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ABSTRACT
Earth wall has been obsemed to be a struclural, Jlexible and ine-upensive element in constnrcliotr.
In this work an investigation was corried out on the earth (laterite) wall os an inJill panel to
determine its hysteric poranteters, strength degradorton and stilfness decay due to seismic loading.
Prediction formulation, for the lateral strength and stilfness porunteters of the ponel tttrs obtuirtcd.
Equivalent strut model wos fonrtd to be oppropriate in the onalysis, n,hile Bouc-ll'en model 't.as

employed for hysteresk behaviour. The multistory frame st,"'rrcture nith the eflrth x'sll irt-Jills
hehoves purely os braced elenrcnt in nhiclt the laterol loads arc resisted by a lruss ntechuristtr,

formed by the compressiotr itt the earth n'all infill puncls uuil tcttsion in the t'olrurtrt. The .fbrce-
dkplacenent response Ior this elenrertt tttav be enployed ,(, a.\rc,s.1 the ovtrull ttrut'turul dumagt
ond its dktribution to a sulficicnt degree of otc'uracy.

INTRODUCTION
Iaterally braced frames are the stiffened

frames, especially when the lateral bracing provides
the required stiffness necessary for the frame to
n:sisl side sway. The bracing could be provided bv
the use of concrete (sandcrete) rvall, earth rvall,
burnt brick wall and other masonry materials. Earth
u'ail has been observed to be structurally, and
economically viable elenrcnt in construction. A
large number of buildings are constructed. in tlre
prst and even now. with earth (unburnt bricks) ..rlll

an,l for archrtectural needs or aesthelic relsons.
florvever. because of the complexiry of the problcnr
and absence of a realistic, yet sinrplc anall'trcal
mrdel. the function of the earth u'all as an rnlill in
the composition with other material is often
ncglected, especially in the non-linear analysis of
slructures. For sever earthquakes. for instance, it
ruy not be practicable to design structural elenents
to remain elastic. The basic for selection of design
criteria. repair techniques and construction details
rvere sug_qested by Florato et al ( 1970). The simple
neglect of non-linear analysis may lead lo a
substantial inaccuracy in predicting lateral stiffness.
strength and durability of the structure. The
behaviour of masonry in-hlled frames has been
;tuthetl (Florato et aI.1970. Florato et al.1983.
.'.!i!:ra!-.: ct al. 1996, Adedeji. 2001 and Adedeji
l(l(il t rn rhc past four decades in an ailempt to
derekrp a rational approach for design of such
lianre_s

l:nilrnccrrng formulations arc p;ovirjid for th:
eapactl\ r'alues corresponding to rhc stu(lied tailurr:
...,t.1g< lirl rhc purposes of dcsign. Sanerne.lad et ai

(1995) developed a method based on tl.re equn'alent
dia-eonal strut approach for the analysis and dc-srgn ol'
steel or concrete frames rvitlr concrc-te or nrasonrv
infill *'alls sub;ected to inplane forces- The nrc-thod
takes into account the elastoplastic behaviour ol-
infilled frames considering the limited ductilrty of
infill materials. Various factors such as the rnfill
aspect ratio. the shear stresses at the infill frante
interface. and relative beanr ancl column strensths arc
accounted tbr in this der.elopment. IIoucvcr. lhe
formulation tirmishes onlv extrenre or bourrdarr
values for design purposes.

In order to perfomr a step-by-step tirrce-
displacement response analysis of large huildings
rvith earth u,all infilled frames. a nrodel tbl earth *'all
infill panels is required. Furthermore, lbr sersnrrc
design and evaluation purposes u'here a complete
dynamic time-history analysis may be required. a
hysteretic model is necessary.

