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Synopsis

Collapsible soils are moisture sensitive soils that induce volumetric compression on wet-

ting. A major concern in utilizing compacted soil in civil engineering application is their

potential to collapse when wetted under load. The investigation of wetting-induced volume

change behavior of a compacted soil is one of the recent topic that has given due attention in

the study of unsaturated soil mechanics. In this paper the mechanical behavior of a compacted

granular soil is experimentally investigated. The behavior of volume changes are explored us-

ing a modified triaxial permeameter system where the stress state variables are independently

controlled. Wetting stress paths are utilized to refelect field conditions associated with the rise

in groundwater level in collapsible soil stratum under a certain constant isotropic loading. Mea-

surments of total volume change and water content change are made. The experimental data

are analyzed to investigate the collapse potential and its mechanism of unsaturated granular

soils prepared at different initial conditions.
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1. Introduction

Conditions in arid and semi-arid climates favor the
formation of the most problematic moisture-sensitive
arid soils (such as expansive soils, and collapsible
soils). Moisture sensitive soils earn their name by
swelling, collapsing or losing their strength when wet-
ted. Swelling occurs when the soil is plastic, initialy
dry and lightly confined, while collapse occurs when
the soil is non-plastic, initialy dry and relatively heav-
ily confined. In this research, emphasis will be placed
on moisture sensitive soils exhibiting collapse upon
wetting (i.e., collapsible soils). Construction in and on
these soils needs thorough investigation of their behav-
ior when wetted.

In the study of collapse from unsaturated soil point
of view, many tests and investigation are done using
fine-grained specimens (like silt & clay), merely for

the reason that the effect of suction changes are ob-
served more clearly in clay specimens than the test re-
sult obtained by granular soil specimens. Nevertheless,
granular soil is an interesting material in which suc-
tion effect can be clearly imagined as primarily acting
as a meniscus mechanism. In this sense the capillary
concept provides a simplified insight into the mecha-
nism leading to large scale response (i.e., macroscopic
phenomenon), such as collapse behavior, and shrink-
age behavior of soil.

In real stratum, layers made from or predominantly
consist of granular soils (sand, silt) do exist, and this
stratum usually found in meta-stable state depending
on the formation of the deposit, and are usually known
as collapsible soils. Therefore, the investigation of the
mechanical behavior of granular soil in relation to suc-
tion change (wetting stress path) is a necessary task in
the study of some geotechnical problems.



The change in volume of the soil resulting from
changes in soil suction has been the object of many
geotechnical research studies in the last few years
(Tadepalli er al. 1991, 1992; Jose et al. 2000; Rao
et al. 2002; Kohgo et al. 1997; Houston et al. 2001,
Escari et al. 1973).

It is commonly assumed that only sandy or silty
soils exhibit collapse; however, in recent years it has
been reported that compacted soil in general can ex-
hibit collapse (Barden er al. 1973; Cox 1978). Natu-
rally existing unsaturated granular soils, like loess and
meta-stable foundation layer found above groundwater
level, or man-made earth structures such as embank-
ments, road fills, and earth dams often exhibits col-
lapse when compacted dry-of-optimum (Holtz 1948).
Clayton (1980) reported the occurrence of collapse in
compacted chalk-fill.

It is now generally accepted that any type of soil
compacted dry-of-optimum may develop a collapsible
fabric or meta-stable structure at low densities and high
confining stress.

According to most researchers (eg. Dudley (1970),
and Barden et al. 1973), four factors are said to be
needed to produce the collapse in a soil structure:

e An open, partially unstable, unsaturated fabric

¢ A high enough net total stress that will cause the
structure to be meta-stable.

e The existance of a bonding or cementing agent
that stabilizes the soil in the unsaturated condi-
tion.

e The addition of water to the soil, which causes
the bonding or cementing agent to be reduced
and the inter-aggregate or inter-granular contact
to fail in shear, resulting in reduction in total vol-
ume of the soil mass.

The main objective of this paper is to experimentally
investigate the wetting-induced volume change behav-
ior of granular soils compacted at meta-stable condi-
tion, and proving the necessity of the above four fac-
tors as a cause for occurance of collapse in the soil.

