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Response of reinforced soi] slopes to earthquake

loadings
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ABSTRACT

Principal teatures of a -\_Jn'c:*_ct nonlinear method for analyzing reinforced soil struc-
er earthquake loading 1s pres d. The response of a so1 farca v
er earthquake loading 1s presented. T'he response of a soil slope reinforced with
| layers of polymeric reinforcement and subjected to a typical earthquake load-
is presented. The seismic response of the unreinforced soil slope is also included to
-xamine the influence of the reinforcement.
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INTRODUCTION

> of advanced polymeric materials as tensile soil reinforcement in the construc-
1 nkments and slopes with side slopes steeper than the angle ot internal friction
‘he soil fill is becoming more common. Conventional limit equilibrium-based methods
commonly used for analysis and design of these slopes (Bonaparte et al. 1986). These
thods are primarily stress-based and do not consider deformations explicitly. More-
attention has been given to the design of reinforced soil slopes subjected to Sels-

In recent years, however, the use of finite element analysis has been introduced into
he study of the dynamic response of reinforced soil systems to seismic load. The study re-
~orted here presents a direct nonlinear method for analyzing reinforced soil structures
nder dvnamic load conditions. The essential features of the method are implemented in
e finite element program TARA-3 (Finn et al. 1986). This program has been used suc-
~essfully to analvse the seismic response of a centrifuged model ot a cantilever retaining
1 hnical centrifuge. The program simulated
acements and dynamic moments but

after the earthquake.

- »

Military College of Canada, Kingston, Ontario, Canada.

. ' : 1 . * 12 Kinos ario. Canada.
I Associate Professor, Royal Military College of Canada, Kingston, Ontaric i

I Professor. University of British Columbia, Vancouver, B.C., Canada

445




d to _
TARA-3 has g b\ff;ll F‘f/gge”dr ms sed tO examine POlymer;
reinforced SO“retEaacljng]%hese arlier St l?a soil slOp€-
= a?alyg%;ipt)%l’n the seismi¢ respon
reinforc
METHOD OF ANALYSIS
‘ nlinear method that ;.
. es of the direct no | dthatig:..
resents the P““Clpal AT _13 for total Stress analysis of soil structurng

remental approach has been adopteq .
J

hear and tangent bulk moduli, G, and

lemented In the fi - S 1M
Eubject to dynamiC loading- In Jis = | tot
i_ hehaviour Of S g the base excitation are obtaine by
; \

model nonlinear D¢’ displace _ * _
- ntal diIS . : )
B respectwely. The incremelit: u%librlum equ&tlons given 1l Eq 1 by a direct NuUmer cal

solving the . cremental dynamic €9
integration method.

Mljad] + [Clad + K]iad

= - [M][1)Ad (1)

Here [M] is the mass matrix; [C] 1s the damping matrix; [K] is the stiffness may;,
Ax are incremental acceleration, velocity and ;.

{1} is the unit vector; (Ax) , [Ax] anq | S _ |
placement vectors of the nodes _elative to the base and; Az, 1s the increment in base Input

acceleration.
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The stiffness matrix [K| _
unloading and reloading. The use of shear and bulk moduli allows the elasticity matrix [fj‘

to be expressed as

D] = B.[01] + G [Q)] Q)

is a function of the current tangent moduli during loadin,
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Figure 1. Nonlinear hysteretic loading paths

The shape of the unloading-reloading curve is shown In Fig. 1b. The tangent shear
us. G,, for a point on the skeleton curve is given by

G
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an unloading or reloading curve G, is given by

G max
| (7
‘ -+ (Gmax/ 2rmzlx) l R s \]

nd at a stress point on

nd pressure is assumed to be _nonlinearly
steretic behaviour, it any, 18 neglected
essed in the form

The response of the soil to uniform all-rou
-lastic and dependent on the mean normal stress. Hy
1 this mode. The tangent bulk modulus, By, 1S €Xpr

OF?T* ] (S)
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P,
.« the atmospheric pressure in units consistent

in which Ky, is the bulk modulus constant, P,1s : it
with mean normal effective Streéss Om and n is the bulk modulus exponent.
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Reinforcement model
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s nm. The finite eiement representation of the reinforced

Oom. | » soil slope shown 1n Fig. 3 con-
—<ted of 87 soil elements and 30 one-dimensional beam elements in the slope and 69 ele-
" _.nts in the foundation. Slip elements which allow for relative movement to occur be-
j FINRA R h T"t_ ‘;. b, i ; TR : : : - -IF S ) SN
~ween the soil and the reinforcement have not been used in this analysis.
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Ficure 3. Finite element representation of the reinforced soil slope

