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General report: Geotechnical engineering problems in unsaturated soils

J.S. McCartney
Department of Structural Engineering, University of California San Diego, USA

ABSTRACT: This general report focuses on the major findings from a collection of studies published in the
proceedings of UNSAT 2018 focused on geotechnical engineering problems involving unsaturated soils.
These problems include the stability of slopes and walls in natural unsaturated soils, performance of levees
and embankments involving compacted unsaturated soils, interaction between unsaturated soils and founda-
tions, deformations of expansive and collapsible soils, and mining and landfill problems involving unsaturated
soils. In many of these applications, the coupling between the flow of water through unsaturated soils and the
deformation or stability of geostructures plays a critical role in the resolution of these geotechnical engineer-
ing problems. Following a review of the major findings from these studies, a summary of the common issues
that should be considered in solving geotechnical engineering problems in unsaturated soils will be provided.
These include definition of an appropriate boundary value problem considering the appropriate hydro-
mechanical processes, characterization or estimation of the hydraulic and mechanical properties of unsaturated

soils, verification using physical modelling or field data, and evaluation of results for decision-making.

1 INTRODUCTION

A total of 33 papers were grouped together into the
common theme of geotechnical engineering prob-
lems in unsaturated soils, with authors from 18 na-
tions. The papers were segregated into five topics
that are summarised in Table 1, along with the con-
tributing nations. The following sections provide a
summary of the papers in each area, with emphasis
on some papers of particular importance. This paper
also provides a discussion on common principles
and techniques used in solving geotechnical engi-
neering problems in unsaturated soils.

Table 1. Summary of papers in each category.

No. Contributing

Topic Papers Nations

Canada, Italy, Nor-
10 way, Singapore, Sri
Lanka, Sudan, USA

Stability of slopes and walls
in natural unsaturated soils

Performance of levees and
embankments in compacted 5
unsaturated soils

Denmark, India,
Italy, Japan, Taiwan

. Brazil, Chin
Interactions between founda- azil, China,

. . 7 France, Iraq, Italy,
tions and unsaturated soils South Africa
Deformation response of ex- Brazil, China,

. pon ; 7 France, UK, USA,
pansive and collapsible soils :
Vietnam
Mining and landfill problems 4 Australia, Canada,

involving unsaturated soils China, Italy

2 REVIEW OF STUDIES ON GEOTECHNICAL
ENGINEERING PROBLEMS

2.1 Stability of slopes and walls

The papers on this topic focused on the hydro-
mechanical response of natural soil slopes or cut-
type excavations (Elfadil 2018; Dilanthi et al. 2018;
Heyerdahl et al. 2018; Huang et al. 2018; Lizarraga
et al. 2018; Olivares et al. 2018; Rahardjo et al.
2018; Shwan 2018a; Yang & Vanapalli 2018). One
of the key problems evaluated in these studies in-
volve rainfall induced landslides, where low intensi-
ty but sustained rainfall has been observed to result
in rising groundwater levels, loss of suction-
dependent shear strength due to infiltration fronts,
development of capillary breaks due to contrasts in
hydraulic conductivity, and bedrock exfiltration may
lead to instability or unacceptable deformations
(Lizarraga et al. 2018).

Lizarraga et al. (2018) evaluated the performance
of a spatially-distributed model of landslide suscep-
tibility analyses at regional scale in response to a se-
ries of rainfall-induced landslides that occurred in
1998 in the Sarno Municipality of Italy in unsaturat-
ed pyroclastic air-fall sediments loosely-deposited
over a carbonate fractured bedrock. They defined
factors of safety (FS) for two scenarios by analysing
the stability of unsaturated slopes in the regional
model with a suction-dependent plastic model with



non-associated flow rule. The two scenarios included
uncoupled drained failures, referred to as slip fail-
ures, and coupled failures driven by the pressuriza-
tion of water, referred to as flowslides. An example
of the spatial distribution of slip failures and flow
slides in the regional model of the landslide events
from 1998 is shown in Figure 1. A good match was
observed between the predicted and observed rain-
fall induced landslide triggering events. They ob-
served that the hydraulic conductivity of soils in sat-
urated conditions (Kj) plays the most important role
in the occurrence of a flowslide instead of a slip fail-
ure, as lower K values will lead to perched water ta-
bles near the slope surface.

