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ABSTRACT
A nine-story SRC building was severely damaged during the 2011 Great East Japan
Earthquake. The building was constructed in 1969 at Tohoku University. In 2001 the
building was retrofitted by replacement of shear walls. Terrible damages were observed
in boundary columns, such as fracture and buckling of the steel angles and
reinforcement bars. The pull out of post-installed anchorage was also observed at the
bottom of shear wall.
This paper describes experiments which were conducted to verify the reason and
the process of the observed column failure. The specimens model of the lower half of
the 3rd story column including the wall bars. Two specimens were tested. One
specimen with sufficient anchorage of the wall bars represents the condition before the
retrofit and the other specimen with insufficient anchorage of the wall bars represents
the condition after retrofit. The specimens were subjected to the cyclic axial forces.
From the test results, the failure of the specimen after retrofit is similar to that in actual
column, where the steel angles and the reinforcing bars are fractured and buckled at the
bottom of the column.
1. INTRODUCTION
This paper deals with a steel reinforced concrete (SRC) building in Tohoku
University built in 1969 and demolished in 2012. The building had nine stories and one
story penthouse, and suffered the 2011 Great East Japan Earthquake, although this
building also suffered from minor damage due to the 1978 the Miyagi Oki earthquake.
(Shiga 1981) Serious damages were observed on the SRC building in Tohoku
University as shown in Fig. 1 (Kimura 2012 and Suzuki 2012). It shows the damage in
the boundary column on the 3rd floor. Some steel angles and all deformed bars buckled.
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However, the shear wall and aluminum window sash were not damaged. The pull out of
anchorage was also observed at the base of shear wall (Fig.2). In addition, most of
damage was concentrated on the bottom of the columns. Based on these observations,
it is estimated that tension in the boundary columns were more likely to have triggered
the failure as shown in Fig. 2 and the deformation of this building to be as shown in Fig.
4. There was acceleration meter on the 1st and 9th floors. From the accelerogram, the
maximum displacement of the 9th floor was 310 mm. If this displacement is applied to
the rigid rotation due to the pull out of anchorage in the bottom of the 3rd story as shown
in Fig. 2, uplift in the bottom of the 3rd floor is 210 mm (Fig.4). Axial force of the column
in compression side is assumed as the followings.
1) Due to the insufficient anchorage, the tension of vertical reinforcement was almost
zero.
2) Steel angles and reinforcing bars in tension side yielded (yield strength is 350 MPa).
According to this assumption, tensile force in each column is 4,600 kN.
3) Based on the document for seismic retrofit, the weight of this frame upper than 3rd
floor is assumed to be 6,100 kN. In addition to the self-weight, maximum vertical
acceleration record was approximately 6.40 m/s2 (Motosaka 2012). The vertical load
increased in 3800kN at the frame. Total force was approximately 9900kN.
As a result, it is estimated that compression force in the 3rd story column is almost
19,000 kN (=4,600+4,600+9,900).
On the other hand, the compressive capacity of the column is computed. After Tohoku
earthquake in 2011, the compression test to investigate the actual strength of concrete
was conducted. The result shows that the compressive strength of concrete in the 3rd
story column was 12.6 N/mm2. Besides, the steel angles and reinforcing bars in the
column were assumed to be compression yield. Therefore, the compression capacity of
the column is computed by the following equation.
850  850 12.6
(1)
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Moreover, the shear wall is also able to carry compression force. Based on these
considerations, it is difficult to assume the compressive failure of the column. Therefore,
this paper describes the tests which were conducted to investigate how the observed
failure happened.