The foundation soil was assumed to be very stiff and the shear modulus, Poisso
-atio and unit weight were taken as 3500 MPa, 0.49 and 20.0 kN 'n}"‘ respective_ly. The fol-
lowing properties were selec_ted for the soil 1n }he slope; Ky = 2950.0,n = 0.3‘_P01__.5011
atio = 0.40, cohesion = 35 kPa and angle of internal friction = 17°, unit weight = 2
kN/m3. For the polymeric reinforcement, D;, €, and K were taken as T?S.O‘ 0.18 and 2.0
respectively. The response of the slope to the first 9.60 seconds of the N-S component ot
‘he 1940 El Centro earthquake scaled to 0.2g was computed using the program IARA-S.
The input motion is shown in Fig. 4. The base was assumed to be rigid and the nodes on

—
"

‘he left and right vertical boundary were supported on horizontal rollers for the dynamic
analvsis. A static analvsis was first conducted to establish the stress-strain field prior to

the earthquake excitation. The program simulated the incremental construction process
of the slope.

NUMERICAL RESULIS

shows the dvnamic horizontal displacement time history of node 70 for the

-

‘: .
unreinforced and reinforced slopes. Node 70 is located at the top surface 1011}f from t};et
he slope. Because the nonlinear behaviour of both the soil and the reiniorcemc

led. the analyses show that there is residual dynamic displacement pljf‘sinitnalt:tiir
earthquake in both the reinforced and unreinforced slopes. TTice compariaca_he s
S clearly shows the effect of the reinforcement in reducing slope deformations.  peal

and the size of oscillations of the displacements are reduced in the case of the rein-

- S . . : -~ ._1
forced slope. For this node, the maximum and the residual displacements afedreiﬂmeed i
: t 11% and 20% respectively of the values predicted for the unreinforced siope.

Y

4493




——-6 Component
| Centro Earthquake

1940 E

-0.3 g
r TARA-3 analysis

_ | T
Figure 4. Base 1npul motion f

100 -

N\ op

0
Unreinforced

Displacement (mm)
S
=

-40 +
L e a8 T 8 9 1
Time (seconds)

-2()
Reinforced

Displacemem (mm)
tJ9
~

0
1 2 3 4' 5 . : q 1
[ime (seconds)

T'he dynamic hor:
_ Orizontal disp] ' :
Placement time histories of node 120, the node at the top

E:dge of the ’
Side S‘lope
Q : ; , AI'@ ShOWﬂ in Fi 6
" ’ I L ‘
| : g : Agam daS exp_eCtﬁd, Em;llySiS “rith th(;‘ I.Cinfoptpti

tr einforceﬁsﬁ? al){%ls Onf the unreinforced slope. The
the 50l slone ; m a 30% is achieve[zje'lb .lO /{)1955 than value with the unre-
so1l slope indicating the - duz deformations . In the residual displacement. Similar
& the beneficjq] effect of ?ﬁ:;ﬁiﬁ?sewed at other locations within

| orcement.

450



Displacement (mm)

| \ ' :
J Reinforced

Displacement (mm)

0 1 2 3 4 S 6 7 S g 10
Time (seconds)

r_,...*.*
:
-

)
"

()

1

b

PR o 19
-
0

) s (JG3
I n

Lr] P
iy s
fﬂ__"j b

g - i} n 3
. Both show nonlinear response with strongt
ed slope. The magnitude of the strain an

P S g B P D Spinmoge LNas o
se of unreinforced slope than in the case 0

f- dot ""1 i

[+
g v
L r.r,-‘

r---J ,-..,.1 "
e .

=

CONCLUSIONS
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s is capable of providing the key informanion needed
slope in terms of deformations. Because the no

he seismic performance of a soil _ _ : st e
hysteretic behaviour of soil and the nonlinear behaviour of the polymeric1 = Er:.._.
= B - - - - > S - = s ~yy1e _ 1
re modelled. the residual deformations after the earthquake can be calculated i

id the consequences of seismic shaking clearly seen.
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An important concern is the contribution of the ptljl}dmen'c r_eméobrcem&l—t\lr} Iilg
: . : R ‘1 v e ke W 14 —2 diidiy

the seismic behaviour of the soil slope. This is readily determined O] ¥ ..
he seismic behaviou P ~ad—strain behaviour of the po

the proers: apability to model the nonlinear | e
LL]P‘ l_I,.l"C}‘.::,I'r::fl.rn haS the Cap been ShO\‘le that the p@l\"ﬂ" ric
soil slope.
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meric reinforcement. For the example considered it has

reinforcement has improved the seismic behaviour of the
The results so far suggest that the program TARA—-:_‘maé;_ bfa rer{

sing the seismic performance of reinforced soil slopes. Studies are [1: -

the influence of the different model parameters describing the nonline:

haviour of the reinforcement.
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-useful tool 1n asses-
anned to determine
load-strain be-
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Figure 7. Stress—strain behaviour of element 161.
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