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ABSTRACT

This paper looks into the various design probiems and
various precautions to be teken for framed buildings on hill
slopes. A one dimensional (1D) simplified method of analysis
of framed buildings on hll] slopss !s presented and the
results of natural time periods are compared with those
obtained by using -threw.«dimensional-s{OBNermmy ORMEEE . A
Method of evaluating the displacement and shear forces and
its distribution within the interstorey resisting elements
and the resisting elemsnts: resting onviim-ibil . siopes ameds
on Indlan Standard Code of Practice is worked out for an
examp}g : [ERCTEL TRt N SR LR T ot R R IO

INTRODUETION - - vn BRI PR L 7 R AR T

m’%& of the northern hilly reglon of m‘ | the selsmlically
actiVe belt '5f the Himalayan range. Three najor earthquakes ( M»8 ),
Kengra(1905), Blhar-Nepal (1934) and Assem(i950) have occurred in this
hilly track during the last century. The hilly seismic reglons of our
country ranges from Jammu and Kashmir, Himachal Pradesh, North Uttar
Pradesh, North Bihar, Sikkim, North Bengal, Assan, Meghalaya, Nagaland,
Arunechal Predesh, Manipur, Tripura and Mizoram. All these vast reglons
are undergoing rapid changes due to economic development and belng the
frontier states. It has vast populated area in the hilly reglions and all
kinds of construction practices (i.e. engineered and non-engineered,
traditlonal and modern) are followed. All short of building materials
i.e. adobe, burnt bricks, stone masonry, dressed stone masonry; bamboo,
timber reinforced concrete etc, m nding upon the locally
avallable material,

The adobe, burnt brick, stone masonry and dressed stone masonry
bulldings are generally made over 16’0‘@?""&%’& n hllly regions. Since,
the level land on hilly region is very limitted, there is a pregslng
demand to conmstruct bulldings on hill slopes in a hilly terraln as shown
in Fig. 1. The height and gradient of hill slopes depend on strength
and deformatlon characteristlics of SETT "%&%¥s, In most of the hilly
region, the ground is subjected to freezing and thawing or permanent
frozen condltlon. Improper selection and development of sites, dralnage
and varliation oém,__ paclty are some of the important factors

. which should be &4 !ﬁ%ﬁ?ﬁnning and design of hill buildings. The
bamboo, timber and relnforced concrete framwe structures are the sujtable
bullding materials on hill glepes.  Because of harsh wepther conditions
in most hilly reglons, durability of reinforced concrete over bamboc and
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timber, and improved present day transport conditionm, the relnforced
concrete construction ls becoming more popular in hilly regions. In this
peper, a simplifjed analysis procedurs of a framed building on hill
slope is presented.

HILL BUILDINGS

The buylldings situated on hill-gslopes are generally Irreguler,
torslonally coupled and hence susceptible to severe damage during an
earthquake. Such bulldings have mass and stiffness varying along the
horizontal and verticel planes. The centres. of mass and the csntre of
rigidity do not coinclde on various floors,

Typlcal bulldings on either s!de of romd ares constructed as shown
in Fig. 1. Selsmlc analysis for latersl vibratlon of such bulldings wre
some what different than the bulldings on level! ground mince the columns
of the bullding rest at different levals on the slops, Such bulldings
are also unsymmetrical In elevation and plan which demand torsional
analysis as well,

Simplified methods are generally preferred in design offices over
sophisticated 2D or 3D frame analysls. For bulldings heving irregular
shape and/or irregular distribution of mess and stiffness in horlzontal
and vertical planes, [S:1893-1884 recommends Medal enalymis using
Response Spectrum method, It also states that provision shall be made
for the increass in shear resulting from the horizontal torsion due to
an eccentricity between the centre of mags and the centre of rigldity.
The 15 Code 1883-1884 does not give ample gulidance in the anniysis of
bulldings on hill slopes. An analys!s of such a building is described
through an example enumerating the steps in arriving a mathematical
model, and distribution of shear forces.

PROBLEMS REGARDING BUILDINGS ON HILL-SLOPES

Very few bulldings receive the careful planning of architect and
engineer's rigorcus analysls end design. People construct thelr houses
any way they like without thoughts about the structural safety aspects.
Even though most of the hilly reglons of India are highly selsmic,
buildings ere not designed for earthquake forces except for a very few
important government buildings. Apart from these problems which arises
due to human ignorance, the more technical problems faced by bulldings
on hlll-slopes regarding seismic design are discussed below.