Analytical l l lodeling of Earth Wall Infi l l  Panel 
-Ihe

analytical development assumes that the contnbutloll
of the earth wall inli l l  panel. as shown in Fig. la. to
the response of the infilled frame can be nrodclcd br
"replacing the panel" by a system of tuo drasonal
earth wall compression struts as in Fig.lb. Hoscrcr.
tlrc combination of both diagonal struts provrtlc. r
la tera l  load res is t ins mechanrsnr  lbr  the ( )nn, . , , , '
lateral direqtions of loadinu.
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' 'l'he 
lateral force-displacement relationship for

the structural earth wall infill panel is assumed to
be a smooth curve bounded by a bilinear strength
envelope with an initial elastic stiffness until the
yield force. V. and there on a post yield degraded
stiffness until the maxinrum fbrce. Vn,, is reached.
The analytical formulation rvas based on the
equivalent strut model for infilled rnasonry as
suggested by Saneinejad et al (1995) and is
described briefly as follow:
Equivalent Strut Model
Considerrng the infilled earth wall frame shown in
Figla.b, the maximum lateral force. Vn,. and
correspondrng drsplacement u,,, in the infill wall
panel are expressed as (Saneinejad et al. l995):

NtL' 0.8Jtl'

(l-0.45tan)cos0 
- 

cos0

In which F thickness of the rnfill panel, L' : lateral
dimension of the wall panel, f-' : characteristic
strength of earth (brick) wall, r = corresponding
strain. 0 : inclination of the diagonal stmt. v : basic
shear strength earth wall and ,4.6. L6 = area and length
of the equivalent diagonal struts respectively and
calcuiated as (Sanernejad et al. 1995):

f
tr , tstil'i

l ,  = ( l -  a, la. tH' ;+0f l ' :S - f+
J, 

' 
J, cosfl

and

L.r : (( I - 0.): h': + L'2)o 
5 (4)

Where the quantities o., ob, o., ru, t, f6, depending
on the geometric and material properties of the frame

(ll and infill wall and can be estimated using
fornrulations of the equivalent strut model. From the
D rrabase, Aa = 3.364 E-3 m! and L6 : 2.353m. Finite
eh'ment method was use to analyse the framework
stiffened with the earth wall.

( l )

v,'0',1_,4,l 'cosd .

and.

11,, , ' ( t tn, \= 
*

(2)

(o)--l

trF
i-r,ll-t

. Fig. I Wall equivalent diagonal stut
Note:  In  f igure I  :  d ;  = o. -  H '  and d2=( l  -c . )

rime rndependent smooth,Hysreresis *"oJ$?''m'fr:' t t:J:,i,Tl3lr*ed as py'p,and o.n,fl,
A smooth hysteretic model is proposed for the % 6y tvtoronl et al (1996). in line with the-displacemenr
structural earth-wall infill panel. The model, which amplification factor according to allowable stress
u'as developed based on the Bouc- Wen model for design format; subscript i : instantaneous values,
hysteresis behaviour (Bouc 1967, Berber et al. subscript y = yield values, cl = post yield sriffness and
1985)"and which tlrrnishes a smooth hysteresis Z = hysteretic component determined by solving the
t'orce-displacement rclationship between force V foltowing differential equation by Reinhorn er al
arrd drsplacentL'nt u. rvhere: ( l9g5) as:

l-
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d Z  =  l A  -  l z , i "  [ p s r g n  ( d p ,  Z )  +  y ] l d t r i ( 6 )

s'here srgnum function sgnlx): -l fnr x > 0: A. f i
and y -. constants thal control the shape oi the
generated hysteretic loops (Assumed values: A -

l .  F -  y :0.5t  and n '  t ranst t ional  rate i rom the
eiastic to yreid state.
Stifthess Dccal
Thc -'-reldrn-u systr-lr l in general is thc loss of
stif lhcss due to drfornratron heyond f icld point
l-he sti l l ircss decay is incorporated drrectl-r rrr thc
h!'steretlc nrodel bl rncluding the c()ntrol prrinrrter
q { obtarned by pivotal t leteriolatron nrcthod
(Madan et  a l .  i997t  by solvrng d i l l i ' rentu i
cquation) in eqn 16) lbr hysteric parameter Z.