2. Collapsible soils

Arid soils in general are moisture-sensitive soils.
Moisture-sensitive soils earn their name by swelling,
collapsing, or losing strength when they came in con-
tact with water. Volume change upon wetting is either
swell (if the material is plastic, initially dry, and lightly
confined) or collapse (if the material is non-plastic or
slightly plastic, initially dry, and heavily confined).
In this paper emphasis will be placed on moisture-
sensitive soils exhibiting collapse upon wetting.
Structural stability is imparted to a collapsible soil
by matric suction that stabilizes the inter-granular con-
tacts in the partially structured condition. Addition of

water weakens the capillary bonds and causes the inter-
granular contacts to fail in shear, resulting in a reduc-
tion in total volume.

The prediction of the performance of a collaps-
ing earth structure in engineering practice requires
the modeling of the collapsible soil behavior from a
macroscopic viewpoint. Such an approach allows for
the use of the theory of unsaturated soil mechanics
in the prediction of the collapsing behavior of soils.
Alonso (1993) stated that the microstructure is widely
recognized as important information in explaining the
behavior of collapsing soils despite the fact that it lacks
a simple quantitative descriptor.

Currently, regarding the behavior of moisture-
sensitive soils exhibiting collapse upon wetting,
geotechnical engineer recognizes that:

e Any type of soil compacted at “dry-of-
optimum ” conditions and at a low dry density
may develop a collapsible fabric or meta-stable
structure (Barden er al. 1969, 1973).

e A compacted and meta-stable soil structure is
supported by micro-forces of shear strength (i.e.,
bonds) that are highly dependent upon capillary
action. The bonds start losing strength with the
increase of water content and at a “ critical de-
gree of saturation ” the soil structure collapses
(Jennings and Knight 1957; Barden et al. 1973).

e There is a gradual increase in compressibility
as well as a gradual decrease in shear strength
of a collapsible soil during the saturation pro-
cess (Jennings and Burland 1962; Barden et al.
1973).

e The soil collapse progresses as the degree of sat-
uration increases. There is, however, a critical
degree of saturation for a given soil above which
negligible collapse will occur regardless of the
magnitude of the pre-wetting overburden pres-
sure (Jennings and Burland 1962; Houston ef al.
1993).

e The collapse of a soil is associated with localized
shear failures rather than an overall shear failure
of the soil mass (Maswoswe 1985).

e During wetting-induced collapse, under a con-
stant vertical load and under Ky-oedometer con-
dition, a soil specimen undergoes an increase in
horizontal stresses (Maswoswe 1985).

e In collapse mechanism, at a given net confining
pressure and following a wetting stress path, the
metastable-structured soils follows three distinct
phases in terms of total deformations with a de-
crease in matric suction: the pre-collapse, the
collapse, and the post-collapse phase (Jose, et al.
2000)



e During the application of wetting stress path on
compacted granular soils, collapse is believed to
be initiated/commenced as the soil suction ap-
proaches its air entry suction (Shemsu 2003).

e Soil that experiences collapse will possess more
shear strength than before undergoing collapse,
if sheared at equal matric suction (Shemsu et al.
2003, Shemsu 2003).

e Under a triaxial stress state, the magnitude of
volumetric strain, resulting from a change in
stress state or from wetting, depends on the
mean normal total stress and is independent of
the principal stress ratio (o,/o,). However, the
individual component of volumetric station (i.e.,
axial and radial station) depends on the principal
stress ratio. For a given mean normal total stress,
the magnitude of axial collapse increases and the
magnitude of radial collapse decrease with an in-
creasing stress ratio (Lawton et al. 1991).

The last observation provides valuable information
for the modeling of the collapsing soil behavior, as it
relates the total volumetric wetting-induced collapse to
the mean net normal total stress. It illustrates that a
collapsing soil can even undergo expansion in the di-
rection of the minor total stress during saturation, de-
pending on the applied stress ratio. Isotropic wetting-
induced soil collapse can occur on a soil specimen un-
der an isotropic total stress state. In addition, it pre-
dicts that during tri-axial wetting-induced collapse a
soil specimen undergoes stress-induced anisotropic de-
formations that are functions of the applied anisotropic
stress state.

