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A STUDY ON EARTHQUAKE DAMAGESOF TIMBER HOUSING AND
SIMULATION BY THE THREE DIMENSIONAL VIBRATION ANALYSIS

K atushiko KOHARA"®, Yoichiro OHKI? And Kenji MIYAZAWA?®

SUMMARY

The 1995 Hyogo-Ken Nanbu Earthquake caused a large scale of damage on wooden dwelling
houses "!. This damage showed us the necessity of the new seismic design procedures
considering the severe earthquake and investigation on dynamic behavior of wooden structures.
The new seismic design method of wooden structures for a severe earthquake becomes the
focus of researcher's and designer's attention. Our research group conducted the field survey '"
on seismic damage of wooden houses in Kobe, experimental studies of wooden shear elements,
the real scale shaking table tests “* and response analytical study. In this study, the
comparative study and the verification of cause of damage were conducted for the damaged
wooden houses in the 1995 Hyogo-Ken Nanbu Earthquake, the real scale shaking table tests and
slender and narrow dangerous wooden houses which was build in Japan. The static theoretical
investigation and response analysis were carried out on these houses. The results show that
response analysis could simulate the dynamic properties but there are many problems on
modeling of non-structural elements.

INTRODUCTION

The damage of Wooden houses in Kobe showed us the necessity of the seismic design procedures considering
the severe earthquake and study on dynamic behavior of wooden structures. But Japanese wooden frame
constructions are very complicated in structural performance. After the 1995 Hyogo-Ken Nanbu Earthquake,
extreme experimental studies were carried out. The properties of structural performance were made clear '*'.
The share of shearing force with non-structural elements is unbelievable large '**.
eccentricity factor is ordinary very large in according to our disaster investigation'"".

More over, the
One of the aims of this
study is the eccentricity of wall arrangements. Almost all of damages of wooden houses are explicable with
effective wall length, the eccentricity factor and performance of fastener of wooden elements each other.
Many examples which suffered from the severe earthquake and the structural specification were known, were
investigated by the response analysis. But unfortunately almost all of response analysis were linear one.
Therefor, results of almost all of analysis have to restrict the specified scope.
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2. JAPANESE WOODEN DWELLING HOUSES AND INVESTIGATION PROCEDURE

2.1 Japanese Wooden Dwelling Frame Constructions

Fig.1 shows ordinary Japanese wooden dwelling frame Constructions. Wooden braces and wall constructed
by wood lath, mortar exterior (mortar are excluded as structural element) and gypsum board are structural
elements for horizontal forces. Recently, the siding are ordinarily used on exterior wall.

2.2 Seismic Damage Survey'"

Grate many severe damaged houses were investigated. The two types of them were used in this study for to
discover the cause of collapse. One of them was suffered from the 1995 Hyogo-Ken Nanbu Earthquake
within two month after the complete building. The drawing was kept and damage was clearly recorded (see
Photo.1). Another damaged house was built in 1957 (extension work in 1968). This house has the
eccentricity factor of 0.35 and has insufficient wall length (left side in Fig.8). These two houses were
conducted the response analysis by three dimensional linear analysis.

2.3 Narrow And Slender 3 Story Wooden House

According to the situation of land price, dangerous narrow and slender 3 story wooden dwelling houses are
frequently build in a city area. One of them shows Photo.5 and isn't suffered from the severe earthquake.
This building has the eccentricity factor of 0.47. Three dimensional linear response analysis was carried out
to grasp the dynamic behavior.

2.4 Full Scale Shaking Table Test™™

After the 1995 Hyogo-Ken Nanbu Earthquake, full scale shaking table tests of 6 houses were carried out in
Japan. Results of two of them are used for comparative investigation. The shaking table test is three
dimensional shaking, and shaken by recorded strong motion obtained at Kobe of Japan Meteorological

Agency.

2.5 Model for Response Analysis

Table 1 shows response analytical model adopted in this study.

Table 1 Analytical model for response

No. Contents

Three dimensional

1 |Equivalent linear

Pseudo three dimensional

2 |Equivalent linear

One way spring mass dumpeirr

3 |Degrading tri-linear

*) Equivalent linear is secant sttifeness
considering Non linearity.
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2.6 Input Seismic Wave
Fig. 3 shows input seismic wave of Fig.1 Japanese frame Fig.2 Pseudo-three dimensional mode
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3.1 Example No.1
The collapsed wooden house (shown in Photo. 1) was suffered in Kobe

3. RESPONSE ANALYSIS

" has floor plan of Fig.4 and the

structural model for response analysis shows Photo.2. The model is quasi-three dimensional one shown m
Fig.2. The natural periods and vibration modes are shown in Fig.5. The blank circle is the center of gravity
and the black circle is the center of rigidity of each story. Results of response analysis with 3-dimensional
input seismic wave recorded in Kobe are shown in Fig.6. Fig.7 shows the orbits of four corner points on the
roof. Photo.2 is one scene of televised computer graphics on Japan Broadcasting Corporation, is at maximum
response displacement and is shown with magnification of five times.
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3.2 Example No.2

The house of Photo.3 was collapsed to north direction, and had a fatality due to the 1995 Hyogo-Ken Nanbu
Earthquake'’. The effective wall lengths of each direction in this house were 14.34 cm/m’ (N-8 direction)
and 11.47 em/m’ (E-W direction) ; these wall length ratios were 0.43 (N-S) and 0.3 (E-W) to the value
prescribed by 1995 Japanese Building Code. The S32-Model was modelled from this actual house (plan of
left side in Fig.8), and the H10-Model was drastically revised house to conform the 1995 Code (plan of right
side in Fig.8).

