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Field stress path simulation of rain-induced slope failure

Simulation du chemin de contraintes d'une rupture de talus causée par la pluie

R. P. BRENNER, Senior Geotechnical Engineer, Electrowatt Engineering Services Ltd., Zürich, Switzerland 

H. K. TAM, Geotechnical Engineer, Moh and Associates (S) Pte. Ltd., Singapore

E. W. BRAND, Principal Government Geotechnical Engineer, Engineering Development Department, Hong Kong

SYNOPSI S Special procedures of laboratory triax ia l tests were developed to simulate the fie ld  stress path of an
element of soil along a potential failure surface in a f i l l  slope subjected to rainwater in filtra tio n . Such an element 
w ill usually be in an unsaturated state with a negative pore pressure (suction) acting. When rainwater enters the slope, 
the pore pressure w ill increase while the total stress essentially remains constant. Modelling of this process was accom
plished by conducting dead load tests on compacted specimens of a volcanic residual soil with specified in it ia l condi
tions. Five dead load tests on back-saturated specimens and ten tests on unsaturated specimens, preconditioned to a spe
cified suction, were carried out. In a ll but one test, failure was generated by increasing the pore pressure; in the re
maining test the specimen was sheared by decreasing the cell pressure. The data obtained from these tests, although l i 
mited, permit some insight into the relationship between the mode of failure (i.e . dilatant or compressive) and the pla
cement conditions of a f i l l .  They should be useful for the design of f i l l  slopes for which compressive volumetric strain 
behaviour during rain in filtra tio n  should be avoided.

I NTRODUCTI ON

Planning and construction activ ities for urban develop
ment in h il ly  terrain covered by residual soils w ill fre
quently confront the geotechnical engineer with s tab ility  
problems. This applies to both, cut and f i l l  slopes, as 
well as to potentially unstable natural slopes. The upper 
part of a residual soil profile is invariably unsaturated, 
but usually has a relatively high permeability to in f i l 
trating rainwater. The controlling factor governing the 
s tab ility  of slopes in such soils is the distribution of 
the pore water pressure, both with positive and with nega
tive sign, along the potential failure surface. The rela
tive ease by which rainwater is able to enter residual soil 
profiles obviously causes the pore water pressure regime 
to be governed largely by the pattern of ra in fa ll. Good 
correlations between ra in fa ll intensity and frequency of 
landslides have been reported in the literature for va
rious geographical locations, e.g. Hong Kong (Lumb, 1975), 
Japan (Fukuoka, 1980), New Zealand (Crozier, 1969), and 
the United States (Nilsen et al, 1976).

When rainwater in filtra tes  a soil profile which is in an 
unsaturated state, a decrease in pore suction (negative 
pore pressure) occurs. This causes a decrease in the ef
fective normal stress acting along the potential failure 
plane, which in turn diminishes the available shear 
strength. Disregarding the negligible increase in bulk 
unit weight of the soil by the in filtra tin g  rainwater, the 
process leading to failure of the soil essentially takes 
place under constant total stress conditions, i.e . Q], and 
a3 remain constant while the pore pressure is increasing 
(Brand, 1981, 1982).

Thus the stress path followed by a soil element on a poten
t ia l failure plane in a slope subjected to rain in f i l t ra 
tion is obviously different from that in a conventional 
triax ia l compression test in which aa remains constant and 
Gi is increasing. The difference in stress path implies

further that the stress ranges over which tria x ia l tests 
are usually conducted are not appropriate to the fie ld  
conditions. In order to obtain meaningful shear proper
ties from laboratory tests for analysis and design of 
slopes, i t  is necessary to simulate the fie ld  stress path 
as closely as possible. The only way to model the rain- 
induced failure mechanism correctly, is by conducting 
constant (dead) load tests in which the pore pressure in
creases from an in it ia lly  negative value un til failure is 
observed. Rodin et al (1982) conducted dead load tests on 
specimens which were f ir s t  wetted up by percolation. A 
pore water pressure increase was then achieved by means 
of a hand pump introducing water.

