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sarthen housing is the malin kind construction of residential
and public buildings in rurzl area o¢f south and scuthwest China.
In this paper, the damage 0 earthen buildings and lessons Ifrom recent
China's strong earthquakes, the aseismic design requirements, the
mechanical characteristics of earthen materials and elements,
the testing work on earthen housing are described. It shows that the
earthen buildings can bve used in seismic region provided the
buildings are consistant with the requirements of aseismic design
code,
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marthen housing is the main kind of coastruction for
residential and opublic buildings in rural area of the
south, the southwest and the northwest China. In this
paver, the damage to earthen vuildings and lessons
from recent China's strong eartnouakes, the aseismic
design recuirements, the mechanical characteristics of
earthen materials, as well as the testing work on full
scale earthen housing are described. It shows that the
earthen ouildings can be usec in selsmic region
provided the buildings are consistant with the recguire-
ments of aseismic design code.
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Tartnen acusinzg is vicsly used for resicential arc zu c
ir rural area of the soutn, the soutnwest anc tne ncrihwest CZhirna.
It has had trousanc years aistorical recora.

sinzgle story builldings. A few esrthen ovuilding to four stories,
have veen coastructed in score cities anc towms. lhe earthen walls
alsc usea as cladding walls in some industrial Iactory ouildings.
The earthen cave awellings are used ir loessic region of the north-

west Cnina,

The Yunnan Tonghal Zarthcuszke of January 5, 1970, was one cf the
remarkable seismic svents experienced in rural area of China in
recent decades. The main shock had its evnicentire near Tonghal
county town of Yunnan Province. It had a Richter magnitude oi 7.7.
The focal depth of this event was about 1 3km. The peax intensity
was over gracde X acccrding to the Chinese Seismic Intensity Scale
which is similar to the Modified Mercalli(MM) scale. The Isoseismal
ires of the event are showmn in FIG. 1 (1). The intensity in Osan
county town was grade IX. There were many earthen bulldings in Osan
ccunty. However, the vullcdings that existed there belfore the earth-
guake were not desizned to resisi the vertical anc laterzl loads
oroduced by strong ground moticn. Marny earthen walls and builaings
damaged or collapsed, but some of them still stood well. The
authors inspected survived walls and buildings and get a lot of
usefull ideas,

In this paper, the damage to earthen buildings anc lessons Ifrom
Tonghai eartaguake, the aseismic design requirements, the mecha-
nical characteristics of earthen materials, as well as the testing
work on full scals earthen housing are descrived. It saows that
the eartnen builcinzs can be used in geismic rezion provided the
tuilcings are consistant with the requirements cf aseismic design
code.
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we stliries Ti-ver fra.e tulilcding in Chisnese tyne., In "hich, tota

C
le zacle vall end lonzitudinal ezxtericr zuobe wzlls vere built
he ray tlec oy soccen ring beaxss walcn was not c¢cnnectoed with
C t tne eaves level, tne two zur

o
FoArrenzer 80 thst they were cazabl:z Lo press tnz ton o0 tne

mcobe 211 fros Yota sices (FIG.& ). The heiant of the gzole w=all
attain . Altnouwn the zzole wall ves socsvinat COnvVeX cui-

<. The ofrice tullcin: of Osan county tovn was bullt 28 ¢f Chinese
type 0f taree tay, tve stories woocen Iframe cvullcing vitn zcobe
cladaging walis. The tvo purlins were srranged on voetn sices of the
front extericr wall =t the eaves level for holdin_, the tcyp oI tae
vall, The tvo riag teaus were clsced in che alddle gart of tne
walls, The surraces of walls were onlssierec wilth oixtare of aoud
zrcé strat (ZIZ.7 ). As the result ol .occse colains waolca wers sle-
ced on stone rfootings of LOcx high [ell c¢owvn in thne sartnacuake,

]

tie builcing inclined. Although the wall tiitec, it still stooc.

