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SUBJECTED TO EARTHQUAKE
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1 INTRODUCTION

In Japan woodéen construction is a traditional one dating back 2000
years and about 90 percent of present Japanese buildings are consiructed
of wood. Therefore, almost all damage to buildings caused by the severe
earthquakes in the past was damage to buildings of this type of comstruc~
t}on and there have been made extensive investigation in this connection

from which the features of damage to the buildings have been clarified.

Construction of Japanese Wooden Buildings. The typical construction
of Japanese wooden buildings is described below. :

1) The column and horizontal member composing the frame are connect-—
ed with each other by skilfully made tenon joints as shown in Figs. 1 and
2, and no metal connectors such as bolts or steel plates are, in general,
employed in the construction. Diagonal bracings are not so extensively
used, although their use as a means against earthquake forces bas gradua-~
1ly increased during these thirty years.

2) The wall panel is usually the so-called "Shinkabe" which is made
by covering bamboo lath peculiar to Japan with mud plaster and is thinner
than the pillars around it; sometimes the wall is finished with Japanese
style wooden sheathings. In recent years, foreign style wooden sheathings
finished with mortar over metal lath have come to be used. This type of
wall is called "Okabe"™ in Japanese.

3) The roof materials of buildings are Japanese tiles, cement tiles,
asbestos cemente slates and metal plates, and thatched roofs are sometimes
seen in the rural area. The weight of a heavy roof is about twice that of
a light roof.

Characteristics of Earthquake Damage. The typical features of earth-

quake damage to wooden buildings are as followss

1) At the joint connecting the column and girder, the failure usually
occurs as shown in Figs., 1%%* and 2, accompanying the falling of finishings
as shown in Pig. 3. As the inclination of the structure increases, its
restoring force against distortion decreases due to the structural deteri-
oration and roof weight and finally becomes negative, which results in the
complete collapse of the building as shown in Fig. 4. 4

#* Building Research Institute, Ministry of OOnstruction, Japanese
Government

#*Pigs. 1, 2, 3 and 4 were kindly offered by courtesy of Architectural
Department, Faculty of Eng., and Earthquaka Research Inst., Uniy.
of Tokyo.
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2) 1In case of two story buildings, the first story structure usu-
ally suffers more damage and it is often seen that the lower structure
falls down on the ground while the upper one survives the earthquake

shook.

3) Barthquake damage to wooden buildings is considerably. influ-
enced by the ground on which they stand, and, in general, the softer is
te of damage to the buildings. Fur-

the subsoil, the greater is the ra ;
thermore, the damage due to differential settlements of foundations is
observed Tor the wooden buildings standing on soft ground.

4) S1iding of the building &8 & whole is sometimes seen when there
are no anchor bolts oconnecting the sill to the foundation. Also, the
damage to supersiructure is often observed when the foundation comstruc-

tion is poor to resist seismic force.

5) The relation between earthquake damage to wooden buildings and
the maximum acceleration of ground motion obtained from several past
large earthquakes is as followss2/

0.1gs oracking and falling-off of the wall finishings.

0.2gs slight distortion of structural frame with some
deterioration of the oconnecting joints.

0.3g: most houses inclined, a few collapsed.
0.4g: most houses destroyed.

Vibrational Characteristics of Wooden Buildings. Dynamical behaviors
of wooden buildings obtained from past inveatigations are summarized below,

1) Fatural periods in small amplitude. vibrations are gemerally in the
range of 0.18 to 0.4 sec for one story buildings and of 0.25 to 0.6 sec for
two story bnildings.'hm“ variations are due to the roof weight and
structural rigidity which mai de d t i
hitrpsigridr sl : nly depends on the quantity of frames with

2) !‘ho natural periods mentioned sbove increase with the a li;bud'
of vibration, amounting to twice to three times the said a3 *
? ‘ : riods in the
case of large amplitude vibrations. : pe ?

3) During earthguakes the buildi ' ir .