Ground motion

In seismic analysis, it is usually assumed that the motion which
takes place during an earthquake has one principal direction. Therefore,
a well designed structure should be capable of resisting destructive
earthquake energy reaching it from any possible direction. The usual
practice in earthquake analysls involves two different analyses at two
perpendicular directicns. For structures which are symmetrical heaving
well defined principal axes, this approach ylelds satisfactory results.
For complex three dimensional structures such as the typical bulldings
on hill-slopes., there may be a critical direction of earthquake which
produces the maximum force in a paurticular member. Such an analysls ls
likely to be very costly.

4nen the response spectra s taken as the input exclitation the
problem could be even more complex. Combining modal contributions teo
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response under a singlé input direction is mnot stralght forward since
the' maximui response from different modes cccur at different times.

Effects of soil profile

Damage to bulldings and structures on hill slopes as.observed in
the past earthquakes seem to indicate that to a certain extent,
non-uniform soil profile. may be responsible for it. At the time of the
1968 . Tokachi-oki  emrthquake in north-eastern‘reglon of . Japan, low iglg
reinforced concrete bulldings located near the .edge of a stretq of
hills in the city of  Hachinohe suffered serlous structural dahages.
Also, in the 1975 Oita earthquake in the southern reglon of Japan the
ground floor column of a 4-storeyed reinforced concrete hotel buildlng
of modern design bullt. on a hill-slope, were severely damaged.

On the other band resldences of uooden constructlon on sed!mbntarv
soll  near oxposed hill sides. at. the time. of the 1848  Fukul earthquake
guffered large heaving due to violent ground movements Induced, 'in pert
if not entirely, due to the soil profile. In the Nov.23, 1980 earthqueke
of Italy, it was observed that most of the damage occurred to towns
located atop hill sides, some. of which were completely rezed to the
ground. This implies, that . there cauld be some ampliflcatlon of
vibrations or motlons at these higher elevatlons

Sakurai'and Mlnaml*(lgsaﬁ‘lnvestlgstod'the effects of soll profiles
on thé response of bulldings'by carrying out simulated model study of
butldings located on differént soll profiles and found that thé seigmic
response of bulldings located on such soil profiles differs markedly
from the case of bulldings supported on horizontally unifdrm: soli
layers, The series of studies that they made relating to the selsmic
response of bulldings on the soll-foundatlon-bullding interaction system
has prompted Sakurai and Minami to suggest the incluslon of “soll
profile factor® for the determination of design seismic coeffliclent,.

V-rintion ln colunn ut!ffnbhs

"Pue td site eondltions, bulldlngs on hill-slopes are charactarised
by uhequal column Heights " which result- in variation of column
stiffnesses. Tt 18 obvious that a short column would be stiffer than a
longér one ‘of the same cross-sectional area. For vertical loads; tt may
not be susceptible to buckling, and hepce cepable of recelving higher
loads. The short column is alsc stiffer under lateral loading. Since the
loads are distributed accordlng to stiffness of resisting elements, the
short, stiff column will ‘“attract” forces that may be quite but of
proportion to its strength. The “"short column effect” thus results in
greaxer Ioad ana'gr%ater‘ﬂaﬁage to the shorter columns

I the condition bf ! shorf ‘Bblumn cannot be avoided one solution is
to equalize “the sttffhbss of the columns by introducing struts that
1n¢rease the stiffness of the longer columns.

Stope stebllit; .

"A building on a hill slope may lead to slope stability problem
specially durlng the ralny season and earthquakes. A-detniled slope
stability enalysis should be carried out considering the loads due to
buildings
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Torsional coupling
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ay e Muildings, with eccentric, centery of mass and résistajce respond in
qaiipled ;translatignal wand. rotational motions when gubjected to' ground
motion. As a result of coupléd iateral-~torsicnal motions,” the 'lateral
forces experienced by various resisting elements such as floor slabs,
frames and shear walls would differ from those experienced by the same
éTehentd’ 9 1t e Bulldimg had ‘Eymetric: plan and thencé responded only
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vae bl qustemary. ta, siapiify ‘the dynamic anelysis of ‘butldings by
assuming single degree of freedom per floor mass corresponding to,
translation in the chosen direction of ground motion. The modal resporise
i% then gyudled for, groynd motion alang vhich the resisting elements are
Lacated,, The, design selsmic forces, so ghtalpad ;?x.b@‘.-s%t:.i.?factarv for a
pwa kY. summetrioal, | bullding. . However, " a ' 1ittle  'change 'in ~the
distribution of mass end/or stiffness will slso produce floor rotatlon
along with translations. Such response 1s the characteristié bf a
generally unsymmetrical bullding. Therefore, analysis of torsicnally
coupled buildings requires, that, in, pddition to. the usuplly considered
translational degrees of freedom, the torsional ‘degrée’ of Freedom be
included for each fleor. , .. -
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' Bdl'ld*hgs* on” hiik-stopes, thdse: shosmu:in-Figel: wild:invariebly
pﬂ'd&rgb-‘"ééiﬁﬁlea“ transtutiondl and rotitfonai motions:ieven: when. the
g‘f‘ﬁuﬁﬂ"fﬂd‘t‘ld}‘l’"lk‘“uﬂff’é?‘ﬁ‘*“bﬂw the - base: jamd.contains: po: rotational
component. The plan of a particular floor may be symmetiridsl,along.beth
axes, but due to the change in floor area as bullding helght increases,
and varlation of column stiffnesses, the center:df mase: mnd .center of

