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ABSTRACT

A magnitude of 8.8 earthquake, the fifth largest earthquake in instrumental history, occurred
at 3:34 A.M. on February 27, 2010 local time off coast of the central Chile. The epicenter of the
earthquake was just offshore from the Maule Region, the region of Maule was subjected to a
direct hit, with intense shaking of duration of at least 100 seconds, and peak horizontal and
vertical ground accelerations of over 0.6 g. According to the Ministry of Interior of Chile, the
earthquake caused the death of 521 persons. Over 800,000 individuals were directly affected
through death, injury and displacement. More than a third of a million buildings houses were
damaged to varying degrees. Medium height and tall buildings presented severe damage,
including several cases of total collapse of major structures.
A reinforced concrete residential building in Viña del Mar City, approximately 350 km
northeast of the epicenter, was investigated two months after the earthquake and the detail of the
damage was recorded. It is noted that the building was damaged in 1985 Chile Earthquake and
retrofitted by placing concrete shear walls and boundary columns. Analysis was conducted to
identify causes of building damage by means of a nonlinear frame analysis program. First, the
mechanical properties of the model structure were studied to obtain the mode shapes and their
period. Pushover analysis was conducted to see the lateral load carrying capacity of the building.
Then the model structure was dynamically analyzed using the strong motion record to explain
the damage observed in the field.

INTRODUCTION
On February 27, 2010, at 03:34 local time, a magnitude of 8.8 earthquake occurred off coast
of the central Chile. The epicenter of the earthquake was at 35.909°S, 72.733°W just offshore
from the Maule Region, approximately 350 km southwest of Viña del Mar as shown in Fig. 1.
In the region of strongest ground shaking, ground accelerations exceeded 0.05g for over 120
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seconds. Over twelve million people were estimated to have experienced Modified Mercalli
intensity VII or stronger shaking including five Chile’s major cities. At least 521 people were
killed, 56 missing, about 12,000 injured, 800,000 displaced and at least 370,000 houses, 4,013
schools, and 79 hospitals damaged or destroyed by the earthquake and tsunami. The total
economic loss in Chile was estimated at 30 billion US dollars.
A residential building in Viña del Mar (Called Building F hereafter) was damaged in this
earthquake. The damage was recorded at site two months after the earthquake and its causes
were investigated by numerical analyses. JAEE (JAEE 2010) reports the pseudo velocity
response spectra for 5% damping in Viña del Mar shown in Fig. 2 (JAEE 2010). A relatively
large peak value of 150 cm/s can be seen at periods of 0.5s and 0.7s.
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Fig. 1 Affected area in Chile Earthquake 2010
(USGS 2010)

Fig. 2 Pseudo Velocity Response Spectra
(h=0.05) in Viña del Mar (JAEE 2010)

GENERAL INFORMATION OF BUILDING F
The information of Building F is taken from U. of Illinois report (Wood 1985). Building F is
a 14 story reinforced concrete building constructed in 1978. Its plan and elevation are shown in
Fig. 3. Total height of building is 37.25 m.
Total weight of the building is 138 MN, the total area of shear walls of first floor is 54.69 m2

and the axial force ratio, N/Afc’ is 0.102. Typical floor area is 930 m2 and wall ratio in X and Y
direction is shown in Table 1. The period and mode shape of first three modes of the building
considering link beams are shown in Table 2
The structural system consists of structural walls with flat slab in both longitudinal and
transverse directions. Structural walls are coupled by relatively deep beams at several locations
over the height. Shear wall thickness was 300 mm (1st-4th Floor), 250 mm (5th-9th Floor), 200
mm (10th-Roof). Longitudinal and shear reinforcement of the walls is 1% and 0.2% respectively.
Slab thickness is 130 mm through the height. The structural walls are arranged almost
symmetrically in plan with the exception of some wall openings that are staggered from floor to
floor. The walls are effectively continuous over height. The foundation is a mat type seven
meters below the grade.
Reinforcing steel type ‘A63-42H’ has the yield and tensile strengths of 412 and 617 N/mm2,
respectively. Nominal compressive strength of concrete is reported as 300 kgf/cm2 for 150cm
cubic specimens and this is equivalent to 25.0 N/mm2 for ordinary cylinders with 100 mm
diameter and 200 mm height
Figure 4 shows the damaged location on the first floor. The numbers of damage description
in Table 3 correspond to those in Fig. 4.
Table 1 Amount of walls