, ngs vibrate with their fundamental

g::im and their amplitudes become large when those periods are close to
Fredominant periods of the ground on which they stand,

4) Practions of critical dam ;
ri ping observed in small 1itude wvibra-
‘tim of wodmbnﬂdim are in the range of 0.05 to Cl.l;li'-p

m& ;‘ ';il'm i‘m that the damage of wooden buildings due to
is evidently high Wm:e ated with ground conditions and the & rate
oot o . There ihe slluvial soil is deeply deposited3). This
MNW“ pgs. ttributable to two reasons: (1) because of the charac-
. L ground that the periods of vibration extend over quite
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a wide range without a distinet predominant period and the ground motion
lasts for a long time; & building contimes to be in a state of quasi-
resonance with the ground even after it has been partially damaged and,
consequently, its natural period has been lengthened, and (2) becesuse of
the insufficient bearing capacity of the ground, a large differential
~settlement takes place at the foundation of the building so that it in-
duces excessive stresses in the superstructure which accelerste the col-
lapse of the building.

- In the following, the damage rates of wooden buildings in the Fukni
Earthquake of 1948 and the Great Kanto Earthguake of 1923 will be review-
ed from this standpoint and will be presented as an evidence of the inter—
relationship between the earthquake damage and the ground conditions.

Fukni Earthquake. With respect to each of 60 villages in and around
the Fulkui Plain, the damage rate of wooden buildings, i.e. the ratio of
the mumber of collapsed buildings to the total number of existing build-
ings, was investigated and the ground conditions of all investigated vil-
lages were divided into four categories:

I. Entire village is located upbn the Alluvium

II. Approximately one-half of the village is located upon the
alluvium and the other half upon the Bed Rock

ITI. Bed Rock, geologically older than the Tertiary
VI. Sand Dune '

The distance from the epicenter to each investigated village is in
the range of 3.1 to :.IZ 5 ¥m and, with respect to the Fukui Earthquakse,
another investigatio ) revealed that the relation between the damage .
rate and the distance from the epicenter could statistically be given by
the equation

y = 1800R~2.26

Then, in accordance with this equation, the damage rate in -each vil-
lage has been modified as if it were at the distance R = 7.5 km from the
epricenter in order to eliminate the effect of the distance. If the damage
rates thus modified are plotted ageinst the four categories of the ground
condition, Fig. 5 is obtained.

The exact distribution of the depth of the Alluvium in the Fukni
Plain and geotechnical properties thereof are not known. Nevertheless,
Fig. 5 shows an evident tendency that, in general, the damage rate upon
the Alluvium is far larger than that upon the Bed Rock, and that the
damage rate in a village located on the Sand Dune is intermediate between
" the Alluvium and the Bed Rock.

Great Kanto Earthquake. Information on the number of wooden build-
ings in every block of Tokyo city collapsed and so heavily destroyed
beyond any repair by the Great Kanto Barthquake is made available from
the report of survey written by T. Mctsuzawad), and by taking the ratio
of these buildings to the total number of existing buildings at the date
of the Earthquake the damage rate in each bolck has been determined.
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On the other hand, for information on the thig ess of Alluvial
deposit under each block, the Subsoil May of Tokyo™/ has been resorted
40. The Alluvial deposit in Tokyo area consists of sandy, silty and
clayey materials and is highly varied, and mechanical properties there-
of are in the ranges shown in the following Table.

Sandy Silty Clayey
Wumber of Sample 130 9C 99
Cohesion (kg/om2) | 0,06 - 0.26 | 0.12 = 0,34 | 0.09 - 0.35

Angle of Internal - - -
Priction (degree) 14 - 33 6-21 2-8

The total mumber of blocks, with which both the damage rate and the
thickness of Alluvial deposit have thus been made known, is 1,464, Then,
by sorting these data into intervals of 5 m of Alluvial thickness and by
computing the averages of the damage rate and the Alluvial thickness with-
in each interval, small circles in Fig. 6 can be obtained.