Landslide 2
initiation points:
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flowslides
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Figure 1. Observed landslide initiation locations during along
with computed distributions of slip failures and flowslides as-
suming K, = 3x10°° m/s (Lizarraga et al. 2018).

Rahardjo et al. (2018) also evaluated the spatial
distribution in properties from 14 slopes in residual
soils in Singapore near locations that experienced
rainfall-induced landslides in December 2016 to
January 2017, as shown in Figure 2. Thirteen of the
locations were used to develop geospatial distribu-
tions of the parameters relevant to rainfall induced
landslides, such as that for the hydraulic conductivity
of saturated soil shown in Figure 3. The geospatial
relationships were used for stability evaluations of
the slope at the 14™ site, using a software that can
analyze both water flow in unsaturated soils and
slope stability. They found that the greater the num-
ber of points used in the geostatistical analysis, the
more accurate the estimate of the time variations in
factor of safety during a rainfall event.

Two papers, Rotisciani et al. (2018), and Huang et
al. (2018) focused on new analyses for rainfall in-
duced landslides. Rotisciani et al. (2018) used a fi-
nite element analysis with the soil behaviour repre-
sented using the modified Cam Clay model to
simulate the infiltration process and changes in pore

water pressure and degree of saturation. They found
that the slope angle plays a key role in whether the
slope will be saturated or unsaturated at the point of
failure. They also observed that the shape of the hy-
draulic conductivity function (HCF) and soil water
retention curve (SWRC) play a key role in the distri-
bution in pore water pressure and degree of satura-
tion during a given infiltration event. Huang et al.
(2018) combined a simplified infiltration analysis
with both rotational and translational limit equilibri-
um failure analyses. They compared results from
their simplified analytical analyses with those from
numerical analyses of previous slope failures and
found good agreement, indicating that such simpli-
fied methods may be useful for preliminary evalua-
tion of the likelihood of rainfall induced landslides.
Simplified methods like this may be useful when
combined with geospatial evaluations such as those
described by Lizarraga et al. (2018) and Rahardjo et
al. 2018).

3 D 4 Legend
§ 4
\‘ y e Site investigation locations
b } Soil type
Ao o KioAve 4 <l Ll
X . \ Bukit Timah Granite
\Tndmlyehne “‘ Jurong Formation
Wl gt <A Old Alluvium
A [} A
Q N

Figure 2. Sampling locations for geostatistical analyses of rain-
fall induced landslides in Singapore (Rahardjo et al. 2018).
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Figure 3. Example of geospatial distribution of soil properties
from the site investigation in Singapore (Rahardjo et al. 2018).

Yang & Vanapalli (2018) and Dilanthi et al.
(2018) focused on the shear strength properties of
soils used in slope stability analyses. Yang & Vana-
palli (2018) developed a model to predict the residu-
al shear strength of unsaturated soils from the shape
of the SWRC and used this to simulate the stability
of a slope during changes in matric suction. A good
fit was obtained when comparing with the results



from ring shear experiments, as shown in Figure 4.
Dilanthi et al. (2018) performed a series of laborato-
ry tests with high capacity tensiometers to infer the
HCF, SWRC, and impact of suction on the shear
strength of unsaturated residual soils. Their data may
be interpreted using the ¢ approach developed by
Vanapalli et al. (1996) or the suction stress concept
developed by Lu et al. (2010) that permit prediction
of the changes in the shear strength of the unsaturat-
ed soil using the SWRC.
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Figure 4. Comparison of a best-fit model with residual shear
strength variations with suction (Yang and Vanapalli 2018).