In this paper the results of two kinds of dead load test 
are reported, namely ( i) dead load tests on saturated spe
cimens and ( i i )  on unsaturated specimens. In both cases 
failure was generated by increasing the pore water pressu
re at constant total stress, but only the la tte r type 
truly simulated fie ld  behaviour. The data so obtained are 
analyzed with reference to the failure mode and are ap
plied to the design of f i l l  slopes subjected to severe 
rain in filtra tio n .

EXPERI MENTAL PROCEDURE

Materials tested

The soil used in this study was taken from a borrow area 
in Tai Po, Hong Kong. This material is a colluvium de
rived from a residual volcanic so il. For laboratory tes
ting, the soil was processed through a 20 mm BS (British 
Standard) sieve. The relevant physical and chemical pro
perties of the material are summarized in Table I. All 
classification tests were conducted in accordance with the. 
procedures given in BS 1377:1975 and were performed on 
air-dried soil.
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TABLE I

Material Properties

Property Unit Typical range

Sand (2.0-0.06 mm) % by weight 18 ± 1

S ilt (0.06-0.002 mm) % by weight 47 ± 2

Clay (< 0.002 mm) % by weight 35 ± 2

Specific gravity - 2.71 + 0.02
Liquid lim it 7 58 ± 2

Plastic lim it 7 29 ± 2
Linear shrinkage 7 11

Organic matter 7 0.28 ± 0.03
pH value - 4.5 ± 0.3
Colour ligh t yellow to 

yellowish red

Testing program and specimen preparation

In this paper the results of five series of dead load tests 
are reported. These tests were part of a comprehensive te
sting program to evaluate the stress-strain and strength 
characteristics of residual, unsaturated soils with re
spect to slope s tab ility  problems. The in it ia l conditions 
of each series are summarized in Table I I .  The series DLS 
refers to back-saturated and the series DLU to unsaturated 
compacted specimens.

The moisture - dry density relationship of the material 
was established from twelve standard Proctor tests per
formed according to BS 1377:1975, Test 12. The maximum 
dry density (MDD) and the optimum moisture content (OMC) 
were 1.55 Mg/m̂  and 24.5% respectively. From these values 
the in it ia l conditions given in Table I I  were obtained.

The test specimens were then prepared by statica lly com
pacting, in three layers, known weights of material into 
a mold of known dimensions. Typical specimen dimensions

TABLE I I

Testing Program and In it ia l Conditions of Specimens

Series 
no.

Number
of

speci
mens

Isotropic
consolidation

pressure
(kPa)

Deviator
stress

(kPa)

Specified 
in it ia l conditions
%MDD eo w

(%)

1 100

DLS-1-30 2* 200 160 85 1.03 24.5
1 400

DLS-2-30 1 200 160 95 0.84 24.5

0 73
10 101

DLU-1 4
30 160

85 1.03 24.5

60 204

0 73
DLU-2 3 10 101 90 0.94 24.5

30 160

0 73
DLU-3 3 10 101 95 0.84 24.5

30 160

Note: MDD = Maximum dry density (BS)
e = In it ia l void ratio 
o

* DLS-1-30-200A: by increasing pore water pressure
DLS-1-30-200B: by decreasing cell pressure

after extrusion from the mold were 49.6 mm in diameter and 
99 mm in height.

Selection of stress range

In order to model rea lis tica lly  the stress range applica
ble to shallow slope failures in the dead load tests, an 
estimate was made by employing the resistance envelope 
concept (Janbu, 1977). For a slope with a given geometry 
and strength parameters, the average shear stress, i av, 
and the average normal stress, calculated along an
arbitrary slip surface can be plotted as a point in a 
(Tav» <?3V)“ diagram. The resistance envelope for the slope 
considered is then an upper boundary curve enveloping a ll 
such points obtained from a number of t r ia l surfaces. A 
typical f i l l  slope of similar material as used for the 
test series was selected to establish the resistance en
velope in terms of total stresses in the (ai+0 3) /2 vs. 
(oi~a3) /2 plane. From this plot and by comparison with 
the stress conditions in an in fin ite  slope, the range of 
anisotropic consolidation stresses given in Table I I  for 
the DLU series could be derived.