Prom Pig. 6 it will be seen immediately that the damage rate increas-
es8 with the increase of the thickness of Alluvial deposit and, where the
thickness exoeeds about 30 m, the damage rate shows a tendency to inecrease
rapidly. If we assume an equation of the type y = abX + © for represent-
ing the relationship between the damage rate and the thickness of Alluvial.
deposit and determine unknown constants by the method of least square, the
following equation can be obtaineds

¥y = 0.982(1.086)% + 0,26

Recently, H. Kawasumi has made an analysis to disclose the effects
of individual, constituent layers of the Tokyo subsoil to the magnitude
of seismic coefficient, and found that the effects of the }ayer of peat
and the artificially filled top-soil are most remarkable,! ’

3 RELATION BETWEEN EARTHQUAKE DAMAGE TO WOODEN BUILDINGS AND QUANTITIES
OF FRAMES THERETW '

In the great earthquake of Fukui of 1948, the authors ‘investigated
the relationship between the earthquake damage to wooden ‘bg}ldinga and
the gquantities of framings with walls or bracings therein. . The total
mumber of houses investigated was about 70, including one and two story
build;w whiéh were situated in and around Fukmi City. They stand on
deep Alluvium deposit and suffered severe shocks, especially in N~S di-
rection, which caused various degrees of damage including slight and
severe damage and complete destruction.

The results of investigation are shown in Fi
g8. 7 and 8. These
figures indicate the correlation between the features of damage to wood-
en h;;.ldings and the load ocarried by unit length of frame with wall there-
in, classified according to the kind of wall and ite loocation in story.
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In making those figures, the frames having diagonal bracings or walls
with openings are valculated in terms of full wall panels; the rates
follow the results obtained from static tests which are shown in Table
3, Although these figures represent considerable scattering, they lead
to the following remarkss ‘

1) The degree of damage increases as the load carried by unit frame
length inoreases.

2) "Okabe" iz expected to resist larger earthquake force than
“Shinkabe®., ‘ :

3) The lateral force resistance of frame with wall located on the
first floor of a two story building seems to be greater than that in one
story building. :

4) In the Fukui Plain, shocks in N-S direction might be stronger
than those in E-W direction.

5) If the load carried by unit length of frame with "Shinkabe" in
completely destroyed houses is assumed to be 300 kg/m or 540 kg/6 ft,
the acceleration imposed on those houses might be in the range of 0.4 g
to 0.6 g which can be estimated from Table 2 or Fig. 19.

4 STATIC AND DYNAMIC TESTS ON FRAMES WITH WALLS OR BRACINGS
n = .

It is considered that the principal lateral force resistance of
‘wooden buildi csnos from the frames with walls or bracings. Therefore
several tests9) 10) 11) uging models have been carried out to study the
static and dynamic behavior of those resisting elements, but no experi-
ment on full size frame with vertical loading has been made so far. The
parpose of this testl2) is to reveal the aseismic properties of the resist-
ing frames which are commonly used in this country, using full-scale onss
under real condition. '

Prames with Walls or Bracings Tested. In Table 1 are listed all frames
tested. Each pair of those was erected on & concrete floor and the weight

oorresponding to average vertical loading was imposed on the frames as
shown in Pigs. 9, 10, 11 and 12, The estimated vertical loads are 720 kg foz
6 £+ length frame, 1000 kg for 12 £t and 480 kg for 3 fi, respectively.

Static Tests., Horiszontal racking load was alternatively applied to
the beam connecting the tops of two frames erected in parallel up to the
failure. Some of the results showing the relationship between horizontal
load and distortion of the top of frame are illustrated in Figs. 13, 14,
15, 16, 17 and 18, From the test results, the relation between load and
distortion for each frame is shown in Fig. 19, The correlation between
dissipated work during ome cycle loading and distortion of each frame is
indicated in Fig. 20. The results of the static tests are summarized
below.

1) The cracks of the wall finishings develop, in general, when the
top displacements of the frames reach about 4 cm and then the finishings
gradually fall off. A diagonal bracing with narrow section suffers buckl-
ing failure whereas one with wide seotion makes compressive failure of
ad joining lumbers at both ends. '
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2) The strength of a frame with wall above the picture rail is
about one-fourth that with full wall panel.

3) The strength of a frame without any bracing is very small and
cannot be expected to Tesist earthquake force.

4) The strength snd rigidity of "Oksbe" are larger than those of
"Shinkabe", and the superiority is based on the horizontal wood sheath—

ing with nsil jointis. .

5) The effectivensss of diagonal bracings is proved. Care should
be taken to prevent their buckling failure as well as the compressive

ocrushing of their ad joining lumbers.