3. The Test Program and Procedure

The testing program was designed with the main ob-
jective of analysing the mechanical behavior of a com-
pacted granular soil specimen gradually being wetted
starting from its bottom. The wetting or saturating of
the collapsible soil simulates the transient unsaturated-
saturated water flow during a gradual rise in ground-
water table or during the first reservior filling of an
embankment dam.

A modified triaxial apparatus was employed in the
program. The major modification includes the abil-
ity to measure pore-air and pore-water pressure in the
specimen, separately. Fig.1 shows the description of
parts of the modified triaxial apparatus.

3.1 The Specimen Used

The sample prepared in the research study is soil
derived from soil used in construction of ‘Matsutani’
dam, Japan. The soil is hand-washed (to make it free
from clayey substance), sieved andblended to form
granular soils (soil type 1, soil type 2 and gravel soil

in Table 1) having approximately the same uniformity
coefficent.
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Fig. 1 The modified triaxial apparatus.

100 ———rr it

9

80 bl eleiake Ltype 1
ad

| —O— | Original soil '." : j_
------- 1type 2 7

PLE

70 fmnn2 Bl

wf : j
50 2
of Ve

! /A" ’ ]

30 £

Percent by weight, %
X
>

20

10 X
" / o
L n 1 1 "'l il n Id 1
dodt 0.01 01 0
Particle size, mm

Fig. 2 Particle size distribution curve

1000 PR o T T
I ow ow + x
100+ ow ova + X -
ow Oova + x
55 ow ova + x
. 10 + -
_5 I Soil type 2 %DQ%I:?V‘AD i“i!.‘ )&5& ]
A T i
2 o e=0.627
g 1 v e0501 © 0o
S a e=0.569 )
= Soil type 1
01fF + e=0.488 4
L o e=0.763 1
o e=0.736
0.01 vo,es073% o, ]

20 40 60 80 100
Degree of saturation, %

Fig. 3 Soil water characteristic curve of compacted
granular soil



Table 1 Physical properties of soil used

Soil Soil Gravel
Index test type 1 type2 soil
Standard compaction tests
Maximum dry density (g/cm?) 1.79  2.02
Optimum water content (%) 14.2 12.3
Grain size distribution
Percentage of gravel (%) 75
Percentage of sand (%) 90 80 25
Percentage of silt (%) 7 20
Specific gravity (g/cm?) 273 276 287
Maximum void ratio 1.02 0.94
Minimum void ratio 0.52 0.32
Dip (mm) 0.10 0.05 0.45
D3y (mm) 0.32 0.15 2.0
D¢y (mm) 1.0 0.42 5.0
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Fig. 4 Compaction curves of the soil used

The grain size distribution of the blended sample
together with the original soil can be shown in Fig.2
and the soil index properties of these soils are summa-
rized in Table 1. The soil water characteristic curves of
the samples, determined by suction method with a ca-
pacity of 1000kPa, are shown in Fig.3 Specimens from
each blended soil at the dry-of-optimum water content
and lower dry unit weight, which is the practice of most
engineering structures made of soil during construc-
tion, were prepared. These conditions usually result in
meta-stable structure which leads to collapsible soil.

The specimens were compacted in the compaction
mold of 150mm in diameter and 100mm in height (but
large sized granular soil is tammed on the triaxial ap-
paratus). Fig.4 shows the compaction curves obtained
and the initial conditions of some specimens.

3.2 The Test Procedure

The compacted specimen is sandwiched between a
high air entry (200kPa) ceramic disk at the bottom and
nonwoven fiber filter, which is glued to the loading cap,
with water entry value of 100kPa, at the top of the spec-
imen. The air pressure, water pressure and confining
pressure are applied to the specimen through valve A,
B and C respectively (see Fig.1).

After assembling the apparatus the desired matric
suction in the specimen was obtained by controlling
the pore-air and pore-water pressures using the axis-
translation technique (Fredlund et al. 1993; Hilf 1956).

The specimens were then left for equilibration of
the pore-air and pore-water pressure within the entire
length. Thereafter, the specimens were subjected to
different magnitude of isotropic compression at con-
stant applied suction. After compression, the matric
suction in the soil is reduced by increasing the water
pressure, in doing so water will gradually enters the
specimen from the bottom through the high air entry
ceramic disk. Both pore-air and pore-water pressure
at the specimen boundary is controlled to bring the
boundary suction to zero during wetting process.