Testing procedures

DLS test series The test specimens were set up between a 
top and a bottom low-air-entry porous stone and fitted  
with two 0.3 mm thick rubber membranes. Before saturation, 
a cell pressure of 30 kPa was applied to prevent swelling 
of the specimen during saturation. Then the cell pressure 
was applied through both the bottom and the top drainage 
line. To achieve fu ll saturation a back pressure of 
600 kPa with a duration of five to six days was required. 
Volume changes of cell water and pore water pressures were 
monitored throughout the entire testing phase.

Isotropic consolidation was performed in stages to the le
vels specified in Table I I .  The next stage was applied 
when 95% pore pressure dissipation had been achieved from 
the previous stage. Upon completion of isotropic consoli
dation, dead loads in increments of 44.5 N were applied to 
the ram by means of a light-weight hanger. The rate of 
load application was governed by the 95% dissipation of 
pore pressure criterion.

For bringing the specimen to failure two techniques were 
tried, v iz .: ( i) by increasing the pore water pressure and 
( i i )  by decreasing the cell water pressure. Both procedu
res yield the same stress path, but only the f ir s t  one mo
dels the failure mechanism correctly.

In the f ir s t  procedure, the back pressure applied through 
the top drainage line was increased in increments of 20 kPa. 
Upon equalization of pore pressure, which was ascertained 
by taking readings also at the bottom drainage line, the 
volume change in cell water, the amount of water which 
entered the specimen, the axial strain, and the fina l va
lue of pore water pressure were recorded. The diameter 
of the specimen was measured with a travelling telescope 
mounted on a vernier gauge. Failure was indicated when 
after an increment of back pressure steady deformation of 
the specimen could be observed.

In the second procedure (used with test DLS-1-30-200B), 
the cell pressure was decreased in decrements of 20 kPa.
The pore water pressure at the top of the specimen was 
held constant and the amount of pore water inflow at the 
base, as well as the axial deformation, were measured af
ter pore pressure equalization. Failure was reached when 
the specimen could no longer sustain the dead load as in
dicated by a steady increase in the axial strain. A ll 
test results of the DLS series were corrected for effects 
of rubber membrane stiffness.
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DLU test series A ll specimens were in it ia lly  at optimum 
water content, but each series was carried out at a d iffe 
rent %MDD. The specimen was set up between a saturated 
high-air-entry (3 bar) ceramic disc at its  bottom and a 
dry low-air-entry porous stone at the top. The base of 
the ceramic disc was connected to a transducer and then to 
a mercury pot system for controlled suction, as shown in 
Fig. 1. The top cap was vented to atmosphere. ( I t  may be 
assumed that for shallow slip  surfaces the pore a ir pres
sure remains atmospheric during rain in filtra tio n  and 
only the pore water pressure is increased).

I t  was necessary to f ir s t  precondition the compacted unsa
turated specimens, as they had in general a suction grea
ter than 100 kPa, in order to prevent cavitation of the 
water in the measuring system. By appropriate positioning 
of the pots in the mercury pot system, a specific pore 
water tension would be produced which could be measured by 
the transducer. This tension could then be applied to the 
ceramic disc and water would flow into the specimen (which 
was at a higher suction). The magnitude of controlled 
suction was then decreased in steps until the specified 
in it ia l value of 80 kPa for running the test was achieved. 
Each step required 6 to 24 hours for pore water pressure 
equalization, and five days were needed to complete pre
conditioning .