' j -

' I 'able 
l. Dlnamic Response Characteristics l i th Stiffness Decar

d Z ,  =  l A  -  |  Z , i ^  f i ] s r g n  ( d p ,  Z )  -  7 l i d 1 r ,  r 1
and

[ 5 .  t ' l  { l  -  l ) '  l l

( 7 )

i t i
[ 5 ,  ' ,  ]

rn rvhrch 51 -'multiplier fbr V, to define thc- prrot l irr
strffness deterioration. A del-ault value lbr Si is taken
to be 5 f)y'namrc response characlerislics slrot'n rrr
' l - lb le 

I  sh0\ \ r r tg  s torev nurnbers thc i r  n I l \ rnrL ln l  s1() r - ]
s l rcar  ar t t l  dcca; '  s t r l ' l r rcss.  I t  c t>uld bc obse I  l i : .1  t l ta t
s t r l l i lcss r lcgrat la t rorr  lncreascs $ ' r t l r  res l - rcct  t r r  l l rc
i rerg l r t  o t - t i re  bui idrng u ' i th  respr 'c t  t ( )  shcrr

No. of Stlain Ductrlrty ( 'ontrol H1'steretrc
Uoors 6 (rrrnt) (trr ) parall lctcr col'nponent

( n )  D Z

\ lax. l loor Shear [)ct--r i  Str l ' l i re.s
s l t e a r  V  ( N )  ( N )  r l e c u ' '

( \  r l r r r )

I
2
-t

4
_5
6
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1.0000
I . 0 1 _ i s
I .-15 l, l
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i) 8-i(r2

L0000
t.0022
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0 . t  l 1 6
l .  |  5 0 6
1 . 1 6 8 0

-1471 I  0
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165u22 .5
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4020i .5
.{0s-18 2

l5-l
27, j  5

-  17 )7 . - - i
_17Stt .9

-_-{ I18.-i
- 5771  )

i - i 9  :
I I l ( )

- 5 f  :  l
- l ( ) l ( )  l
. | ] 0 9  I
- [ r -  ]

Strength Degradaliorr
Degradrng systenr  as ear th ual l  in l i l l  pant- ls  r t i l l
also exhibit loss of strenqth in thc clastic range.
the strength deterioration is rnodelc'd bv reducirrg
thc yield lorce V fronr the orrsinal valuc \t ,,. each
step K:
\ r  .  V , , , ( l  D t )  ( 9 )
As DI .. curuulativc darnage anrl r:s crpressed
r s l  l t ) l :

n  - l  . l  t l i
D/= - ' "  

,  [ -0 .25s . , i ( ; ]  .  l s :  {10)
l . t  - l  ,  i l J  - t l

* hert' !c = monotonic ducti l i ty. Sr1 0lrd Snl
Cracking Slope ll lodel
l 'rnchin-g of hysteresis l,rops due tcl opc-ning and
closrnq of masonry cracks rs a conrrnonlv obserr,cd
phenornenon ln masonr-v and nrost especrall,v in the
calth rvall elemerrt (Adedelr 2tX)2) suhlcct lo cvclre
ioading 

'fhe 
concept t 'r l-sl ip-lock ek'rtrertt proposed

b r ' l ] abe r  e l  a l  ( l 9E l )  uas  ado ; l t r d  r r r  t h r s  s tudv .
l 'h is  rs  rncorpolated in  senes p .  l l r  '  f r :^u i t l r  l l re
srrxrolh degradrng r' lcnrc-nl antl , lrspllcentent
tluctrl i t,v clue to thc -slip-lock elcnrcnt. 

' l 'he

ldvantace ol'thrs propo,sal rs that it prnvrJcs a tinrc
rltc-intlcpcndcrrl t i lrce-rlrsplace nrcnl rule for a
hvslcrctrc dcgradrnr: prrrchrrr' j  clcnrent Thrs nrav he
implcnrentccl lbr dyrtalurc lrnre-historv artl lvsis ol '
-rlructures rncorporating eilr lh $rl l pancls.