4. Results and Discussions

From the experiment performed on different speci-
mens it is found that all speciemens show settlement
due to wetting. Fig.5 shows the experimental result
of volume change behavior of all phases, (total, water,
and air phase), of the soil specimen for different initial
conditions. The total volume change and the amount of
water that inters into the soil specimens are measured
values, whereas, air phase volume change is calculated
from the principle of conservation of mass.
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Fig. 5 The volume change during suction history for different initial conditions

In all specimens we can see that there is a reduc-
tion in total volume as the matric suction of the soil
reduces, or as the water enters the specimen. However,
the magnitude of volume change due to suction reduc-
tion for the same type of soil specimen is seen to be the
function of the initial condition of the specimen.

Comparing Fig.5 a) and b) we can see that for the
same applied initial matric suction and same dry den-
sity the specimen with smaller water content undergoes
more volume reduction under wetting. Specimen hav-
ing higher initial matric suction deform more during
wetting, compare Fig.5 b) and f). In addition speci-
men with dry density close to its maximum dry den-
sity (See Fig.5d) induces the minimum volume change

on wetting. Specimen initially compacted to the wet
side of optimum water content (Fig.5¢) undergoes very
small volume reduction on further wetting, evenif it
has lower dry density.

Figs.6a)~f) show the experimental results of
change in void ratio and degree of saturation during
wetting process on soil specimens prepared at different
initial conditions.

All the result data are summarized in Table 2, in-
cluding collapse potential and its initial soil properties
(The collapse potential is defined as volumetric strain
or the ratio of void ratio change to initial specific vol-

ume = £ x 100% )
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Fig. 6 The soil mass properties during suction history

In all the results presented in Figs.6 we can clearly
observe that the volume reduction of the soil com-
mences after a certain quantity of water enters the spec-
imen, or after the degree of saturation reaches a certain
critical value. This state at which wetting-induced vol-
ume reduction commences is strongly believed to be
related to the air entry suction of the soil. As can be
observed in these figures all specimens didn’t reach
full saturation, however, show wetting-induced vol-
ume reduction. Therefore, partial wetting test can also
show typical volume change behavior of unsaturated
soil with respect to suction change.

The above data were presented from the experi-

mental result undertaken by reducing all the applied
matric suction to zero at once, and measuring the vol-
ume change of the soil through time, in a sense it was
difficult to talk about the relationship between the his-
tory of matric suction reduction to the response of total
volume change of the specimen. Hence further experi-
mental investigation was undertaken through reducing
the applied matric suction stepwisely.

Specimens, at their initial condition and applied
initial matric suction of 80kPa, was isotropically
loaded under a previously specified net confining pres-
sure, (03 — u,), of 200kPa. Both pore-air and pore-
water pressures were controlled in a drained mode.



Table 2 Summary of the experimental results.

Graph Initial Mat- void void  col-
names dry ric Cell ratio  ratio lapse
in Fig.5 Initial  den- Inital suc- pre- before after pote-
Soil water sity void  tion ssure  wet- col- ntial
types content g/cm3 ratio (kPa) (kPa) ting lapse (%)
1 a) 0.110 1.786 0.529 40 100 0495 0491 0.268
1 b) 0.124  1.769 0.543 40 100 0515 0511 0.264
1 f) 0.128 1.695 0.627 20 100 0594 0591 0.188
2 c) 0.110 1.843 0479 40 100 0452 0449 0.207
2 d) 0.114 1974 0.385 10 150 0341 0340 0.075
2 e) 0.143 1.804 0.529 20 150 0478 0477 0.068
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Fig. 7 Collapse for two type of soils, a) total volume reduction, b) change in void ratio on wetting.

Specimens were allowed to consolidate at various
steps of decreasing matric suction (i.e., following wet-
ting path) until saturation was reached. The applied net
confining pressure was maintained constant through-
out the test. The test started by applying a matric suc-
tion of 60kPa. This was the first step toward saturation
(collapse). The changes in total volume of the speci-
mens were monitored during each step of the tests. The
net inflow of water to the specimen also was monitored
to determine the change in degree of saturation.