§) The rigidity of a frame with wall panel is roughly proportional
to the square of its length, i.e. the distance between two columns compos-

ing the frame.

7) A4s for the dissipated work during one cycle loading, the. frames
with diagonal bracings represent large value in comparison with other
ones, and, in generai, the energy to be absorbed by "Okabe" is larger
than that by "Shinkabe®.

¢ Tests. Free vibration tests of the frames were carried out
at verious loading stages during the static tests. Under alternating loads
in the plus and in the mims directions, how the natural periods of the
frames become longer with the increase of the amplitudes is shown in Fig.
21. Furihermore the relationship between equivalent fraction of critical
damping and ratio of load to its maximum value is shown in Fig. 22. The
results obtained from vibration tests are summarized below.

1) 1In general the natural periods of "Oksbe" are less than those of
*Shiksabe™,

2) The natural periods of frames with walls or bracings increase
with the amplitudes of vibration. In case of "Okabe" the ratio of increase
reaches twice to three times the periods for smaller amplitudes but it is
not so remarkable in "Shinksbe™. The natural periods of frames having
bracings do not vary remarkably through the tests.

3) The equivalent fractions of critical damping of "Shinkabe" are
in the range of 0.25 to 0.1, decreasing with inorease of amplitudes due
to the falling of infilled md-plaster. On the other hand, the equivalent
fractions of oritical damping of “Okabe" increase with amplitudes due to:
the properties of nail joints for wood sheathings, ranging 0.1 to 0,3.
Those values of frames with bracings are generally small and less than O.1.

.5 _CONSTDERATIONS AND PROPOSAL OF ASEISMIC DESIGN

Permissible loads. The horizontal loads to be allowed for frames
should be dertermined by considering the features of damage permissible
which is considered as the falling of finishings after oracks develop.
These loads, from the resulis of static tests, correspond to the dis-
Wﬁ of 4 ?l‘h:t the tops of frames, i,e. the angular deformation

mraﬂian.m u 8 permissible load for each frame will be obtained
Mof ‘i , shown in Table 2, and the equivalent value per unit length

frame is shown in Table 3. Purthermore, the relative rigidity of each
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frame is also shown in the last column of the same Table.

Story-rigidity in Two Story Buildings. The foliowing load per unit
floor area including both dead and live load is considered, on an average,
to participate in the vibration of buildings during earthquakess

Light-rocfed Heavy-roofed
Roof level 100 kg/m2 150 kg/m2
2nd floor of
two story bldg. 180 180

Now consider a two-mass—system which has mass M and rigidity kp for
the second sto and 1.5 M and k3 for the first story, respectively.
Assuming 2 kp = 0.3 sec and each fration of critical damping with
respect to first or second mode is equal to 0.1, the elastic response of
the system can be obtained from the velocity spectrum of an earthquake.
If the displacemeﬁt of each story is calculated by using average velocity
spectrum curvesl and the ratio of the story rigidities which produces
equal relative distortions are sought, the relation kl/ke = 1.75 will be
obtained. This means that in the first floor of a two story building.
larger quantity of frames should be required than in the second story
but it results in larger load carried by unit frame length in the first
stor%. This is not inconsistent with observed results shown in Figs. 7
and 8.

A Proposal on Aseismic Design. From a viewpoint that earthquake
foroce resistance of a wooden building comes from frames with wall panels
or bracings and based on the principle to restrict the damage within a

"small limit, a proposal on earthquake resistant design of wooden build-
ings is presented here., In this case the coupling effect of the structure
and ground should be considered.

In the 1948 FPukui Barthquake, the city situated on thick Alluvium
deposit and near evicenter suffered severe shocks, the maximum horizontal
acceleration of which was estimated to be over 0.4 g. In the great earth-
quake of Tokyo in 1923, the maximum horizontal acceleration estimated was
0.2 to 0.25 g at the downtown area on the Alluviam and O.1 to 0.15 g at .
the uptown area on the Diluvium. Wooden buildings standing on the Tertiary
Bed Rock suffered least damage, generally speaking, as had been observed
in the past earthquakes. If the ground condition is classified into four
kinds as shown in Table 4, the range of each predominant period is consider-
ed to be as shown in the same Table.