Flg.9 shows the three dimensional analytical model of S32-Model; the horizontal and vertical planes and
wooden braces of structure are substituted to equivalent braces with an appropriate stiffness. The lateral
stiffness of braced wall is estimated that story shear strength of a wall is 130 kg/m, and a story deformation
angle is 1/120 rad. Fig.10 shows the natural vibration mode. Fig.11 and Fig.12 show the orbit of response
displacement on four comer points when JMA KOBE 1995 waves (Fig.3) were inputted. Fig.11 is
$32-Model and Fig.12 is H10-Model. The displacement of east-west direction on the south side is larger
than the displacement of east-west direction on the north side in $32-Model.

On the other hand, the response of H10-Model is small and the torsional displacement is negligible small,
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3.3 Example No.3 (3 story slender house)

Many 3 story slender wooden houses are built on small and narrow site in a city area. A 3 story slender
house with drastically eccentric arrangement of bearing walls and without hold-down metal fasteners at the
bottom of columns was collapsed due to heavy earthquake in Kobe (shown in Photo.4) "', The eccentricity
factor of this house was 0.59 for seismic force in direction of north-south with only considering effective wall
length. Although the minimum length of effective wall was 91 cm according to the ordinary desigh
specification, the width of a slender wall on the east side, in which there is a lack of wall, was 50 cm.

The house shown in Photo.5 was constructed in Osaka (not suffered from the 1995 Hyogo-Ken Nanbu .

Earthquake) and the new detestable problem.

Fig. 13 is model for response analysis, but equivalent

horizontal and vertical braces were omitted in this figure. Model 1 in Fig.14 is original plan with the
eccentricity factor of 0.47, and Model 2 in Fig.14 is the revised plan for suitable arrangement of bearing walls
with the eccentricity factor of 0.05. The frequency of st natural vibration mode of Model 2 is two times of
Model 1 (shown in Fig.15). The displacement response of four corer points on roof level of both models

are shown in Fig.16 and Fig.17.
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3.4 Example No.4 (shaking table test: Type A) ‘

The type A of Fig.18 and Photo.6 is one of six full scale two story wooden houses that shaking table tests
were executed in 1995'**. The total floor area of the type A is about 104 m’. The external facing is a siding
finishing. In the shaking table tests, three components of JMA Kobe (see Fig.3) were used. Two
analytical models were adopted as response analysis for comparison with the experiments. One of them is a
degrading tri-linear model of three freedom system that the hystersis model is shown in the right upper part of
Fig.19 and parameters were decided from static experiments. Results and comparisons with experiment are
shown in Fig.19. Response analysis could fairly simulate the hystersis of story shear - story drift. Another
model is three dimensional lincar model as like as Fig.9 and 13. Input seismic wave in the direction of E-D
of the specimen is N-S component of JMA Kobe. Results and comparisons with experiment are shown in
Fig.20. Response analysis could fairly simulate results of experiment except for displacements.
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3.5 Example No.5 (shaking table test: Type B)

The type B of Fig.21 and Photo.7 is one of six full scale 2 story wooden houses that shaking table tests were

executed in 199577,

The total floor area of type B is about 133 mi.
finishing. After the first Phase test, mortar and plaster board was removed (Phase 2) as Fig.2l,

The external facing is a mortar
Three

components of JMA Kobe 1995 wave were inputted to the shaking table as Fig.21, but in response analysis,

only one component of N-S was inputted in the longitudinal direction.

experiments and analysis.

Fig.23 shows the results of

For the results of brace, results of experiment of the Phase 2 is added. The

response acceleration and story drift of the analysis are close value of the experiment, though the axial force

of brace and column are not close values.

The share of story shearing force by braces was 7 % in

experiment of Phase 1 and 12 % in Phase 2. The share of story shear by non-structural elements was
extremely large. Therefor, investigation on non-structural elements is very important.
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4. CONCLUSIONS

From the earthquake damage investigation, shaking table tests and response analyses, the following
conclusions can be drawn.

1) From the earthquake damage investigation, causes of damage of wooden dwelling houses were a lack of
effective wall length and performance of fastener, and a large value of eccentricity factor.

2} From the shaking table tests, conventional wooden houses with suitable fastener wouldn't collapse by
severe earthquake like as the 1995 Hyogo-Ken Nanbu Earthquake.

3) Even the linear response analysis could simulate the dynamic behavier of torsional vibration, and is
effective procedure for a structural planing. In this case, estimation of equivalent braces is very important,
Reduction of axial stiffness of brace by the fastener and non-structural elements should be considered based
on experiments.

4) Degrading tri-linear model could fairly simulate the story shear force - story drift relationship of shaking
table test.

5} To grasp the properties of each stress - displacement relationship of elements and parts, three dimensional
model with each element of degrading tri-lincar are desired. '
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