X direction
Y direction

Wall length,
SL (m)
89.90
93.20

Wall length ratio,
SL/Afloor (1/m)
0.0967
0.1002

Wall area,
SA (m2)
25.51
26.28

Wall area ratio,
SA/Afloor
0.0274
0.0283

Table 2 Period and mode shape of first three modes considering link beams
Mode
1st
2nd
3rd

Period (second)
0.731
0.697
0.562

Mode Shape
X-direction translation
Torsion
Y-direction translation

X
Y
(a) First floor plan

(b) Elevation

Fig. 3 Configuration and dimensions of Building F (Wood 1985)

X
Y
Fig. 4 Damaged locations on the first floor
Table 3 Damage description
Location
1, 2, 3
4
5
6
7, 8, 10
9
11
12
13, 14
15
16
17
18
19

Damage description
Wall edge crushed in the vertical direction and vertical reinforcing bars
buckled.
Cover spalling due to compression in the vertical direction. Minor damage.
Cover is about to spall due to compression in the vertical direction. Minor
damage.
Shear cracks next to a window opening.
Walls failed in shear. Supplemental walls on two faces constructed after 1985
EQ came out due to insufficient anchorage.
A plastic hinge formed at the north side of an external staircase at each floor.
Wall edge crushed in the vertical direction.
Too many vertical reinforcing bars were lap-spliced to make congestion and
concrete may not have been consolidated.
Windowpanes were broken.
Wall has horizontal cracks.
Finishing mortalmortar spalled.
Windowpanes were completely taken out probably due to heavy damage.
Finishing mortalmortar spalled. Added column crushed in compression near
the ground.
The wall behind the elevator has multiple diagonal shear cracks.
Wall edge crushed in the vertical direction near the ground.
Vertical reinforcement at edge buckled.
Finishing mortalmortar closed to the ground spalled.

NUMERICAL MODELING
The building was modeled with a frame analysis program “STERA3D” (Saito 2010). The
slab was assumed to be rigid in axial direction and have no flexural stiffness. Ai Distribution,
which is specified in the Japanese code (MLIT 2008), was employed to describe the vertical
distribution of seismic lateral loading. Vertical live load was assumed 3000 N/m2 (Typical),
1000 N/m2 (Roof), 1000 N/m2 (Partition wall) and 1000 N/m2 (Finishing). The stress-strain
relation of concrete is a bilinear model with slope 0.001Ec beyond f’c and that of steel is an
elasto-plastic model.
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Fig. 5 Model of external force and structural system
ANALYTICAL RESULTS OF STATIC PUSHOVER ANALSYS
Most shear walls in the longitudinal direction (X-direction) failed in shear at the basement or
first floor as shown in Fig. 4. Hence, the static push-over analysis was carried out in X-direction.
The load – displacement relation based on the pushover analysis is shown in Fig. 6. Two
curves represent results for models with and without considering link beams. The model without
link beams was computed to compare the lateral load carrying capacity with that obtained from
the virtual work theory based on the identical beam sidesway mechanism shown in Fig. 5(b).
Since the capacities of two models (model without link beams and model in Fig. 5(b)) are
almost similar, the model without link beams was justified. Then more realistic model, which is
a model with link beams, were analyzed and the base shear coefficient at the maximum capacity
turned out to be nearly 0.24.