Olivares et al. (2018) and Heyerdahl et al. (2018)
focused on systems that could be used for early
warning of potential slope instability. Heyerdahl et
al. (2018) installed a series of piezometers and die-
lectric sensors with embedded temperature sensors at
different depths in a steep slope in layered soil in
Norway to monitor infiltration and evaporation pro-
cesses. The water flow and deformations of the slope
were simulated using a finite element software, and
results were refined with the field measurements.
Olivares et al. (2018) evaluated the likelihood of
false alarms from early warning systems for slope
instability and discussed the different issues that
must be considered when using this type of system
successfully. They presented two models that may
provide more accurate warnings based on the slope
geometry, soil properties, and rainfall events.

Shwan (2018a) performed physical modelling
tests on cantilever-type retaining walls in unsaturated
soils. Although this study did not consider the im-
pact of water flow on the stability of the wall, they
compared the behaviour of the sand backfill under
dry, saturated, and unsaturated conditions at a degree
of saturation of 93%. It was observed that the wall
displacement for the model with unsaturated sand
was the smallest during application of a surcharge to
the upper portion of the retained fill.

2.2 Performance of levees and embankments

The papers on this topic focus on the behaviour of
compacted soils in embankment and levee structures

used to support vehicle traffic or to retain water, us-
ing numerical simulations, 1g and centrifuge physi-
cal modelling, and field monitoring (Singh et al.
2018; Rochi et al. 2018; Uzuoka et al. 2018; Rajesh
et al. 2018; Liao et al. 2018). Although similar in
some senses to the stability and deformation of natu-
ral slopes, the papers in this topic generally focus on
compacted soils that are initially unsaturated and
subjected to different water flow processes.

Singh et al. (2018) performed a series of centri-
fuge experiments on unsaturated embankments with
and without a steel drainage pipe acting as both a re-
inforcing element and as a drain. A typical experi-
mental setup is shown in Figure 5. After spin-up, the
flood water level was increased, and the deformation
and pore water pressure response of the embankment
were monitored. The embankment with three drains
was found to perform the best, as shown in the de-
formation results in Figure 6. This indicates that
drainage can have an equal or better effect to rein-
forcements in unsaturated soil layers.
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Figure 5. Centrifuge modelling of drainage/reinforcement of
unsaturated embankments (Singh et al. 2018).
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Figure 6. Centrifuge modelling deformations of different em-
bankment drainage cases (Singh et al. 2018): (a) Case 1: no
drains; (b) Case 2: 3 drains; (c¢) Case 3: 2 drains and 1 rein-
forcement; (d) Crest deformations during water level rise.




Rocchi et al. (2018) monitored the response of a
levee on the river Po in Italy and tracked changes in
pore water pressure along two profiles to identify the
location of the phreatic surface, as shown in Figure
7(a). This data was combined with simulations of
water flow and stability, and the most likely zones of
stability concerns as shown in Figure 7(b). This
analysis may permit improvement or stabilization
strategies for the levees in the future.
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Figure 7. Monitoring results from a levee and data interpreta-
tion (Rocchi et al. 2018): (a) Contours of pore water pressure;
(b) Most likely failure planes on the sides of the embankment.

Uzuoka et al. (2018) performed numerical simula-
tions to evaluate the seismic response of an unsatu-
rated embankment after a rainfall event. Their results
in Figure 8 indicate that larger shear strains are ob-
served when shaking occurs after a rainfall event,
with the largest equivalent strains near the crest of
the embankment. For the same rainfall and shaking
events, larger equivalent strains were observed in the
clay embankment. This type of analysis may help
explain why some embankments behave well or not
during earthquakes and may be useful as part of a
long-term risk assessment for the seismic perfor-
mance of levee or embankment networks.

Rajesh et al. (2018) investigated the use of com-
pacted fly ash as an embankment material. Typical
flow process results during raising of a water table
near the crest of the embankment are shown in Fig-
ure 9(a). As the water level rose, capillary rise in the
unsaturated soil above the phreatic surface led to a
reduction in suction within the embankment. Failure
was observed along a circular slip surface that was
above and below the phreatic surface near the toe of
the embankment. Monitoring results indicate that the
loss of suction was sufficient enough to lead to a re-
duction in shear strength in the fly ash.