The response of wooden buildings to earthquakes depends on the vibre-
tional characteristics of the ground and dynamical properties of the
structure. To avoid the quasi-resonance during earthquakes, the natural
period of a building with its .elongated value should be taken not to
coincide with the predominant period of the ground. On the other hand
it has been proved that the natural period of a wooden buildjng 39 mostly
governed by the quantity of frames with walls or bracings.
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In the Fukui Barthquake, it is seen, from Fig. 7, that the maximum load
carried by unit length of frame which restricted the damage to slight
inclination of the building would be 300 kg/m, i.e. about 30 om/m? for

a one story building with light roof and about 45 em/m2 for one with heavy
roof. Based on those values and considerations indicated above, the
following method of aseismic design of wooden buildings is proposed s

1) In wooden buildings the quantity of frames with walls or brac—
ings (the length per unit floor area) indicated in item 2) should be
provided in s well balance in each principal direction to withstand earth~
quake force. In this case the effective length of each frame should be
calculated by mltiplying its real length by the rate shown in Table 3.

The required quantities of frames in wooden buildings are as
followss ’ .

a) For buildings on Kind 4 grounds Alluvium, 30 meters or more in
thickness, made-land or swampy ground,

Light-roofed, Heavy-roofed,
in om/m2 in @

One story bldg.
or 2nd floor of 30 45
two story bldg.

1st floor of

two story bldg. 50 75

b) PFor buildings on Kind 3 ground; Alluvium, less than 30 meters
in thickness,
4/5 times the values shown in the Tsble

¢) For buildings on Kind 2 ground; Diluvium,
2/5 times the values shown in the Table

d4) PFor buildings on Kind 1 ground; Tertiary or older strata,
1.5/5 times the values shown in the Table |

The natural periods of wooden buildings which have the quantities
of frames with walls or bracings prescribed above are considered to be
in the range shown in Table 4, where the period during severe earthquakes
is assumed t0 be twice as long. Considog}ng the quasi-resonace effect
which amplifies the ground accelerationl s the earthquake forces to be
imposed on structures are generally considered to be in proportional to
the quantities of frames prescribed above. ‘

Comment on ths Ja se Building Code Requirements. The principle
and method of the present Japanese Code ncquirementaﬂs ooincide with
those presented t.by the authors in the preceding paragraphs. The required
quantity of framings in the Code is generally the same as that proposed

by the authors for wooden buildings on firm ground.
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However, value required by the Code for buildings standing on soft ground

are sbout 2/3 to 1/2 of those proposed; the former values should be in-
oreased up to these values if the damage is 10 be restricted within a
emall limit., With respect to the strength rate of each frame, there are
some over-estimations on the frames with bracings in the Code, as can be
seen in Table 3. .

6 _CONCLUDING REMARKS

In the present paper, the authors investigated earthquake damage to
wooden buildings in connection with the ground conditions and quantities
of frames with walls or bracings therein, from which principal lateral
force resistance came. On the other hand, static and dynamic tests on
such frames of full size were carried ocut to reveal their seismic behavior.
The results thus obtained are as followss

1) The ground conditions under wooden buildings influence the earth-
quake damage to a great extent and the softer is the subsoil, the greater
is the damage to the buildings. When the thickness of Alluvium under build-
ings is 30 m or more, significant demage is observed.

. 2) The earthquake damage to wooden buildings is related with the
quantity of frames with walls or bracings provided and the damage increases
with the decrease of quantity of frames.

3) From the test results, it is proposed that the angular distortions
of frames against earthquake forces be permitted within 1/75 radian, at _
which they represent the resisting force indicated in Table 3. Furthermore,
the prolongation of the natural periods of resisting elements and the vari-
ations of damping and absorbing energy in relation with the increase of
amplitudes were obtained for each frame as shown in Figs. 20, 21 and 22,

4) The tests proved that the frames with wall panels having horizontal
sheathings or diagonal bracings are highly effective in comparison with the
frames with Japanese walls of mud plaster over bamboo lath.

Thus, based on the results of investigations and experiments, an
aseismic design method for wooden buildings which requires certain
quantities of frames with walls or bracings is proposed. The required
values vary according to the roof weight, story where the frames are
located and conditions of ground on which buildings stand. Also, some
comment is given concerning the aseismic regulations on wooden buildings
prescribed in the present Japanese Building Code.