The specimens were allowed to equilibrate at ma-
tric suction equal to 60, 40, 20, OkPa to better define
the collapse behavor of the soil.The equilibration time
is about 3~4days for every applied matric suction.

However, the sample didn’t reach complete satura-
tion at zero value of applied matric suction, even after
applying back pressure of circa 10kPa, this behavior
suggests the need for longer time of equilibration at
every suction step. However the general trend of vol-
ume change induced during suction reduction can be
observed clearly, except for lack of the total amount of
volume change of the soil as the entire specimen ap-
proaches saturation or zero matric suction.

Figs.7a) and b) show the total volume change and
void ratio changes during wetting versus matric suction
for all specimens under different initial conditions. The
result is summarized in Table 3.

Three distinct phases in the collapse mechanism,
as discussed by Jose et al. 2000, were expected, how-
ever, only two phases were observed in this result. In
the first phase called ‘pre-collapse phase’, at relatively
high matric suction, the soil doesn’t collapse and only
small deformation occurs in response to a decrease in
matric suction. In the second phase ‘collapse phase’,
at actually intermediate matric suctions large deforma-
tions are observed in response to a decrease in matric
suction.

The third phase, ‘post-collapse phase’, would be
an absence of deformation at lower matric suctions as
the matric suction of the entire specimen is reduced to
zero. However, bringing the entire specimen to zero
matric suction seems time-consuming and uneconom-
ical, since the size of the specimen is large compared
to the usual specimen size and the permeability of ce-
ramic disc is in the order of 10~° cm/s from which one
can guess the time that is needed to saturate the whole
specimen.



Table 3 Summary of step-wise experimental results

Soil Before wetting After wetting | Collapse potential
—type | s(kPa) w(%) 7d(g/cm3) e w(%) e Ae/(1 + egp)
Sandy 80 7.6 1.75 0508 | 7.8  0.503 0.332%

soil 80 6.6 1.75 0500 | 6.8 0.497 0.200%
Gravely 80 39 1.69 0575 | 43 0574 0.063%

soil 80 4.0 1.69 0574 | 43 0572 0.127%

Also shown in these figures is the influence of soil
type (grain size) on the volume change behavior in-
duced by reduction in matric suction. For the same
applied confining stress and initial matric suction, soil
which possesses more fine grain induced more volu-
metric reduction than coarse-grained soil.

This implies that if a soil possesses more fine grain
it will result in the formation of meta-stable structure
which leades to more wetting-induced settlement and
collapse.

5. Collapse Mechanism and its Potential

It is believed by most geotechnical researchers that
collapse mechanism differ considerably from the clas-
sical consolidation process. In the consolidation pro-
cess, the total volume change of the saturated soils oc-
cur as a transient process. Collapse, on the other hand,
appears to occur in a relatively short period time in re-
sponse to the infiltration of water in to the soil at a
constant vertical stress.

However within the framework of the present test
performed on triaxial apparatus, it appears that there
is no as such sudden reduction in volume as the water
enters the specimen. However, a continous wetting-
induced settlement as water infiltrate from bottom to
upward, and settlement appears to occur in a relatively
longer period of time as opposed to what is believed.

As already mentioned in the previous section, for
the soil to experience wetting-induced volume reduc-
tion, four factors are said to be needed, such as; un-
saturated fabric, applied stress, cementing agent and
addition of water. However from this experimental in-
vestigation we have found that the need for cementing
agent (like clay mineral) is found to have less effect,
since the specimen is prepared hand-washed granular
material. Therefore, we can say that for a soil to un-
dergo volume reduction on wetting only three factors
are believed to be needed in this experiment:

¢ An open partially unstable, unsaturated fabric

¢ A high enough net total stress that will cause the
structure to be meta-stable, and

e The addition of water to the soil, which causes
the suction to reduce and the unsaturated fabric

or the inter-aggregate contact to fail in shear, re-
sulting in a reduction in total volume of the soil
mass.

The dry density, the initial water content and the
percent fine are shown to be the most important in-
fluential factors of soil properties when we investigate
the collapse behavior and collapse potential of com-
pacted/unsaturated soil. An inverse relationship be-
tween the initial soil properties and the percent col-
lapse (collapse potential),is pertinent. The collapse
potential decreases with an increase in the initial wa-
ter content or dry density. The results are in general
agreement with the observation made by Tedapelli et
al. 1992.

