carried out by using computer program Open System for 
Earthquakes Engineering Simulation (OpenSees). In the analysis, the gravity load is applied 
to the columns according to the axial load in the seismic evaluation. Lateral force is applied 
so that the distribution of the story shear coefficient is proportional to Ai distribution which is 
used in the Japanese Guideline. The direction of the lateral load is defined in Fig. 8. 

Figure 11 shows the relation between story shear coefficient and story drift of selected 
stories. The solid lines in Fig. 11 show the results of the pushover analysis, and the broken 
lines show the results of the seismic evaluation (2001). The circle in this figure will be 
discussed later. From 1st to 3rd stories were retrofitted, the strength and stiffness in Model A 
(Fig. 11b) are larger than those in Model B (Fig. 11a). In seismic evaluation, the shear span 
lengths of the shear walls are roughly estimated and it makes the strengths larger than those 

     
    (a) Model B (before retrofit)   (b) Model A (after retrofit)  (c) Model A′ (after retrofit) 

Fig. 11 Results of the pushover analysis and seismic evaluation 
 



  

in the pushover analysis. Comparing Fig. 11 with Fig. 11c, the contributions of the coupling 
beams are small. 
 
5. Dynamic analysis 
 
     5.1. Outlines 
     Dynamic analysis is carried out using computer program for nonlinear analysis SPACE. 
In this analysis, the building is replaced with multi degree of freedom (MDOF) system. The 
results of pushover analysis are simplified and used as the characteristic curve of each story. 
To simplify the results of pushover analysis, tri-linear model is used and two points where the 
story shear coefficient is 0.25 and 0.4 are selected as the break points. Hysteresis rule is 
determined according to Takeda model (Takeda, 1970). 
 

The damping coefficient of 3.0 % proportional to mass is used. 
Ground motions are recorded at the building in Engineering Campus of Tohoku University 

which is about 400 meter away from the targeted building of this paper. In the analysis, the 
record of north to south direction at the 1st story is used, and four types of analyses are 
carried out (Table 2). 

     
   Fig. 12 An example of tri-linear curves       Fig. 13 Story drift in dynamic analysis 

 
Table 2 Types of analyses and results of response 

Model Retrofit 

Shear 

strength 

of 

beams 

Earthquake 

(y/m/d) 

Maximum 

acceleration 

[cm/s
2
] 

Duration 

[s] 

Average of 

maximum drifts 

[%] 

Positive Negative 

B78 Before Full 
1978 / 6 / 12 

The Miyagi-oki 
258 41 0.19 0.15 

B11 Before Full 2011 / 3 / 11 

The Great East 

Japan 

333 321 

0.21 0.17 

A11 After Full 0.16 0.13 

A11′ After Reduced 0.25 0.18 

 



  

     5.2. Results 
 Figure 13 shows story drifts as results of the dynamic analysis. In the analyses before 

retrofit (analyses B78 and B11), the drifts of 2nd to 3rd stories are large. On the other hand, 
in the analyses after retrofit (analyses A11 and A11’), the drifts of 4th to 5th stories are large. 
Average responses of story drifts about each analysis are shown in Table 2. The average of 
maximum drift is less than 0.25 %, and it is sufficiently small. Therefore, both the simulation 
of the building in 1978 and 2011, the drift of the building is assumed to be sufficiently small. 

 
6. Deformations of structural members at the maximum response 
 
     Figure 14 shows the deformation of the building at the loading step in pushover 
analysis where the average drift angle of the building is equal to that in the dynamic 
analysis (the broken lines in Fig. 13). The drift of each story is represented by the circle 
in Fig. 12. In Figs. 13 and 14, the deformation of the building is similar. Therefore, it is 
assumed that the result of the pushover analysis shown in Fig. 14 can simulate the 
maximum response of the building. 