(a) Damage of shear wall with boundary column
Fig.1 Observed damage

(b) Boundary column

Fig. 2 Detail of wall replace and out of the anchorage

Fig. 3 Column crushed mechanism

(b) Boundary column

(a) Frame model

Fig.4 Assumption on frame deformation
2. Experiment
Table 1 shows the design concept of the specimens. Left side column of Table 1
shows the original section of the shear wall with the boundary column. Upper and lower
ones show the section before and after seismic retrofit, respectively. The reinforcements
marked with “X” show that these bars are not well anchored. In this research, these bars
are assumed to be unable to resist tension. Parenthesis [e.g. (4-D6) in Table 1] was
used to represent this assumption. The purpose of this experiment is investigating the
reason and the process of the observed column failure. The failure of the column was
considered to be triggered by the insufficient anchorage in the wall panel. To investigate
the effect of anchorage, the vertical reinforcements in wall panel is provided to the
specimen. Meanwhile, the boundary column is almost in pure tension and compression
during the earthquake. To simulate this behavior, considering the symmetry of the
section, 1/4 parts from original section (red broken area) ware extracted to design the
specimens. These 1/4 parts are shown in the middle column of Table 1. The 1/4 amount
of reinforcements in the wall and the boundary column are also used. Sections of the
specimens are shown in the right side column of Table 1. The scale of the specimens is
1/3, and band plates and hoops are not used in the specimens. The information about
section and the amount of reinforcement are listed in Table 2. Reinforcement ratio in the
specimens is almost same as the original one.
Elevation plan of the specimen is shown in Fig. 5(a). In this figure, the
reinforcement bars are not shown. A steel plate is provided in the top and bottom stubs,
and the steel angles in the column are welded to them. The length of the column is 500
mm, and it is correspond to a half of the clear span length of the 3rd story column. The
specimens are models of lower half of the 3rd story column as shown in Fig. 4. This

length is determined so as to include a tie plate in the specimen.
As shown in Table 1, a pair of steel angles is connected to another pair of steel
angles in opposite side. Because the tie plates have some effect on the buckling of steel
angles, the details around tie plates are shown in Figs. 5 (b) and (c). Figure 5 (b)
represents the tie plate in the column shown in Table 1, and Fig. 5 (c) represents the tie
plate in the beam. In the damaged building, rivet was used to connect steel angles and
tie plate. Bolt was used instead of rivet at a hole diameter of 7 mm on the steel angle
with precisely 1/3 scaled size, and bolts is used to connect the steel angles and the tie
plate. In Fig. 5(b), bolts are also used the other end of the tie plate to prevent pull out
from concrete because the pull out would never happened in the actual column by
connected to the other side of angles. The detail of insufficient anchorage is shown in
Fig. 6. Red-colored bars are welded to the plate in the stub. To duplicate the pull out of
anchors, blue-colored bars (they are drawn with “X” in Table 1) are cut at the 30 mm
from the top of the lower stub. The concrete compressive strength was 22.5 N/mm2.
Material properties of used steels are shown in Table 3.
Table 1 Design concept of specimen

Table 2 Amount and ratio of reinforcement

Table 3 Material properties of steel

Fig. 5 Specimen Elevations and the detail of rivet hole

Fig. 6 Detail of anchorage

2.2 Test set up
Loading set up is shown in Fig. 7. Force is applied by the two hydraulic jacks so as
to keep the steel beam on the specimen horizontal. To prevent overturning of the jacks
and the steel beam, aluminum angles are used as shown in Fig. 7. In addition, Teflon
sheet is provided between the aluminum angle and the steel beam to make the
resistance by friction zero. Figure 8 shows four LDVTs which were used to measure the
vertical deformation of the specimens.

Fig. 7 Test set up

Fig. 8 Average vertical deformation measuring method
3. Test results
3.1 Before retrofit
Load-deformation relationship is shown in Fig. 9. The specimens were subjected
to the cyclic axial forces shown in Fig. 9. In positive loading (specimen is in tension), the
elongation of the specimen is gradually increased. In negative loading (specimen is in
compression), basically, compression force is applied till that the deformation becomes
0.25 mm (the average strain is 0.05 % in compression).
Circled numbers in Fig. 9 show the number of the loading cycle. Figure 10 shows
the location of strain gauges and the measured data of them. Numbers in the marks
(from single to triple circle) represent the number of the loading cycle which the strain
reached the yield strain. Type of mark represents the maximum strain as shown in this
figure.
During the second cycle, steel angle and bars yielded. As evidence, the peak load
of the second cycle almost reached the yield strength as shown in Fig. 9. The strain
around the rivet holes in the column was slightly larger than those in other locations, but
strain was almost uniformly distributed. When the average strain reached 5.0 %, the
maximum load (190 kN) was recorded. After that, the load decreased gradually because
cracks appeared on the both sides of the rivet holes and they opened gradually. It
seems that the steel angles completely fractured at 6.2 % of the average strain. Figure

11 (a) shows the specimen at the average strain of 6.6 %. The load was almost 100 kN,
and it is tensile strength of bars in the specimen (6-D6). During reloading of this cycle,
the bars began buckling as shown in Fig. 11 (b). When the deformation became smaller
than 20 mm, the compressive resistance decreased as show in Fig. 9. The test was
finished when the specimen became as shown in Fig. 11 (c).