Liao et al. (2018) used numerical simulations to
evaluate the performance of different edge drainage
systems for highways, and mapped contours of the
degree of saturation as shown in Figure 10. These
degrees of saturation were combined with a mecha-
nistic model to evaluate the performance of the em-
bankment to traffic loading, emphasizing the strong
linkage between water flow and mechanical perfor-
mance of unsaturated compacted soils in pavements.
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Figure 8. Simulations of rainfall events in embankments sub-
jected to earthquake shaking (Uzuoka et al. 2018): (a) Degree
of saturation versus time in fine sand embankments; (b) Degree
of saturation versus time in clay embankments; (c) Equivalent
shear strain distributions when shaking at the end of infiltration.
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Figure 9. Physical modelling results of water level changes in a
fly ash embankment (Rajesh et al. 2018): (a) Phreatic surface
locations; (b) Changes in factor of safety with time.
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Figure 10. Comparison degree of saturation contours around
four types of pavement edge drains (Liao et al. 2018)

2.3 Interactions  between  foundations  and

unsaturated soils

The papers on this topic focus on the mechanical re-
sponse of foundations in unsaturated soils, the im-
pact of foundations on flow processes in unsaturated
soils, and on field testing approaches used to predict
the response of foundations (Gress 2018; Tang &
Senetakis 2018; Shwan 2018b; Imam & Fotowat
2018; Albuquerque et al. 2018; Lalicata et al. 2018;
Theron et al. 2018).

A critical aspect to any foundation design process
is an accurate site investigation. Pressuremeter tests
(PMTs) are used often in the design of deep founda-
tions to estimate the elastic moduli of the soil for use
in settlement calculations. Gress (2018) performed a
series of PMTs in soil profiles having different de-
grees of saturation to provide a correction for un-
saturated conditions to commonly used empirical
equations for estimation of the moduli. The correc-
tion equation was based on a similar correction
equation for dynamic cone penetration tests that in-
volved a power law relationship between the modu-
lus and the gravimetric water content.

Foundation design should consider many possible
scenarios to ensure that the optimal materials are
used while ensuring safety in terms of bearing capac-
ity and settlement. It is also of interest to understand
transient variations in the actual bearing capacity of
foundations on unsaturated soil layers (i.e., as op-
posed to the design value that incorporates safety
factors). Part of this effort requires evaluation of dif-
ferent possible suction profiles to represent the range
of conditions that may be encountered in nature.
Tang & Senetakis (2018) developed an effective
stress-based bearing capacity equation for shallow
foundations on soil layers having uniform and linear
distributions in suction with depth, as shown in Fig-
ure 11(a). The uniform distribution of suction corre-
sponds to a unit gradient infiltration while the linear
suction profile corresponds to hydrostatic conditions.
They compared their solutions to those from other
recent studies by Vanapalli &Mohammed (2013) and
Vahedifard &Robinson (2016) and found a good
match with experimental data from Rojas et al.

(2007), as shown in Figure 11(b), and a good match
to other data sets.

Schwan (2018b) performed a series of physical
modelling tests on footings on unsaturated sand hav-
ing different friction angles and found a good corre-
lation between the observed bearing capacity values
and those predicted using a plane strain upper bound
approach referred to as the Discontinuity Layout Op-
timization (DLO) method. The shear strength was
estimated by assuming that the suction stress was
equal to the product of the suction and degree of sat-
uration to the power of S, where fis a fitting param-
eter. A shortcoming of this approach over the suction
stress definition of Lu et al. (2010) equal to the ef-
fective saturation multiplied by the suction is that
additional testing is required to define the value of /.
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Figure 11. Bearing capacity scenarios for unsaturated soils
(Tang & Senetakis 2018); (a) Suction profiles considered; (b)
Variations in bearing capacity with suction.

Imam & Fotowat (2018) evaluate the behavior of a
shallow footing on unsaturated soil layers having
different degrees of saturation that were improved
using stone columns. In addition to comparing load-
settlement curves with those predicted from a hyper-
bolic model, they provided experimental evaluations
of the impact of unsaturated soil conditions on the
lateral expansion of the stone column and the impact
of the stone column length. They observed an opti-
mal degree of saturation of 16% at which the short-
est stone column length was needed.