ACKNOWLEDGEMENTS

The authors desire to express their deep appreciation to Professor
H. KAWASUMI of the Earthquake Research Institute, University of Tokyo
and Professor Y. SAKABE of Fukui University, for their kind assistance
given to the investigations of earthquake damage in Tokyo and Fukmi.
Thanks are also due to Mr. K. NAKAGAWA, Building Research Institute,
Japanese Government, for assisting the authors in the experimental program
and to Profeéssor H. UMEMURA who kindly helped to prepare the pictures of

damaged building.

2101



K. Takeyama, T, Hisada and Y. Ohsaki

BIBLIOGRAPHY
1) Bulletin of the Imperisl Earthquake Investigation Committee,
Japan, etc. :

2) R. Sano and T. Taniguchis "Barthquake Resistant Construction
of Buildings,” Iwanami Shoten, Inc., 1934 :

3) C. Martin Dukes Effects of Ground on Destructiveness of lLarge
Barthquakes, Journal of the Soil Mechanics and Foundation Division,
Proceedings of the American Society of Civil Engineers, August, 1958

4) Report of Survey of Damage by Fukui Barthguake, II. Building
Division, the Special Committee for the Study of the Fukmui Earth-

quake, 1950, p.58

5) T. Matsuzawa: Intensity Distribution Reduced from the Damage
of Wooden Buildings, Report of the Imperial Barthquake Investiga-
tion Committee, Fo. 100 (i), October, 1926, p.163

6) G. Xitazawa, K. Takeyama, K. Suzuki, H. Ohgawara & Y. Ohsakis
"Subsoil Map of Tokyo", Gihodo Inc., 1959

7) H. Kawasumi: Bulletin of the Earthquake Research Institute,
Tokyo University (in preparation)

8) Report of Survey of Damage by Fukui Earthquake, II. Building
Division, the Special Committee for the Study of the Fukui Earth-
quake, 1950, p.219 ’

9) T. Taniguchis Analytical Investigation of Damping Factors of
Various Building Construction, Part 3, Wooden Construction, Trans-
actions of the Institute of Japanese Architects, No. 13, April, 1939

10) E. Tanabe, C. Katuta, K. Goto and M. Kikutas Tests on Earth—
quake Resistant Timber Construction, Transactions of the Institute
of Japanese Architects, No. S, March, 1937, No. 9, April, 1938,
Fo. 13, April, 1939

11) T. Kono: Experiments of Shearing Resistance of Wooden Walls,
'{;;glmion of the Institute of Japanese Architects, No. 8, February, _

12) 7. Hisada: On the Resisting Strengths and Properties of the

Walls in Wooden Buildings, Transaction of the Institute of Japanes
Architects, No. 42, 1951 ° ° panese

13) G. W. Housner: Bebhavior of Structure . |
8 during Earthquakes
t::;u of Rnginnring Mechanics Division, Proceedings of the’
can Society of Civil Engineers, October, 1959

14) T. Ssites Study on Vibx-atign of Wooden Buildings, Report No. 1,

i‘;;l.; Committee, Japan Society the Promotion of Science, December,

2102



Behavior and Design of Wooden Buildings

15) M. Suzuki and R. Shojis Seismic Properties of a Wooden House,
Part 1, Bulletin of the Earthquake Research Imstitute, University of
Tokyo, No. 34, Vol 4, 1956

16) H. Tajimi: Basic Theories on Aseismic Design of Structures,
Report of the Institute of Industrial Science, University of
Tokyo, Vol. 8, No. 4, March, 1959

17) Building Standard Law Enforcement Order, Chapter III, Section
3, Article 40-50, Revised, Jan. 1960

NOMENCLATURE

R ¢ Distance from the epicenter in kilo-meters

¢ Thickness of Alluvial deposit in meters

¢t Damage rate in per cent

¢ Horizontal racking load on frame in kg

¢ Horigontal distortion of frame in cm

¢ Ratio of horizontal racking load to its maximum wvalue

8 Dissipated work in frame during one cycle loading in t.mm

B s H M"Y N

s Period of frame or building in sec
he 3 Equivalent fraction of c¢critical damping
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