rigidity will most llkely not coincide.
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In hilly regions yhere, landslides are frequent and Hazardous, the
chances of earthquake triggered landsiides and their consequeht dlsaster
must be minilmised as far as possible. For this reason, slope stability
anpilysls of the chogen site should be carried ‘out " teking into
consideration the forces resulting from earthquakes.l s;é__epa‘ge\ water
pressure and the estlmated welght of the proposed structure.’
e T I I A PO S A T e : P
.. _Improper selection and development of sites often causes landsiides
wWhich mdy dakage the buitdirg dnd result in loss of ‘tifeiwnd preperty.. A
suitable breast-wall Wiy bé cénstructed when ‘a 'seil mixed:boulder rests
_over rocks. The use of random rubble dry stone masonry retaining walls
HLd “protedtton nedsure 18 % ‘dommon practlce, and their performance in
YHE paet “@drthiuskds hdve  bedh ilte satisfictory for a-maximum height
of 4m [Arya and Guptal(1983)}). "The resistance’ -snd- behaviour -of random
_rubble dry stone masonry retaining walls of height even more than 10m
“dre ™ El}ndrlf’t’d"bé“‘sa’ffs’fmow and isafe ‘in .séismic. regions [Arya and
‘ﬁ?ﬁt&fl’éh?‘ﬁ?"“’f vaiad it oob wiraditno o s [

zi LrOnobidl: sitesy deminage requires special consideration. The natural
. flow- of; ;aform . water. shayld be diverted away from the foundations. To
minimise seepage, a minimum of 1 meter wide apron should be provided all
around the building to prevent entry of water into the foundatlon. Since
the inner side of cut-slope may have higher bearing capacity, the
building should be oriented in such a way that higher load comeés on the
*inner side:of .the.cutrslope. .Construction of buildings on filled up
-ground.ighguld, ke avolded. . S c i '
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When adequate provision for lateral suppert, wsuch ss retalning
walls, the higher footings are not provided, the IS:1804~186868 on Design
and Construction of Foundationsw, has specified some guidelines as
follows:

(1) Wnen ground surface slopes downwards adjecent to s footing, the
sloping surface shall not intersect a frustum of bearing material under
the footing having sides which makes an angle of 30 degrees with the
horizontal for soll and the horizontal distance from the lower edge of
the footing to the sloping surfece shall be at least 8Ccms for rock and
80cms for soll.

(11) In the case of footings in granuler and clayey solls, u line drawn
between the lower adjacent edge of the upper footing and the upper edge
of the lower footings shall not have w steeper slope than one vertical
to two horizontal.

MATHEMATICAL MODEL FOR FRAMED BUILDIRGS ON HILL-SLOPES

Lsteral and torsional vibratlons will be predominent in building
on a hill slope when subjected to selismic forces. Uncoupled analyses
for two lsteral ( cne aleng the hill slops and mnother scross the hill
slope )} and torsicnal vibrations are propossd to be carried out.
Therefors, separate mathemstical models are required for two lateral and
torsional analysis.

Lateral Vibration Analywis

The floor masses are lumped at the floor level together with the
appropriate stiffness contribution of columns and walls. Two uncoupled
lateral motions in twe principal directions are considered. The inter
storey stiffnesses are evaluated as usual by assuming the floors to be
rigid in plane as compared to the columns and is given as:

n
IZEIIi

kl - _-l:f—- ...... (1)
i=1 1

where El' 11. kl and h1 are the modulus of elasticity, moment of inertla

and clear helght of a column corresponding to ith storey, n is the
total number of columns between the floors considered.