After preconditioning, the specimen was f ir s t  isotropical- 
ly and then anisotropically consolidated to the total

Sa ran  tube

ad - A i r  d ra in e d  v  

cp  -C e l l  p re ssu re  

n i - N u l l  in d ic a to r  

p w p -  P o re  w a te r  
p re ssu re  

v c  -  V o lum e  change

to  p ressure  
supply and 
vo lum e  change 
m easu ring  
d ev ice

f —  W e igh ts

M ERCURY  POT 

SYSTEM 77777777777777777“ 

DEAD LOAD  TEST  

SET  -  UP

Fi g.  1 Set - up f or  DLU t est  ser i es

stress conditions given in Table I I .  Dead loads for ani
sotropic consolidation were applied in increments of 
44.5 N and the axial deformation recorded. After complete 
anisotropic consolidation shearing was in itiated by the 
following steps: Valve V1 was closed and valve V2 opened 
(Fig. 1). The mercury pot system was adjusted such that a 
suction of 10 kPa lower than that in the specimen could be 
applied. Burette B1 was read for the in it ia l water level 
and then valve Vt opened again. This caused water to en
ter the specimen with a subsequent decrease in suction 
which in turn caused the specimen to deform. The amount 
of water inflow was read from burette B1 and the change in 
negative pore pressure with time observed. Upon equaliza
tion of pore pressure, changes in volume of cell water, 
axial strain and final value of pore water pressure were 
recorded. This procedure was repeated in steps of 10 kPa 
decrements of suction un til the specimen failed. The a ir 
drainage line remained open throughout the test in order 
to maintain atmospheric pressure. Equilibration of pore 
pressure after each decrement required 6 to 24 hours; 
hence each test needed 10 to 14 days to complete. I t  was 
necessary to correct the observed volume change of cell 
water for the water displaced by the movement of the ram 
into the ce ll.

TEST RESULTS AND DISCUSSION

Dead load tests on back-saturated specimens (DLS tests)

Figure 2 shows the variation of pore water pressure, major 
and minor principal effective stress, obliquity, volume
tr ic  strain, and specific volume with axial strain. Of 
interest is the comparison of test DLS-1-30-200B, in which 
failure was generated by decreasing the cell pressure, 
with the other four tests. I t  can be seen from Fig. 2a 
that for this test the pore pressure slowly decreased (see 
also Fig. 3b). Figure 2b illustrates how both the major 
and minor principal stresses decrease as the specimen is 
sheared. For test DLS-1-30-200B the total vertical stress 
had to be adjusted with the decrease in cell pressure in 
order to maintain the deviator stress at a constant level. 
The obliquity for a ll tests of the DLS-1-30 series sheared 
by an increasing pore pressure is about the same (Fig. 2c). 
I t  appears that for a given density the strength is inde
pendent of the pre-shear consolidation pressure. The vo
lumetric strain (Fig. 2d) at a given axial strain increa
ses with increasing pre-shear consolidation pressure for 
specimens with the same in it ia l density (series DLS-1-30). 
I f ,  on the other hand, the specific volume is considered 
(Fig. 2e), almost identical curves are obtained.

Figure 3 shows a comparison of the variation of specific 
volume, u, with pore water pressure for tests DLS-1-30-200A 
and DLS-1-30-200B. A similar picture is obtained when in
stead of u the water content is plotted. In Fig. 3a, a 
tangent line has been drawn to both ends of the curve.
The point of intersection may be interpreted as the con
dition at which the specimen starts yielding without fur
ther significant increase in pore water pressure.

Finally, Fig. 4 shows the effective stress paths for a ll 
five DLS tests. Also shown are failure envelopes obtained 
from three series of isotropically consolidated, drained, 
strain-controlled triax ia l compression tests, denoted by 
CDS-1, CDS-2, and CDS-3, representing conventional testing 
practice. The back-saturated specimens of these three 
series had in it ia l %MDD of 95, 100, and 105 respectively.
I t  can be seen that for maximum obliquity (Fig. 2c) the 
corresponding points of the DLS-1-30 specimens coincide 
more or less with the failure envelope of the CDS-2 test

9 9 3



S
p
e
ci

fic
 

v
o
lu

m
e
, 
v
 

V
o
lu

m
e
tr
ic

 
s
tr

a
in

, 
% 

O
b
liq

u
it
y
, 

o
j'/

a
j 

M
a
jo

r 
an

d 
m

in
o
r 

p
ri
n

c
ip

a
l 

s
tr

e
s
s
, 

cr)
 

ft 
oj

 
,k

P
a 

P
or

e 
w

a
te

r 
p
re

s
s
u
re

, 
u„
 

,k
P

a

2 /B /6

600

500

400

300

200  
600

500

400

300

200

100

0

3.8

3. 0

2.2

1.4 
0

- 4

-8
1.9

1 

1

Axial strain, f a ,%

Fig. 2 Variation ot pore prepare, major and minor prin
cipal stress, obliquity, volumetric strain, and 
specific volume with axial strain (DLS test series)