Albuquerque et al. (2018) and Lalicata et al.
(2018) focused on the lateral loading response of
deep foundations in unsaturated soil profiles. Albu-
querque et al. (2018) performed a pair of loading
tests on piles in an unsaturated soil layer before and



after flooding from the surface and compared the
load-displacement curves with those from a p-y
load-transfer analysis in Figure 12. They used a coef-
ficient of horizontal reaction that depended on un-
saturated conditions. By assuming that the shear
strength and elastic modulus of the soil depends on
the degree of saturation, Lalicata et al. (2018) per-
formed a series of simulations using a finite element
model with soil behaviour represented by the modi-
fied Cam Clay model. They found that the depth of
the water table had major effects on the load-
displacement curve (Figure 13(a)) and on the loca-
tion of the maximum bending moment in the pile
(Figure 13(b)). The results from these two studies
indicate that unsaturated conditions may play a criti-
cal role in the selection of the length and diameter of
the pile used in design.
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rated soil before and after flooding (Albuquerque et al. 2018).
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Figure 13. Lateral loading of piles in unsaturated soils for dif-
ferent depths to the water table z, normalized by the pile di-
ameter D (Lalicata et al. 2018): (a) load-displacement curves;
(b) normalized moment

Theron et al. (2018) performed an analysis of cou-
pled heat transfer and water flow under building
foundation slabs to identify the likelihood for prefer-
ential movement of underlying expansive soils. Typ-
ical contour plots in Figure 14 indicate that seasonal
changes in water content may not be as significant as
seasonal changes in temperature for the location in-
vestigated and the particular aspects of the rein-
forcement slab under the building. This may indicate
that drying of the soil outside of the building foot-
print due to the changes in solar exposure on the bot-
tom right side of the house may lead to differential
movements under that part of the structure. They
found that the location of maximum water content
under the building was the location least exposed to
solar radiation and noted that the orientation of the
building with respect to the sun may be important in
mitigating differential movements.
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Figure 14. Contour plots of flow processes under foundations
slabs (Theron et al. 2018): (a) January water content variations;

(b) January temperature variations; (c) May water content vari-
ations; (d) May temperature variations.

2.4 Deformation response
collapsible soils

of expansive and

The papers on this topic focus on laboratory and
field testing approaches to consider the thermo-
hydro-mechanical response of soils that may experi-
ence appreciable expansion or collapse during wet-
ting or drying, respectively (Assadollahi & Nowa-
mooz 2018; Nguyen et al. 2018; Vann et al. 2018;
Almahbobi et al. 2018; Li et al. 2018; Morais et al.
2018; Al-Dakheeli & Bulut 2018). These papers in-
clude a combination of experimental and field eval-
uations of the deformation response of different soils
that may be prone to causing problems to geotech-
nical structures, with the goal of refining models for
deformation prediction.

Several studies focused on the experimental char-
acterization of the deformation response of expan-
sive/collapsible soils. Morais et al. (2018) focused
on the characterization of expansive soils, using a
combination of physical, chemical and mineralogical



tests along with free expansion and shrinkage tests.
They compared several different criteria available in
the literature and found that they all indicate good
agreement with the magnitudes of observed swelling
behaviour of the clays. Al-Dakheeli & Bulut (2018)
evaluated the initiation of cracking in soil specimens
during restrained drying in the restrained ring testing
method. They observed that cracking initiates near
the end of normal shrinkage but before reaching the
shrinkage limit (which corresponds approximately to
the air entry suction). They found that the initial
compaction water content for a soil affects the initia-
tion of cracking, likely due to soil structure effects.
Almahbobi et al. (2018) evaluated the SWRCs and
volumetric strain curves for collapsible soils during
water absorption and measured the drained failure
envelopes using suction-controlled triaxial compres-
sion tests. They found that the volumetric strain dur-
ing wetting shown in Figure 15(a) did not have a
major impact on the shape of the SWRC or the suc-
tion stress characteristic curve (SSCC) interpreted
from the model of Lu et al. (2010). Specifically, the
SWRCs for the collapsed specimens were relatively
similar in terms of the degree of saturation (Figure
15(b)), and the SSCC predicted from the SWRC
matched well with that inferred from the triaxial
compression tests (Figure 15(c)).