Bu i l d i ng  La lou l  and  Ana l v t i ca l  l l odc l i ng
J 'hc 'bur ldrn,q,  a s l \ -s torc\  l i 'an icuork r r r  thrs arr r l l ' t rs .
rs structured nrainll by ear th rr all couplcd h-'
rc inforcenrent  concre lc  l rnte l  arr i l  rern lbrce i l  c( )ne rc tc
column.
' I  

he analyt ica l  evaluat ion u 'as dor te usur !  ! i r r r tc
elenrent nrethod, whrle Q84-i c()mputcr. soli\\rr! '  \\ i , ls
used to calculate thc' lntenlal tbrccs .rrrt i t i ic
displacenrent Analysis ol ' l iante rvas pcrlir.nrctl
wlthout slift-ening of elenrent usinu equivllcnt l l tcral
lbrce procedure. lt is assumed that dr.rrrng a \trons
ground motion tlre inertias of a buildrn-{r rcsults rrr .r
Itorizontal shear iorce al the base and proportronal to
the t 'erght of the building and the imposcrl grourr,l
moti0n. so that
v = c.I,t*
And
C , - - A S I i R
rvhere V = total dtnarnic hase .-slrcar. \ l  lot.r l  rr lrs.

o f  the  hu i ld ing  and i t s  con ten ts .  g  ae  cc i t :n r t r i ) r1  ( luJ

t o  g r a v l t v ,  C . :  s e i s n r c  c o e l - l i c r c n t .  i \  : i i c

dependen l  c t fec t i ve  peak  acce ls r l t r ( )n -  S  :C l r i l r ru

re  sponse tac to r .  R  =  fac to r  rc la te  d  to  r luc t r l r l i  t r l
\ l ruc tu re  o r  fo rce  reduc t ron  lac to r .  I l - r ' l l uc  L l r r r r r r r rs l r r  - .

rs  the  \ \ 'a l l  dens i ty  i r t c rcases  ar t t l  I  n ) tcn) r t \  l i r ( r , , !  .

, . \  uorxl e rarnple of the scrsnric rccordr e l lal . i , .  le r r . i :  -  '

l s  i i to l r ' r l  by  I ' l o lo r t r  c t  a l  ( l9 ( ) ( r )  l i ' onr  l ( ) r . .  (  l i i r - . r i i

cJ r l l l 0  uJks .

{ l l )

( l l )
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! l 1 4 k N m

! )

i

i  25.1 r  kN, m

2- i . - r l  kN nr

2 5 . - l l k N  n r

19.90m

forces on the building are distributed over
height according ly as:

r)
l , l

F, =vl#- | ',
l Inr f r  I
l L / ' t l
\ i = t  l

where m; h; : rnass and height associated with
i-th storey.

The results of the seismic force analysis
are shown in Table 2. ln Fig. 3 however,
moments and column shears are indicated at
each level.

C

*F
Iw

I i ig. 2 Equivalent [.arcral [.oads

l-hc six-slorc-y' earth Nall-frarrred structure shown
in Fig 2 rs analvscd b1' the equrvalent lateral forcc.
procetlurc
Seisnric , lnalvsis of the Duilding l-ranrc
I hc l lve store), burldrng in Fig.2 has been
aualvzctl hy the equrvalent lateral lbrce procedure.
Dirtabase ftlr the reinforced concrete frame rs
.shos n hckrs:
\lass at each slorey level I 19.589 kN
\{uss at the rooflevel 55.47t kN

the

Ductilitv factor R 5 (braced frame)
Effective peak acceleration A : 0. I g
Seismic response fbctor. S 2
lntensity lbctor I
So tlrat Cs - 0.04. The rotalmass is 55.472 kN. The
total design base shear, V : 256.4kN. The lateral

Table 2 Seisnric Force Results on Building Frame

2-5.-11kNirn

2-s.l I kNrnr

Store l,evel Equivalent lateral force Equivalent lateral shear
force (kN

Roof
5
4

2
I

21.77
57.25
77.08
8t.27
69.82
42.73

21.77
79.02
I 56. l0
237.37
307.19
349.92

Total Dynanric Base Shear 319.92

t
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i 7 . ! l

t -  t 5

-7 .26  kN

l \  *  i 7 . t 5

, 79.36 -i&.59 kN t1'

t 62.2i ! 7d
78-_38 k) ;  6 t .21(  r8-srz  +  )