Fig. 6 Results of static pushover analyses and virtual work theory (North bound loading)
The lateral load capacity based on shear failure mode of walls was computed with shear
capacity formula by AIJ (AIJ 1997) and JBDPA (JBDPA 2005). The shear capacity of each
contributing shear wall was added to obtain the total shear capacity. The base shear coefficient
at the maximum shear capacity was 0.63 and 0.44 for Eqs. (1) and (2), respectively.
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σB is the compressive strength of concrete, σsy is the yield strength of web reinforcement and σsy

= 400 MPa when σsy ≤ 400 MPa, tw is the thickness of shear wall, ps the web reinforcement
ratio of shear wall, hw the height of shear wall and may be taken as the story height. ϕ is the
angle of concrete compression strut and cotϕ =1.0 . lwa and lwb are the equivalent shear wall
depths for truss and arch mechanisms, respectively. pte is longitudinal bar ratio in tension edge
column of shearwall, Fc is the compressive strength of concrete, M/(Q·l) is shear span ratio of
shear wall, pse is the effective stirrup ratio, σwy is the reliable strength of web reinforcement, σ0e
is the axial load ratio of shear wall, be is the effective width of shear wall, je is the effective
depth of shear wall
As shown in Fig.6 the base shear coefficient for beam sidesway mechanism with link beams
was 0.24 while base shear coefficient for shear failure of all shear walls was at least 0.44.
Therefore, the flexure failure mode should dominate from the numerical viewpoint but the shear
failure of walls occurred in reality. The difference was assumed to be due to the dynamic effects.

DYNAMIC ANALYSIS

The strong motion data of the station near Viña del Mar City is not available as of time of
writing but the nearest station with available data is STL station in Cerro Santa Lucia located
approximately 100 km southeast of Viña del Mar City (Fig.1). The strong motion data at STL
station is shown in Fig.7. Three components, North-South, East-West and Vertical, were used in
the dynamic analysis simultaneously. The numerical model with link beams explained in
“NUMERICAL Modeling” was used in the dynamic anlysis. The pseudo acceleration and
velocity response spectra for 5% damping by STL station data are shown in Fig. 8
The dynamic response base shear coefficient and roof drift ratio relation is plotted together
with the pushover analysis backbone curve in Fig. 9. The dynamic paths almost stay within the
backbone curves in both directions.
The distribution of the maximum story drift ratio is shown in Fig. 10 and the maximum story
shear force normalized by the total weight, Qi,max/W, is shown in Fig. 11. The story drift ratio
distribution in X-direction is uniform and the mode shape in X-direction is probably dominated
by the first mode. Very smooth distribution of the maximum story shear force also justifies this
speculation. However, the story drift ratio in Y-direction shows the possibility of higher mode
or torsion effects although the similarly smooth distribution of the maximum story shear force
shows the dominance of the first mode.
The maximum story shear normalized by the floor axial force, Qi,max/Wi, is shown in Fig. 12.
Fig. 12 also has the Japanese Ai distribution by equating the base shear value. The dynamic
distribution is close to the static Ai distribution in both directions. If the dynamic distribution is
dominated by the curve in Fig. 12 for most of the shaking, the flexure dominant deformation
results similar to the static pushover analysis leading to the beam side sway mechanism. Hence,
the shear failure mode observed on site was not simulated at this moment. Further study is
needed to simulate the observed damage.

Fig. 7 Strong motion data at STL station, Cerro Santa Lucia
(www.strongmotioncenter.org)

Fig. 8 Pseudo Acceleration and Velocity Response Spectra (h=0.05) by STL station data

Fig. 9 Base shear coefficient (Q/W) and roof drift ratio relation

Fig. 10 Distribution of the maximum story drift ratio

Fig. 11 Distribution of the maximum story shear force normalized by the total weight

Fig. 12 Distribution of story shear normalized by the floor axial force
CONCLUSIONS

The static pushover analysis and the dynamic analysis were unable to simulate shear failure
of shear walls observed on site. However, the strong motion data near the damaged building is
necessary to closely simulate the damage. It is also necessary to closely simulate the seismic
behavior of slabs and link beams, and soil condition.
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