          
   Fig. 14 Story drifts in pushover analysis       Fig. 15 Axial force versus story drift 

 

   
           Axis 3                         Axis 3                     Axis 4                      Axis 5 
  (a) Before retrofit                                       (b) After retrofit 

Fig. 16 Deformation of the building (150 times amplified) 
 



  

Figure 15 shows the response point of the tensile column (axis A in Fig. 8) in the 
case of the analysis A11′, and the vertical axis is normalized with the tensile capacity. It 
indicates that even if the coupling beams had lost their resistance, the tensile columns 
do not yield. The results agreed with the observation that there were some small cracks 
in the columns.  

 Figure 16 shows the deformation of the building to the positive loading with 150 
times amplification. The results of the analyses B78 and A11 are shown in Fig. 16a and 
b, respectively. The deformation of the axis 3 in Fig. 16b shows that the shear 
deformation of shear walls in the second and third stories became small because of the 
seismic retrofit. It also agreed with the observation that there were some small cracks 
on the shear walls. On the axis 5 in the analysis A11 (Fig. 16b), the deformation of the 
joint on the roof floor is large. However, it was impossible to see the damage from 
outside because it was prohibited to stand on the roof. Therefore, the damage of the 
joint was not found in site investigation. The shear deformations of coupling beams on 
axes 3 and 5 are large in both analyses, and it also agreed with the observed damages. 

 Figure 17 shows the beam drift at the estimated maximum response point. The 
beam drift is defined as shown in Fig. 18. It is computed by the following equation 
where θ is drift attributed to shear deformation and θR and θL are drift of the rotational 
spring of the right and left ends of the beam, respectively. 

 
2

R L
bR

L

  



        (2) 

In Fig. 17, most of the drift of the coupling beams are larger than 0.4 %, and they are 
much larger than the story drift shown in Fig. 14. In addition, the results of the analysis 
A11′ is much larger than the others. Comparing with B78 in the positive loading, the 
drift of A11′ is larger than the twice of B78. These results indicate that the seismic 
retrofit let the drift of the shear walls in the 2nd and 3rd stories small, instead, the drift 
of the coupling beams upper than 4th floor became large. 

          
                           (a) Axis 3                                              (b) Axis 5 

Fig. 17 Drift of the coupling beams 
 



  

 
7. Building drift eatimated from the residual crack width 
 

Figure 19 shows the estimated building deformation based on the observed cracks. 
Because the most prominent crack is the shear crack in the coupling beam, the 
deformation at the maximum response can be estimated based on the residual cracks. 
In estimating the deformation, the following conditions are assumed. 

 (1) The shear deformation of the coupling beam is computed from the circled 
residual cracks in Fig. 7. Figure 19 shows the case of the beam on the 5th floor as an 
example. The residual crack width is 15 mm and the span of the beam is 1975 mm. 
Therefore, the estimated shear drift is 15/1975 = 0.76 %. The flexural drift at the 
ultimate shear drift is estimated from the moment - rotation angle relation based on the 
AIJ Standard (Architectural Institute of Japan, 2010). It is almost 0.18 % and small 
enough to be neglected. 

 (2) The coupled shear walls rotate around the axis A or C because there are the 
boundary columns on these axes and the neutral axis should be near the centroid of 
the boundary column. The drift of these coupled shear walls are assumed to be same. 

The result of A11′ shown in Fig. 19 is larger than the estimation in Fig. 17 but do not 
exceed the twice of the estimated drift. Considering that the estimation is based on the 
residual cracks and the analysis A11′ neglected the coupling beams, the result of the 
analysis is reliable. 

 

8. CONCLUSIONS 
 

1. Damage of the building is mainly shear failure of coupling beams. Damages in 
shear walls and columns are small. 

2. The maximum drift of coupling beams is estimated 0.8 % in the case of the 
Miyagi-oki earthquake. 

3. The maximum drift of coupling beams is estimated more than 1 % in the case of 
the Great East Japan Earthquake whereas story drift is estimated about 0.3 %. 

4. The estimated drift in the analysis agree with that from the residual cracks. 
5. The seismic retrofit made shear deformations of the shear walls in lower stories 

smaller, instead, enlarge the flexural deformations in upper stories. It caused the 
shear failures of coupling beams. 

                 
 Fig. 18 Definition of the beam drift      Fig. 19 Building deformation based on cracks 
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