-

?. The house belonginz to procuctive trivac
towm was a two stories wocden frame bullcing in Chinese tTyme and
vith cladeing adohe wal_s, The front wall, held by nurlias at its
ton, was 45cu thick, 51 wide anc 4.9m hich. A log of 10c¢ca in dia-
ceter was instelled in the wall at tne level 0f 3.3. niga. The

wall was plastersd witn aixture of auc zrc stiraw, and stocd el

vy

fter the zartiacuaks.
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cer Iranme duilcding. The’ Zacle wall of the builcdico : was -Ccm taick,

5.2mhish, ana plastered with aixture of asuc anc stravw snce {inishec
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toouzn tre ~an_e well ¢l iz zulleirns collarzsed, tne lorg . Tici=-
n-~l extericr v2llc gtill stoed.

2. The varzrl.se ¢ 2riouctive 2rigscde (C.oe of Csawn county torm
veg 3 Nhiregs Lvne, sSliocls Storeoy tizber frezsc Dullalin, with »ooce
cleccin clls. The esveg Lev.l vas 2.43a anlia. Toe tor of tine
gsurrour<in s vells hnecd heen nel: bty suriins. Ine velie were nlas-
terzc ith idrture o auc zn. stravw., There wers twi lon. iw.clnel
tie rogas to coanect t .2 ¢oluuns, and tarocusga tosn the cuiledn

was UTlisc togstrer Lo resvponc as & unit., The fron. citerior wall

nat s galeg esnc taree sua2ll dncevs. The dlae.sion ol sact zate
anc vincar was sbout 2C0cm by z10cm anc 11Cc. ©y SCC 1 resnectively.
The rear eaxterior leonsitualnel wall hea onl; three sasll windows.

A 2l ezrtihcualie, it vas founc thet excent
gmellin  or the zavle welle, 212 ciners sustalied

Y.It nas been found Lot tne aeeting nall of -roou
0.1 of Csan county tewm was intzct. Thals buillding

of two st:.ries Chinese t;ps tiuber frame, wihl na
tne strong esrticuaks occured 57 years agc. The ad
walls =»lastered vith nlxture of rud and straw were

first story, and being tanin at its ton but tid
{(TIG.5). The wall
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nart . € 0o the second story =ere

2ilve brisace

Tas built as

2t its lower

made QI hoard,

. Louse 01 a colaune uesber oI wrouuctive brizsde Q.1 of
Cgarn county tovn was s sinsle £tory frame building with earthen
rooi an. it infilled sdote vellis (TIG.z ). After taz sarta-
cuake, tois nouse incliucding 2¢0%e wells wes fourd still in -coc
conuition,



- voonin Lme ocden 2e buil
inc, iz Jocetaed in Jizonle wvillzge of Ziacjie coxuune. Trnere vere
Tovr Trznas 1z waotal, Lftsr zooticiaRe, L. T&Z fs.nd thet tires ¢f
“s2 inglined, mnile ore inJilled zcote vall as 2 Cable sustaLnsd
curino tne ezrihousbe znc had re-sired in Zrover ~csition just
since trere was a in:illsc acooze wall in tze fra-e. The ouse as
a wsele cidn't collanse, beczaise oI the fact that tihe uninclining
fraze tisd thz otrer frezzes.

2, A raoned fercing wall of a height by £ locatingzg in {izo ie
village of Xiaojlie commune n=d stirenginenec vith 7»=21boo reinfcor-
cernent =2t corners of tae wsll, "Anor cCrackins as tagen nlacce at
corrnors durin. T..e ezri .cuarze, dut thne yall cilan't ¢ollanse.

0. Tn o marerouse of Csan county towvn, a adobe fescing wall cf

long had been

L

oy »ud with straw, and fiziened by lime-wni
both side 1Ccx taick rivs o

stood after eartinguake excext

at lower part of the wall.

Trom avbove sxannles, 1t follows that:

"o

1. measures are recormaended to be

collanse of non-load-bearing adobe walls in

Tollowing

— TInstalling timber ring beam tiea tc tne

connecting rodés.

—— Utilizing purlins at the eaves level to

adobe wall,

— TDesizning the wall yith varied cross se

"

ower thick.

—— Addin: ribs or butiresses Lo adone

nlastered both sices
te aixture, and nad

f L3 svecicg. This fercing wall still
_ = (=]

fthere occurred horizonial benit cracks

taken to »revernt

selegmic zZones:
vrocden

columns with

nold the top of the

and

¢ction, tain
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— Tecreoase dlvuension of aserfures (2.7, gates anc wincows).