O'c MDD P i w

(kP o ) (% ) (M g /m 3) (% )

o— n D L S - 1 - 3 0 -  1 0 0 8 5 1 .3 5 2 4 . 0 0

r — *  D L S - 1 - 3 0 - 2 0 0 A 8 5 1 .3 5 24.11

a — *  D L S - 1 - 3 0 - 2 0 0 B 8 5 1 .3 5 2 4 . 2 0

o— o D L S - 1 - 3 0 - 4 0 0 8 5 1 .3 5 2 4 . 3 8

0 — 0  D L S - 2 - 3 0 - 2 0 0 9 5 1 .4 7 2 4 . 2 5
J____________ I____________ L

5 » —  v - — 0 ----------
------------<------------------

=̂ c r i

(b)

o — 1 a ;

1

' 0 4 8 12 16 20 24

1.94

0>
+. 1. 86 
II

I 1.78

I  1.86 
>
0

1 1.78 
co

1.70
400 440 480 520 560 600 

Pore water pressure, uw,kPa

Fig. 3 Variation of specific volume with pore water
pressure: (a) for test DLS-1-30-200A sheared by 
increasing the pore water pressure, and (b) for 
test DLS-1-30-200B sheared by decreasing the 
cell pressure

series. Those specimens of the CDS-2 series which were 
isotropically consolidated at 100 and 200 kPa pressure 
had almost identical densities and water contents before 
shearing as the specimens DLS-1-30-100 and DLS-1-30-200 
after anisotropic consolidation, although the in it ia l den
sities after compaction were 100 and 85% MDD respectively. 
Saturation of dense compacted specimens may lead to swel
ling, and subsequent consolidation under low confining 
stresses may not give the previously specified density at 
which the test should be conducted. Hence the strength 
measured in the test is underestimated. On the other hand, 
i t  is speculated that a low density specimen may collapse 
during saturation and densify, leading to a higher strength 
than that which would be available in situ. A factor of 
safety based on such data would then be overestimated.

Dead load tests on unsaturated specimens (DLU tests)

Selected results of the DLU tests are given in Figs. 5 to 
7. Figure 5a presents the suction (~uw) vs. axial strain 
relationship for series DLU-1. I t  may be seen that for 
tests DLU-1-0 and DLU-1-10 the suction reached a lim iting 
value of about 43 kPa. For these specimens the failure 
mode was dilatant (Fig. 6a). Dilatation of a specimen in
duces additional suction which counteracts losses in suction 
caused by in filtra tin g  water. For tests DLU-1-30, on the 
other hand, the suction continued to drop with increasing 
strain, because the failure mode was compressive. With 
this mode of failure the decrease in volume w ill further

------------------1-------------------1----------------

D L S - 1 - 3 0 - 2 0 0 A

8 5 %  BS M D D (p d = 1 .35  M g /m 3)

O M C  (w  = 2 4 .1 1 % )

?

(a)
\

X

D L S - 1 - 3 0 - 2 0 0 B

8 5 %  BS M D D (p d= 1 .3 5 M g /m 3 )

OMC (w = 2 4 . 2 0 % )

\

(b)

D-o DLS-1-30-100 
DLS-1-30-200A 
DLS-1-30-200B 

DLS-1-30-400 
DLS-2-30-200

P d w 

(Mg/m3) (%) 

1.35 24.00

1.35 24.20
1.35 24.38

1.47 24.25

120 140 160 180 200 220 2 40  260 280 300 

( ff j+ a i) /2 , kPa

Fig. 4 Effective stress paths of specimens of DLS test
series and comparison with failure envelopes from 
conventional (drained) triax ia l compression tests
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Fig. 5 Variation of pore water pressure (suction), prin
cipal stress ratio, and specific volume with axial 
strain for DLU-1 series

reduce the amount of suction, thus accelerating deforma
tion. In Fig. 5b, the principal stress ratio of the DLU-1 
series has been plotted. I t  can be noted that the strength 
of the specimens with a dilatant failure mode decreases 
rapidly after a pronounced peak has been exceeded. The 
variation of specific volume with axial strain is shown in 
Fig. 5c and indicates the compressive and dilatant beha
viour of the specimens of series DLU-1.