If the floors are supported by two types of column such as columns
resting on lower floors and columns resting on the ground directly, then
the column stiffness should be calculated as follows:

(1} The columns supporting the floor and resting on lower floor lis
calculated as above and contribute to the inter storey stiffness
only.

(11) The columns supportlng the floor and resting on sloping ground is
calculated as zbove and contribute to the stiffness between the
floor and the ground only.

EVALUATIOR OF RESPONTE

The evaluation cf response of a bullding resting on sloping ground
1g carried out with the help of a numerical example. Figure 2 shows the
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plans at ground, first and second floors of a three storey building on
hill slope. The mathematical model obtained as described above is shown
in the Fig. 3 and the groperties arg given in Table 1.

Table % Hé%hrial and sectional properties

direction E (t(mzf*{!t/ma) ho(m)  I,(m%)  k (t/m) m(t-sZ/m?)
of vibration S ~:=~,1.m-.a Lyl e A TR i:ﬂ“@‘i-y“u 500 SO AR,

across slope O.EOQfOfmgz.ﬁ'n 3.0 0.4557e-03 405.1 0.514
.., W iyl G 2 AT T 4
along slope 0.20¢+07 2.4 37675 "a930e =05 765 B OrETE

b

l.e":w P IR T e U s A ’
¥ 1g the unit weight of'qqnc?gie and ' m Y%“the'mﬁés of floor size

3.5mx4.0m.

. T
Fi B ] AT T Sy

Xon
PR R T 13 L] L
e A it e VRS L ..x-ﬂw ‘r .
N R e v $
Xg1 B
GRS ‘ kS
- " A
4 L 1
Vil L didddid
w e APl 3-Methemat ical model for hill buildihg .
] 5
Equation of Motion: The equation of motion for undampea‘frEe.vibrat—
ion of -the-éBuveveystem can be expressed ag . "
e — * : :
m, 0 k, -k, 0 o M fx
. o £
o m, -kl (kl*k2+kSL _k2,. 0 LN
it S YA
o 0 ~k2 (k2+k3+k6) ~k3 %q
_P 0 ) I 0 G —k3 k3+k4 ] *,
or M X + KX = 0 (2)
The modal analysis is carried out as per IS Code 1893, Let wus

assume that each column between any two successlve floors are of same
size and same height having stiffness k, then the interstorey
stiffnesses would be obtalned as follows

kl = 20k k2 = 15k k3 = 10k.
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The stiffness of . tha columns resting on ground are of different
height because of irregular hill slope but have the same size. The
stiffness of each column 1s shown In the figure. The stiffness of
columns connected to ground is worked out as P

k, = 0k k= 10k ks = 30k.

The floor mass In term of m 1s worked out as

m, .= 12m By = .12m R, " 8m my = 4w,
The equation (2) yields, the time periods and ‘mode shapea in two modes
of vibrltion nlons the llnpe as .

"!“1; - 0 2006 8

(17T
¢ = (1.0, 0.6190, 0.2091, 0.05266]

Tz = 0,0900 s

T g ) :
¢3 w10, -%“?sa -2.2280, -0.619 ] e (3)

Table 2 shows thesgpgperison of the free vibration time pericds of

1D :1mpllf1ad analysis as compared with the 3D frame lnalyitn where the
‘floors and the roof are consldered rlgid ip their plane, Thriee degrees

of fresdom per floor m 1ntéral ‘translations and one rotation about
vertics) axis) .is’ considered In 3D frame ppalysis while 1D analysls
corsiders only the translation in principal directions separately. The
time pericds obtained from 1D analymis are cémparsble and :lower than the

. time pericds as obtalned from the 3D analysis,

Modal Analysis as per Is Code 1aaéitasé

The selsmic coefficlent 1s expressed as

(r)

o B I F S /g ' e (42
Table-a‘ Cnupariaon ot 1D and 3D analyses tiﬁl P'tioJi (mec)
| mode 3D analysis| 1D analysis " remarks
T 03122 0.2810  |vib across the slope
2 0.2228 0.2008 ° ' |vib. along the stope
3 0. 1285 0.1260  |vib.across slope & torsion
4 0.0958 - vib.acrosas slope & torslon
5 0.0895 0.0800  |vib.along the hill slops

Assuming, B*1.2 (lsolated r.c. footing without tle beams or
unreinforced strip foundation), 1=1.5 {hospltal bullding), F=0.4 wand
54 damping. The Sa/g works out to 0.20, a;1)-0.144 and &%’-0.144.