2. The adote wall infilled within a tinber frame can incresse

tne leteral carticuake resistant capaclty of the frame and srevent
collapse of the house.

2. The adcbe walls can oe used in egrthguake-nrone areas »rovided
necesgsary aseisaic leasures are taken.

ST GLZ STCZY ZUTILETINGS

For the sirgle story earthen housing, the vwalls generally are the
rarmed eszrthen walls or the walls laid with adobes. The thickness
of the walls 1s 2Cca to 5Cecx, and the height of eaves is about
>7n. The purlins are directly suvported on the earthen wall. The
ro0f mzy e coversd by suc, tiles or straw. This kind cf building
is scnematically 11 ustrated in 7IG. 7.
The recent China's des*ructive eartncueke had skon thati tre ver-
formance of earthen nou51ng which is not specially design

e
oy the aselsmic design code can be summarized as below in the
eartngqueke.

—— In the area where seismic intensity is VII, the light damage
was found. The small cracks were taken place on tne intersections
of the walls and the corrers of the windows and dcors only. The
pulldinzs are not need to revair anc still could be used.

—_— In 7
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]
L
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wnerc seisgwic inteasity is I
soderate or severe. Some exterior walls wes=e tiliszsd to cutside.

Scre walls vwere cracksd or collansed.



1., The house of Osan Hotel was dvullt as a single storey building
with lozd-besring =zdote walls. The walls belng suprorted by rub-
tle footing with its top a2t level 30c.» above the ground. The
height of the eaves was akout 2.9:, the trnickness of walls 3Cc-,
tne wiuth of tne tullding in plan +.52 and the lexigth of each bay
%3.38m. A timber ring veam was installsd at tne level zbove the
window ancé iour logs wers iunsertea into two adjacect zgazble walls
at tne celling level., It was found after tre eartihquake tunat the
wall cracked vul botz the walls and the roof didn't fall cown
Those beside it, however, z multi=-storey bullding of timber
structure witn triangular roof trusses anc columns partially col-
lapsed, ana another multi-storey bullding +ith ti.uber roof trus-
ses, brick cclumns anc adobe infill walls was severely cdamaged.

Z, & acrmitory house loceting 1z Csan County towm which was
Duilt as a2 single stcrey and &lngle bay earthen house of 41 B2y
Z.7m in plan and

eartnguake that there were.cracks on the eartinen walls, but the

heizght ¢of tne eaves 2.9m, was found after th

house didn't collavse. Beside this house, the vpartition walls
of a singls storey building of brick tianber structure severely
damaged witn cracks as wide as &cu.

%. A factory bullding was constructed with load-besring earthen
walls, 49 x 4Scm load-besring brick columns and trianglar tiaber
roof trusses. Dimensions of the bullainzg: 38z in svan, 4m in ezch
vay, LOm in total length, 3.5x1 as the height of the eaves, 20cn
as the heizht of tne stone footing above the grounc, anc 32¢x

as tae tniceness of eartinen wells. The eartnen walls were tlas-
tered with muc and straw. It was found after the eartacuake thnat
eartnen walls sligatly craczed anc only tze acdobe walls undernes-
tn the wooden cantilever 0f eaves nad svalled.
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gurnerien by bBrick colw.ns, wocdsn purlins sunwertec o L. toc-
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5. Zlesrnven sin-le storey oullcin,s, sacn a-vizg .=—12 Lays =ad
, Uers coastructazc 0f oat-vdearin~ sart

, Tidoer Lrisngular roci trusses and brick colunmas. The
iinme were wita 2.24 as the heizrht of the caves, wit as t
ol Actn, Only two vays collesreee curdnz the

uake wuile 30122 0f these buildings are s

!l
}_l
[
'.J
(S
D
i_J.
Ho]
(v
o
w3
'.._‘I
@)
1

c

at tne eaves hslc thae ton ofi the eartien wall, it
there were t-o ring veans 2:de of rectangular {iider of
iC = 15c~ ana there was gz {locr at thne heignt of 2

for totacco Laxking uss which were horizontally inser-

¢ into the walls had been all cut off before tihe eari_cuar

is building was founc almost in good codition after this esrin-
2

ke, evcent that some adobes over ithe doors came down.