( 30e.84 -lS.l5 122.e6\^

R rso.ss Y 3os*q'/
-  1 8 1 . 5 2

t 42s.84 + 186.88 \
\ 24t.96 t 186.88,,r

(  
s17.48 -2f  01kN 21r  

T
27 5.52 Y -s I 7.4

275.52,
650.94

6 2  2 l

t22.96

62.2't

122.96

186 .88

211.96

27-5.52

650.(){

186.8[

241

275.5

Fig. 3 Moment and Column Shcar

RESULTS AND DISCUSSION
The finite elenrent method of analysis rvas used in
lhe computation of internal forces and
displacements of the stiffened frame u'ith earth
u'all. ln the analysis, the int-ill panel u'as assunrcd
to act as a systen of two diagonal earth nall
cornpression struts. The combinalion of thc tno
diagonals provides a lateral load reslslnlr
nrt'chanism tbr the opposite direction of loarlrrrg
Ihe del' lection characteristics of the frame sithout
thc infill panel, are more pronounced lhan s:hen
stiffened witlr the earth rvall.

The hysteresis loops were generated as a result
ol'the seisnric loads. The total increase in the storel,
shares indrcates that the infill earth panel
contributed to 90o/" of the overall stiffness of the
structure- Figure 4a and Fig. 4b shows the force-
displacement relationships for two loading cases.
l yprcal dynamic response of the earth wall was
shown in Fig. 5 as the loops envelope shows
(onstant shear force with varied displacement. The
hysleretic energy dissipation u,as reduced detriment
to damage of the structure.

Disp lacement (m m )E10

(a) case ( l )

_10

Displacement(mm)E10

(b) Case (l l)

I;orc,-' [)rsplirccnrcrrt ( 'urvc 1, rr
: t r l l hc<s  l ] . r r c  l  : l r : r . '

(\.
lrJ

2
:
p-z
o
lr

10(\|
UJ
z
5
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o
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f  ru .  - l
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NO'TA'I 'ION
A,6, = area of the equivalent diagonal struts
c.
r\

DI
f '

= seismic coefficient,
= site dependent effective peak

acceleration
= cun.rulative damage
- characteristic strength ofearth

(brrck) rvall,
- acceleration due to gravity.
: mass and height associated with i-th

storey
= area and length of the equivalcnt
cliagonal struts
= lateral dimension of the wall panel.
- total rnass of the buildine and its

contents
: transitional rate from the elastic to

f  i , : l r l  s la te
.= lbctor re lated to ductrl ity of

slnrcirrrc or force reduction
factor.

- scisnric l€sponse faclor
= nrultiplier
,  th ickrrcss of  t l rc  i r i l i l l  panel

l . r '  ; i  t l r  r t , t tn tc  brs ' - '  . l t , : l r

R

S
sl
t

panel

( .ONCLTISIONS , \NI)

RE( 'O] \ I } IENDAl ' IONS

Base d on this finding. the follorving
conclusions r.vere drarvtt
o l-he displacenrent of the reinforced

concrete tianre sti l l 'ened rvith earth uall
rcduced ilrastrcally to the designcd value.
' l 

lrt '  rcsults of thc seisnric analysis couplc'd
rrrth vertrcal loarls shrlrvs the validity of
rus ius car lh r ra l l  as an i r r l i l l  panel .

. l-he .conrputed lbrce-t-hsplacement
response nra1, be used to assess thc oler
a l l  s t ructura l  darragc and i ts  d is t r rbut ion
lbr dcsrgn pulT()sc\

o lt rs urrrthrrhrlc l() rccolt)nrend. for future'
*ork.  that  l i l r  thc analvs is  rvhere enrphasrs
rs orr cvalualrnu structr.rral responsc. ntacrO
ruo r l c l s . . l n  hc  subs t i t u ted  tb r  m ic ro
ntotlrl: \ i thout substantial loss rn
rccur . rc \  and *  i th  a galn in  the
c()l l lputatiotlal cfl iciency.

o ln selsnrrc design of infi l l  frame with earth
ual l .  duct i l r ty  o1 '  5 and above may be
required
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Z

p

= shear
: h1'stenc componenl
= basic shear strength eanh $.all.
= post y.ield stiffness
= constants that control the shape of

the generated h)'steric loops
= constan$ that control the shape of

the _eenerated hvsteric lcops
= corresponding strain. :

0 : inclination of the dia_eonat sLrut.
p, = dur,rrl i ty calculated as l l, u,
$,  = duct i l i t l '
It, = monotonic ducrilitl'

b
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