Fig. 9 Loading-deformation relationship of specimen after retrofit

(a) Steel angle
(b) Steel bar
Fig. 10 Yielded loading cycle and the maximum strain

(a) Average strain 6.6%

(b) Buckling

(c) Final step

Fig. 11 Failures of the specimen before retrofit
3.2 After retrofit
Load-deformation relationship and the data of the strain gauges are shown in Figs.
12 and 13, respectively. There is an exception rule to the specimen for the case of after
seismic retrofit. If the compressive force reached to 300 kN, the load was released and
was shifted to the next positive (tension) cycle of the loading. The value of the upper
limit (300 kN) is determined by assuming 60 % of compressive force is supported by the
boundary column and the remaining is supported by the wall panel. It assumed that
boundary columns compressive force was 19,000 kN in Fig. 4, and the specimen is
constructed for 1/4 of the column and its scale is 1/3. 300 kN was calculated by the
following calculation.
2

1 1
(2)
15000(kN)  0.7      300(kN)
4 3
As seen in Fig. 13, the strain concentrated on the bottom of the column. Figure 14
(a) shows the specimen at the peak of the fifth loading cycle, and the column is lifted up.
Figure 14 (b) shows the specimen at the peak of the 5th negative cycle, and the
reinforcing bar began buckling whereas the average strain was positive (the specimen
was in tensile area). During sixth positive loading cycle, the strength degraded because
of the fracture of the steel angles after measure of maximum strength at 169 kN. The
specimen kept almost 33 kN after the fracture of the steel angles at the average strain of
3.8 %. When the average strain exceeded 5.0 %, the reinforcing bars also fractured. By
the end of the loading, three bars were cut off. Figures 14(c) and (d) show the specimen
at the peak of the positive seventh loading cycle and final step, respectively. Figure
14(e) shows side view of the specimen at final step, and the steel angles and the
reinforcing bars were buckled at the bottom of the column.

Fig. 12 Loading-deformation relationship of specimen after retrofit

(a) Steel angle

(b) Steel bar

Fig. 13 Yielded loading cycle and the maximum strain

(a) +3.3%

(b) 5th negative peak

(d) Final step

(c) +10 %

(e) Side view

Fig. 14 Failures of the specimen after retrofit
4. Estimated deformation capacity of the 3rd story column
Based on the test results, the load-deformation relationship of the 3rd story column is
estimated. The each elongation of the specimen was measured by using three LVDTs
as shown in Fig. 15. In this figure, e1, e2, and e3 are elongations in each measured span.
Figures 16 and 17 show the relation between the elongation in the upper and lower part
of the specimen (e1 and e3) and the total elongation (ΔL), respectively. The circles in this
figure and the break line represent the peaks of loading cycles and the assumed
elongation e1 and e3 under the uniform strain distribution, respectively. In the case of the
specimen before retrofit, the elongation e3 is almost same as the break line because the
strain is distributed almost uniformly in this specimen. In the case of the specimen after
retrofit, the elongation e3 is almost same as the total elongation. It means that the
elongations of the upper and middle parts of this specimen are almost zero. These data
correspond to the deformation of the lower half of the 3rd story column because of

constructed 1/3 scaled the part as specimens. In the estimation of the load-deformation
relationship of the 3rd story column, the strain in upper half of the 3rd story column
(1,500 mm) was assumed to be equal with that in the upper part of the specimen
(e1/220). Therefore, the deformation of the 3rd story column δ is computed by the
following equation considering that the scale of the specimen is 1/3.
e
(3)
  1 1500  3  (L)
220
The axial load N is computed by the following equation also considering the
specimen’s scale and that the specimen is the model of 1/4 part of the column.
(4)
N  P  32  4  36P
Figure 18 shows the load-deformation relationship of the 3rd story column by these
computations. The broken line in the figure shows the estimated elongation of the
column in Fig. 4. In the case of the column after retrofit, the steel angles fracture at
smaller deformation than the estimation. On the other hand, in the case of the column
before retrofit, the steel angles fracture around the estimated deformation. It is three
times larger than that of the column after retrofit. The estimated deformation 210 mm is
the result of the fracture of the steel angles as observed in the damaged building. If the
steel angles did not fracture, the deformation might be smaller than 210 mm. It means
that the fracture of the steel angle might not happen if the seismic retrofit had not done
to the building.

Fig. 16 Elongation in the upper region

Fig. 15 Measure of elongation

Fig. 17 Elongation in the lower region

Fig. 18 Load-deformation relationship of the 3rd story column
5. Conclusions
The failure of the specimen after retrofit is similar to that in actual column, where the
buckling of the bars is concentrated at the bottom of the column.
Insufficient anchorage of reinforcements causes strain concentration.
Deformation capacity of the specimen after retrofit was almost 1/4 of that of the
specimen before retrofit. This might be the reason why the building was not so damaged
in 1978 whereas severely damaged in 2011.
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