Figure 6 illustrates the variation of volumetric strain 
with axial strain for a ll three DLU series. I t  can be 
seen that with higher in it ia l densities and for a given 
pre-shear consolidation stress the failure mode tends to 
become dilatant.

Finally, Fig. 7 shows the variation of specific volume, 
water content, and degree of saturation with suction for 
the DLU-1 series. The specific volume of specimens with 
consolidation pressures of 0 and 10 kPa increased with de
crease in suction, but for specimens with higher consoli-

Axial strain, €a ,%

Fig. 6 Variation of volumetric strain with axial strain 
for DLU-1, DLU-2, and DLU-3 series.

dation pressures (i.e . 30 and 60 kPa) i t  decreased with a 
reduction in suction (Fig. 7a). The water content of a ll 
specimens increased with decreasing suction (Fig. 7b).
The degree of saturation increased with decreasing suction 
for a ll specimens except for those which were unconfined 
(Fig. 7c). With the unconfined specimens the saturation 
in it ia l ly  increased or remained stationary with decreasing 
suction, but at a certain c rit ica l value of suction i t  
dropped abruptly because the specimen started to dilate 
appreciably. Similar results as shown in Figs. 5 and 7 
were also observed with series DLU-2 and DLU-3.

Application to f i l l  slope design

It  was observed that specimens of the DLU series with low 
in it ia l density when wetted up under constant total stress 
fa il in a dilatant mode when the pre-shear consolidation 
stress is low (i.e . 0 and 10 kPa in the case of the DLU-1 
series); otherwise the specimens fa il in a compressive 
mode. From these observations i t  follows that there must 
be ,a c r itica l consolidation pressure, pc, for which no 
volume change occurs when a soil element is wetted up un
der constant total stress. Through interpolation from 
Fig. 6 , i t  is possible to estimate pc for the in it ia l con
ditions given in Table I I .  Assuming now an in fin ite  slope, 
a c r itica l thickness or depth, zc, of f i l l  associated with 
pc may be computed. Values of pc and zc, calculated for 
the resistance envelope selected for this study,are given 
in Table I I I .
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Fig. 7 Variation of specific volume, water content and 
degree of saturation with pore water pressure 
(suction) for DLU-1 series

TABLE III

Critica l Pressure and Equivalent Depth of F i l l  for 
Different Placement Conditions

Series Specified placement Pc zc
conditions

% BS MDD Dry density w
p(j (Mg/m3) (%) (kPa) (m)

DLU-1 85 1.33 24.5 20 4.3
DLU-2 90 1.40 24.5 25 4.9
DLU-3 95 1.47 24.5 30 5.5

CONCLUSIONS

The tests and their results presented here are a new ap
proach to simulate experimentally the mechanism of rain- 
induced slope failure. The tests are delicate and time- 
consuming to run. Based on the data available from this 
study, the principal observations may be formulated as 
follows:

(1) Limited test results indicate that conventional t r i -  
axial compression tests may yield different strength 
parameters than obtained with DLS tests which simu
late the fie ld  stress path, and they may thus lead to 
an incorrect assessment of the s tab ility  of a slope.

(2) The failure mode (i.e . dilatant or compressive) of 
unsaturated specimens wetted up under constant total 
stress depends on the in it ia l density and the pre- 
shear consolidation pressure. There exists a c r i t i 
cal pressure at which there is no volume change. This 
observation should be useful in the design of f i l l  
slopes for which a compressive volumetric strain be
haviour during rain in filtra tio n  should be avoided.
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