From the z2bove six exa nles, it follows Lthat the sin

e
puildinss witsn load-tezring szarthen vwalls have a
o

in strenz earthcuske, It is reconnized that tuccse dllc_;”
swrvived just sincs t.oer nad the Ioilovwing adveznvazes:
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Mcre traneversagl walls.

— Zood quality of tae wall construction.

There were few two-stcry buildings with loac-tearinz earthen walls
ia the 1970 Tcnghai earthouake effected area, cdazages toc four

vuildinzgs of thex were Tollowing(2):

1. The Doraizery kouse of the Highway Station of Tenszhai County was
built in 1967. Where the seismic intensitv was evaluated as a srade

of JII. This building was built with its plan as 36x10.8m, the

neight of the first and the second story as 2.3: and 2.5m resvectively,
end the thickness ol the walls as 30-u4Ccm. At the level of the top

of the wandows of the first story, a reinforced brick ring beam has
been installsd and at the level underneath the vindows of the second
story, a timber ring beam has been irstalled, The purlins had timber
tlocks underneath them, and the roof had outstanding eaves at four
sices. The house had rubble foundations wvith a denth of 7C-100cn
uncer the zrounc surface and had the fcotings vich a |
Tne tullding was slightly dasmaged after t.s eartnouzske uk
cracks octurred on tae walls, the vertical cracks a%f tne iate

1

ticns ol the exterior arna the transverse walls of the second stery
ras atout 2az and reoof tiles slided somewhat downwards.
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sundatiorns were macde 0I rubdle anc buried o00cm under the ground

bult as 40cm high. It was Iound
& house was slighily da.saged (e.5.
iding of roof tiles).

3. The Office zullcding of Zridermic Preventlion Station of Tonghai

County wras constructed in 13
grade of VII.
11
respectively,

gvaluated as
rlan as 25.9
as 3m anc 2.03m

a

-
ax

2,
as 40cm, ZHeintorced brick ri
utiderneath wizdow averture o
sicdes of the roci was built

nade of rubble buried &Cca u
Iooting was bulilt as 45cm hi
the earthouske,
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b
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cracks attained to
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L. The Building of Tax Ofrfic
with its olan as 10.5 x 7m,
The founcations on soit soil
brick ring beams were instal
This
grade seismic intensity was

walls of both stories.

The floor structures of the
four buildings were built of
ageismic neasures, sucza as v

subsoil, adequate fcuncation

- '- ] = a n * a
ration in »lan and in elevation, installin: ring

izstailing tie logs both at

cracus occurred or the walls,

68. There tas seismic intenzity was
This builcding was puilt with its

the hight of the first arna the second story

and the thickness of the adove walls
ng beams vers installed abcve anrd

f both steries, and eaves at four
with overnznging. The founcdation was
nder the ground surface amrd the

gh. The house was damazsd slightly in
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e of Tonghal County was built in 1938
the thickness of tune walls as LOcn.
was made 0f rubble. The reizsforced
led above vindows of the extericr
building locating in the area of IX
collapsed during the eafthquake.

floor of all zvove centioned
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rofitable c¢construction site,
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elo.

he coaressive stirenzth ¢of lime-earts increszse
ratio witnin a certain extenti. The ontizw

is azoroxizstely 10 to 15 percent for

-

inversely nroxortional tc the plastic indsx.

The compressive str
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L., The comrressive stirengtn of lime-eartn increases with its
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Ir. szutuan 1977, Institute of Inginecering llecnanics [I1707) of

e adzuy 05 fclience concucted a fiela ewxplosive ezrizn-
cLaxze siwulsiting exdericent of 2 full scgle ezrilern nouse in
rornznal county, Yunnan nrovince. FIG.9 shows the nlan znd tre
ectional crewir: of the testing house

“ .

the tested house nad Lwo rogis, thne =zdove walls were laid with

1 c gue (tie acobes were laid vertically ) for one roca,
anc with iaproved tecznique (the adobes were laid norizontally)
for arother. Vertical jJjoints in the wall were filled with =ud
-

.ortar. A lsyer of straw was nlaced in the walls every Luw
r 7

coarses.