6. Conclusions

Generally, the following conclusions are drawn from
the investigation conducted on granular specimens
subjected to wetting stress path.

e At a given net confining pressure and following
a wetting stress path, collapsible soils believed
to follow three distinct phases in terms of total
deformation with a decrease in matric suction:
the “pre-collapse”, the “collapse” and the “’post-
collapse phase”.

e The dry density and initial water content are
shown to be the most important influential fac-
tors of soil properties when we investigate the
collapse behavior of compacted soil. Generally
an inverse relationship between the initial soil
properties and the percent collapse is pertinent.

e For soil to undergo collapse the existence of
cementing or bonding agent is found to be
not the necessary factor as believed by many
researchers. However, an agreement can be
reached from the understanding that the matric
suction of the soil (capillary force) can be con-
sidered as a cementing agent that stabilizes the
soil to remain in unsaturated condition carrying
the external pressure acting upon the soil and
that bring the soil to a meta-stable state. The
strength of sandcastle could be a good example
for the effect of matric suction on granular soil.



e Estimated collapse settlement based on full-
wetting collapse potential may not be realized
for many field condtions. In fact, it is extremely
uncommon that complete saturation to the full
depth of the collapsible soil deposit occurs, un-
less wetting is by slowly rising groundwater,
which definitely took long time. This fact must
be taken into account during estimation of col-
lapse settlement and in assessing the magnitude
of the “calculated risk”.

e When we talk of collapse due to wetting, it
doesn’t necessarily mean full depth wetting and
sudden deformation of the soil mass. From
the experimental investigation undertaken, it is
found that the collapse of a soil is associated
with localized shear failure (due to partial wet-
ting) rather than an overall shear failure of the
soil mass.

e Collapse, in the framework of the present labo-
ratory testing technique, can be defined as a con-
solidation/compression of soil mass due to grad-
ual increase in pore-water pressure (from bottom
to upward), through time. It is different from the
real consolidation process in that, during con-
solidation volume change occur due to dissipa-
tion of excess pore-water pressure. Otherwise,
when one talk about volume change behavior
of soil during wetting process one has to def-
erentiate collapse from wetting-induced settle-
ment in that collapse is a sudden volume change
phenomenon which occur in a short time frame,
whereas, wetting-induced settlement is a tran-
sient process, similar to consolidation process,
that depend mostly on the permeability and/or
the rate of flow of water into the specimen.

References

Alonso, E. (1993): Constitutive modeling of unsaturated soils, En-

gineering European Courses, Barcelona, Spain.

Barden, L., Madedor, A. O., and Sides, G. R. (1969): Volume
change calculations of unsaturated clay, Journal cf Soil Mechan-
ics and Foundation Division, ASCE, Vol. 95, pp. 35~51.

Barden, L., McGown, A., and Collins, K. (1973) : The collapse
mechanism in partially saturated soil. Engineering Geology, Vol.
7, No. 1, pp. 49~60.

Clayton, C. R. 1. (1980): The collapse of compacted chalk fill, Pro-
ceedings, International Corference on Compaction, Paris, Ses-

sion 2.

Cox, D. W. (1978): Volume change of compacted clay fill, Pro-
ceedings, Institution cf Civil Engineers Corference on Clay Fills,
London, pp.79~86.

Dudley, J. H. (1970): Review of collapsing soils, ASCE Journal
cf Soil Mechanics and Foundation Division, Vol. 96,(SM3), pp.
925~947.

Escario, V., and Saez, J. (1973): Measurements of the properties of
swelling and collapsing soils under controlled suction, Proceed-
ings cf 3rd International Cor ference on Expansive Soils, Vol. 1,
pp-195~200, Haifa, Israel.

Fredlund, D.G., and Rahardjo, H. (1993): Soil Mechanics for Un-
saturated Soils. NY, John Wiley & Sons, INC.

Hilf, J.W. (1965): An investigation of pore water pressure in com-
pacted cohesive soils Technical Memo 654, Bureau of Reclama-

tion, Denver.