The mode shape coefficients obtained as C1 = 1. 2566 and C2 = 0.17822.
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(r}

The lateral and shear force (Qt

and Vl} are obtained as:

(r}

(r)
9

(r}
= KW ¢ C «

h

n [T, 3
Vi-(i-r)z vgr’+ vV v'it)h? i I}
riEl

1

(r)

where, K ig8 a constant gliven in codse, wl is the lumped weight, ¢1 is

the mode shape coefficient at ith level and rth mode, C r is the mode

participation factor in rth mode, r is m constant., Table 3 gives the
modal displacement and Table 4 gives the shear forces at various floors
of the bullding. Figure 4 shows the mode ahapes and the distributlon of
shear forces.

1000 1000 — 1 Q= 7.5834 t
V,=7.853 )
0.818 -2. 188
V,=14.143 Q, =8.5880 ¢
_ {v,) «g.48
o.gos 2.2e8 ''2's q, =-3.3648 ¢
V3™10.778 (V,) =5.8580 t
0.082 -0.813 (V,) =2.68 - 8
Q, 3.0050 t
: Vgn3:005 2 (V) =B8.0840 t
first mode shape second mede shape Vil dididddd
fi' 5.0 c/s fz-ll c/s

Fig.4 Mode shape and shear forces

Analyais for Toraion

Such bulidings are unsymmetrical in elevation and therefore adequate
provisions should be made mccording to IS: Code. When the centre of
rigidity of various vertical resisting elements like (columns and shear
walls) In a storey does not colnclde with the centre of mass, torsion
will oeccur. The distance between the centrold of rigidity and the
centre of mass 1s usually cmlled the eccentricity e. The eccentriclity
multiplied by the lateral force is the torsional moment and this moment
must be resisted by the structure In additlon to the normal deslgn
lateral force.

Codal Provisions for Torsion

The SEAOC Code requlirement states that "Provislon shall be made for
the increase in shear resulting from the horizontal torsion due to an
eccentricity ti:tween the center of mass and the center of rigidity.
Negative torslonal shears shall be neglected. In addition, where the
vertical resisting elements depend on dilaphragm actlen for shear
distribution at any level, the shear resisting eiements shall be capable
of resisting a torsional moment assumed to be equlvalent to the storey
shear acting with an eccentricity of not less than five percent of the
maximum bullding dimension at that level. The practice in USA 1is that
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Table~3 Relative displacements

sno, |first mode Sd1C1-1.8121 sacond mode SdZCZ--O.OSOB z {mm)
(1) (2)
#, zi(mm) N zl(nm)
1 1,000 1.8121 1.000 -0.08508 1.8128
2 0.818 1.1217 . =2.188 0.1112 1.1272
3 0.d0g 0.3790 -2, 226 0.1131 0.3855
4 0.083 0. 0884 -0.813 0.0311 0. 1004

2 » relative displacement, 5d = spectiral digplacement, C = mode
participation factor

Table - 4 Evaluation of shear force

sno, firat mode second mode : shear

[§9] (1) (1l (27 (2} 23
vy v, J vy )g vy vy g ¥y }8 (Vg (Vi)g

8.212* 8.2120 0.0000 |-1.1518 ~-1.1518 0.0000 |7.5534 0.000
13.205 7.8773 6.3182 | 1.3680 0.8208 0.5472 |8.4846 5.658
9.122 2.2800 6.8420 | 2.5288 0.6325 1.8974 |2.6840 B.084
2.424 - 2.4240 | 0.8678 - 0.8678 | - 3.005

Fo AN

* The total shear V1L at B level is distributed in two components in the
ratlo of stiffness { 1) to the interstorey stiffness (Vi)s and (11) shear
transferred to the ground (Vi)s

aven though there 1s no computed eccentricity sti1l taking 5% of maximum
bullding dimenslon as the eccentriclty, the torslonal moment shall be
calculated and provision made for it.

The Indlan Code of practice (Clause 4.2.4-1S5 1893) states that
provision shall be made for the lncrease in shear resulting from the
horizontal torsion due to an eccentricity between the centre of mass and
centre of rigidity. The design ecceniriclity shall be taken 1.5 times the
computed eccentricity between the centre of mass and the centre of
rigidity. Negatlve torsional shears shall be neglected. The significant
point in the IS: Code 1s that 50% Increase in the value of eccentricity
for the calculation of torsional moments to be used in calculation of
shears due to torsion.

CONCLUSIONS

A procedure is suggested to evaluate the response of a bullding on
hill slope. The procedure is very simple and can be adopted in design
offices easily. The 1D simplified model gives falrly good results
as compared to the three-dimensional results and can be adopted for
preliminary analysis and design based on codal methods.
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