The tested house nacd rubble foundatiors with 60ciz below ground
surface and a mud rcof to.simulate the tiles. The walls were
vlastered with mud and white-lime. The house had fucdamental
natural pericds of 0.1 - 0.2 sec in differzsnt directions as

actually wmeasursc.

The underground aulti-hole exnlosion at a deepth of 5-Ym was

2

test three times with total filling explosives 4é.3%kg, 228kg

sed as tne vivration sources in the test. They conducted the

-

arnd 03Cks for eacnh time. The explosive sources nad distances

of 20 - Zlm Trcx tTiae aouse.

rirst, tne nouse was tested 1a single nole explcsicon, tne in-
o} 7.6c.:/sec, and the

S
ced maxinua grouna velocity was nearly of
s

e was intact.



Thnird, the house was tested in si-ultanecus exrlosicn of tlhree
v exnlosive fillirng, tne inducern 2axs.ius grounc veloci-

Ly wzs acoul 73cu/sec. liost of the walls collansec, an. the roof

The above tesis shkov thatl the earinen rnouse hac a certain capa-
city of eartiguake resistance and the improved technigue for
laying adove is better thar the local one.

It should be noted tnat the ground =zotion excited by explosicn
was signiricantly different with that of natural eartlhquake,

and it can be crnaracterized as more content of hign frecuency
waves, raplid decay of tne amplitudes, algher amplitude of

v

zrounc accelerations and tne snorter duration. These remained
provleme ehodc te study in cetail in the Iucturoe.

ZSSCHNS FROM EARTHCOUAKES

according to the reworts of recent Chinese cestructive earthquakes,
the damage to earthen buildings and aselsmic cornstructive measures
can be summarized as following: |

Subsoil

1. Yhere the subscil is scft or the subsolil in the bearing layer
associate with a soft and hard distridbution, such as sectlons with
abandaned and fillied river bed and fracture velt of fault, hidden
swvamp, creek, gully and pit as well as partially cutting and
filling subscil, and where the distributicn of the walls is seve-
rely unsymmetrical, the ron-uniform settlement is easily taken
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2. Owing to tne ravages of raln ana +inc, tae ilniciizess of the
footing of a wall may te gZracudly cereased, and the wall is
vuineradle to collapse in earthouake. Thereiore, for saity,the
wall should be plasiered by muc with stiraw, and the house shoulcd

te surrcunced bV sewage escane caanal.

3. In earthquake, gacvles are very dangerous vhen they are xzade
of adove. For iaproving ithe aseismic capacity of a wall, the
following measares can be used:

—— Flongating purlins suprorted by a gable towards outside in
certain length, i.e. using outstanding eaves (FIG.11).

—— Putting bearing beams undernmeath the purlins., The beans are
tied with rod and anchored with bolts. (FIG.12).

— Setting wall ties in a gable wall (FIG.13).

L, In earthen buildings with brick columns in corners and inter-
sections of walls (FIG.14), during earthquake, the brick column
can be sevarated with attached earthen wall, and led it to
collanse, Therefore, this structural solution i1s not recommended.

Se. For earthen wall with brick in exterior surface, the tricks
are vulneravle to fall, and led to collapse of the wall in the
eartiquake, Therefore, in earthguake-prone ares, the wall with
brick in its extericr surface is rnot recommenced.

[
2]

all

n

6., Owing to lack of the ties in interscctions of earti ’
c

=2
1]
e
I3

n

3
|<.._l

ace

rirz the esarthcuaxe, tne vertical cracks were tLai
s, and in soxze cases, the walls were collapsed due %o

o

s
of them., Therefore, at intersections ¢f walls, vamboc ribs,

n

traw, wooden battens and chaste twigs should be placed for



strengtinenine (FIZ.15). The wooden ring heans s-ould te installed
e

5. Ingertirg 3-5 lozs into two adjacent transversge lod~tearing
welle gt the ceiling level, the two walls will be tied tczether.
e logs canr be used as supcrt beams for the ceilinz and attic

9. The earthen walls, which were ra.ied lzyer vy lavyer using nud
wmin vheat straw, had good »nerforzance in 19465 Xirztal earthguszke.
This kind of wall have dnadvantzage in prevent the ravages of rairn

and flood,

10. It is a good sclution to hold the tcp of the wsll By vurlins
at the eaves level,

117. A wall, which is wvery long and has no transverse walls connected
with it, is vulneable to collapse in earthguake. In such case, the
nilasters, buttresses or ribs may be added to the wall for increas-
ing its stability (FIG.17).