Holtz, W. G. (1948): The determination of limits for the control of
palacement moisture in high rolled earth dams, American Society
for Testing and Materials, Proceedings, 48, pp.1240~1248.

Houston, S. L., Houston, W. N., Zapata, C. E., and Lawrence, C.
(2001): Geotechnical enginerring practice for collapsible soils,
Geotechnical and Geological Engineering, 19, pp.333~355.

Houston, W. N., Mahmoud, H. H., and Houston, S. L. (1993): A
laboratory procedure for partial wetting collapse determination,
Geotech. Spec. Publ. No. 39, ASCE, New York, 54~63.

Jennings, J. E. B., and Burland, J. B. (1962): Limitations to the
use of effective stresses in partly saturated soils, Geotechnique,
London, 12(2), 125~144.

Jennings, J. E. B., and Knight, K. (1957): The additional settlement
of foundations due to collapse of structure of sandy subsoil on
wetting, Proc., 4th Int. Corf. on Soil Mech. and Found. Engrg.,
1, pp.316~319.

Jose, H.EP,, and Fredlund, D.G. (2000): Volume Change Behavior
of Collapsible Compacted Gneiss Soil, Journal ¢f Geotechnical
and Geoenvironmental Engineering, ASCE, Vol. 126, No.10, pp.
907~916.

Kohgo, Y. (1997): Method of analysis of saturated collapse behav-
ior, JIRCAS Journal, 4, pp.1~28.

Lawton, E. C., Fragaszy, R. J., and Hardcastle, J. H. (1991): Stress
ratio effects on collapse of compacted clayey sand, J. Geotech.
Engrg., ASCE, 117(5), pp.714~730.

Maswoswe, J. (1985): Stress paths for a compacted soil during col-
lapse due to wetting, PhD dissertation, Imperial College of Sci-

ence and Technology, London.

Rao, S. M., and Revanasiddappa, K. (2002): Collapse behavior of
residual soil, Geotechnique, 52(4), pp.259~268.

Shemsu, K.A., Kiyama, S., Aoyama, S., and Kobayashi, A. (2003):
Suction controlled volume change and shear behavior of collapsi-
ble compacted soil, Proceedings cf the 2nd Asian Corference
on Unsaturated Soils, UNSAT-ASIA 2003, pp.221~226, Osaka,
Japan.

Shemsu, K.A. (2003): Experimental Investigation of Volume
change and Shear behavior of Unsaturated granular soils, PhD
dissertation, Graduate School of Agriculture, Kyoto University,

Japan.

Tadepalli, R., and Fredlund, D.G. (1991): The Collapse Behavior
of a compacted soil during Inundation, Canadian Geotechnical
Journal, Vol. 28, No. 4, pp.477~488.

Tadepalli, R., Rahardjo, H., and Fredlund, D.G. (1992): Measure-
ments of Matric Suction and Volume Change during Inundation
of Collapsible Soil, Geotechnical Testing Journal, GTJODJ, Vol.
15, pp.115~122.



FEMAKEDAZ TRART U X ILEZTDA D= LA

Shemsu, K. KIU 1E—* FHiL &EE* /MR R
* KRR TP A Ie R

n?7%%%#im@*mﬁﬂ@fﬁﬁ@ékm%%Eﬁéﬁ%%#.ﬁ%@me@ﬁ#é%
BIHEE O DTN b2 a T T ART Y VEHEARTZICHICBIT 2 —2oO FELRBELETH
5. B K> THRBE D 72 L2V T RREE LB OM I, AEaFfik T8 W THEE S b il
DO— v 7 ThD. AFaTIIRFE D DALTZRLR LIZ W CEBRIICE D 1282 o8 LIz R %2
ARG, IRFEEAC RN TSRS S DIREEIC DUV TN HIE © & Dok B L7z =k B & 2 VO CEl
L7z, RIS IEREIL, 27 A0 LHGERIENE SIS N ATHREE CHUN KA ERT 58
G e FE U CEIR S LT, BB (LR OB K EL 28I L. EBRT — 206, ke R
HAREFRLR 02T FART v L FD A T = X AZOWNTHHT Lz,

F—TU—F: a7 7R, WEEE, WRM =Gt v by rYrvar, Rkt