12. For a house, in which the roof is the one with two sides and
the purlins are directly supported by earthen gable walls, the
upper trianglar part of gables may collapsed during an esarthquake.
In such case, adding buttresses laid on longitudinal wall to
triangular part of gables was recommended (FIG.18).

Eaves

132+ The cantilever for eaves of a eartnen house may be displaced
and led to cracks or collamse of the wall., EZlongating the rafter

L)

ingtead oi the cantilever to make eaves can be avert tals kind o
damages (FIG.19).



15. If there is no nmutual conrecticon betweer purlins and no conrection
between the wall and purlins, soxne purlins coula be arawvn cut from
the wall, consequently, the wall would collapse and the rocof would

1. cown, Thereiors, the purlins shoulc %e connected amcng them-

te connscted with the wall (FIZ.21).

10. An earthen house having a heavy mud roof is liable tc collapse
in the carthcguaxe since the increased lateral force from the heavy

rcof. Such rneavy mua rocf, whose thickness may attainea to 40Oconm,
is usually formed in water-proof repairing bty adding more mud to
the roof from year to year. Therefore, the 0ld mua should be taken
off in repairing.

17. The best roof for an earthquake-nrone area i3 tne cne with four
inclined s.des becazuse it distritutes its weignt te
the neccessity to use gable walls(FIG.22).

ASFISMIC DESTIN REGULATIONS

tter and elininates

Aseismic design requirements for buildings with lime-earthen load-
bearing walls are specified in Section 7, Chanter L Aseismic con-
structive requirements, of the Aseismic Design Code for Industrial
and Civil Buildings (TJ 11-78). The full text of this secticn reacs
as follows (L):

L‘x

Section 7 Buildings "ith Lime-Zarth Load Bearing 7alls

Article ©1

For buildings with lime-earth load bearing walls, the settlements



- .

n as rossible, Generally, transverse walls
1

O
[
@
}_.I
l_.l
N
N
™y
o
jud
|.*J
%)
o}
]
W]
]
(0]
<t
Q

45
e}
Al
]
14

O
M
H
18]
{n
ol
Y
} -4
o]
D
o
I..J
He
(4]

acn say anc orics coluxns I0or Oopen Ccorridors
ggersa ilocrs aad goruwnt cranze of the eleva-

a
¢ be avolicec, a2nd the tuncer o7 storiss zust

Nogte: The lims~earth wall cenerally incicates the rammed earth

1

(mixed with lime) wall andé the wall laid vwith lime-ezrth adcbes.

Articlie G2

"here design intensitiy is 7, the nelght of the ouilding snall not
greater thar &z, The lire=-earth load vearing wall is not recomusended
f

or design intensities of 8 anc 9.

Article 93

Different materials for masonry walls should not te used for a
building.

The comovressive strength of lime-earth walls shall not be less than
15 kg/cme. The dry unit weight should not be less than 1.6 ton/ﬂB.
The adobes should te laid with lime mortar.

Article Q4

The layers of interior and the exterior walls shall be rammed
alternatively and adobes of walls shall be laid with racking.

At guoins of exterior walls and intersections of exterior and
interior walls, reinforcing materials, such as vamcoo riovs, wooden
battens and chaste twigs, should be placed at every 30cm. spacing
along the height with both ends extending into the wall not less
than Inm.

The minimum thickness of the wall is 25cn.

Article 95

A stepped tuttress should te dbullt on the ftov surface o7 inne
longitudinal walls on ovoth sices of the exterior and interior gables.
The purlins should be suprorted by blockwood,



P ams shall be placec cn lensitudicsl srterior talls zrnc
all trznsverse wvalls at sac.. [loor. The dentas of rins Lears ars:
F ¢ concrets ring oeaa 5=12ca
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