Li et al. (2018) performed numerical shake-down
analyses implemented in a finite element software to
understand cyclic drying and wetting of expansive
soils. By using empirical equations to represent the
effects of initial soil density on the elastic modulus
and the hardening modulus, the authors were able to
capture the slope of the wetting path expansion on
specimens with different densities after 3 drying-
wetting cycles measured in a previous study.

Vann et al. (2018) presented an extension to the
suction-oedometer method of Houston and Houston
(2017) that provides engineers an approach to esti-
mate the vertical strain during wetting of expansive
soils without having to measure the initial and final
suctions in the field. The method involves the defini-
tion of a surrogate suction value that depends on the
measured gravimetric water content in the field, the
liquid limit, and the Thornthwaite moisture index
(TMI). The paper presents a comparison of the verti-
cal strain values estimated using this approach and
using the more complete suction-oedometer method
and the values were found to agree well.

Assadollahi & Nowamooz (2018) focused on the
simulation of the water flow and volume change of a
field site that was instrumented with a plate settle-
ment probe to monitor ground movements and a
suite of hydraulic sensors to monitor water flow pro-
cesses. Using HYDRUS, the authors were able to
capture the changes in water content, suction and
temperature near to the ground surface (i.e., a depth
of 50 mm). The model also provided good estimates
of the trends in vertical soil movement during the

wetting and drying of the soil layer during seasonal
weather fluctuations, as shown in Figure 16.
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Figure 15. Collapsible soil evaluation (Almahbobi et al. 2018):
(a) Volumetric strain during wetting; (b) SWRCs; (c) SSCCs.

Nguyen et al. (2018) provided a characterization
of the thermal and hydraulic properties of a collapsi-
ble Loess. Suction, volumetric moisture content and
thermal conductivity of soil were measured simulta-
neously while wetting/drying cycles were applied to
a Loess specimen. Consistent with other studies,



they observed a clear trend between thermal conduc-
tivity and degree of saturation that was not depend-
ent on the wetting or drying path. However, they ob-
served that relationships between suction and
thermal conductivity were affected by hysteresis,
which may be relevant when using head-based for-
mulations in coupled heat transfer and water flow
analyses. Their findings confirm that the quantity of
water in an unsaturated soil has the primary effect on
the thermal conductivity.
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Figure 16. Measured and simulated vertical ground movements
in expansive soil (Assadollahi & Nowamooz 2018).

2.5 Mining and landfill
unsaturated soils

problems  involving

The papers on this topic focus on a wide range of
challenges encountered in mine construction involv-
ing unsaturated geomaterials (Vo et al. 2018), in
management of mine wastes (Qi1 & Simms 2018), in
the behaviour of vegetated soil layers (Tasnim et al.
2018), and the behaviour of landfill cover systems
involving capillary barriers (Wang et al. 2018).

Vo et al. (2018) revisits the problem of hang-up in
ore passes in mines using unsaturated soil principles.
In underground mining operations, ore is typically
dropped by gravity through vertical shafts called ore
passes to a lower level where it is crushed and col-
lected. The ore passes are occasionally clogged by
ore hang-up, which occurs when fine ore particles
agglomerate due to apparent cohesion and form and
arch that blocks the ore from falling down the shaft.
Although this topic has been studied since the
1960’s, it hasn’t been interpreted in a mechanistic
manner. They developed two effective stress-based
solutions for a bursting failure mechanism in an arch

having an inclination of ¢ from the horizontal (a
stress discontinuity solution and a velocity solution),
and generated failure plots such as that shown in
Figure 17. These plots permit understand of the im-
pacts of different ore moisture contents on the pres-
sures required to remove ore pass hang-ups.
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Figure 17. Bursting failure mechanism solutions for ore hang-
up in a plane ore pass (Vo et al. 2018).

Qi & Simms (2018) address the problem of mine
tailings impoundments, where it is expected that the
mine tailings will slowly consolidate under both sat-
urated (due to expulsion of pore water) and unsatu-
rated conditions (i.e., due to surface evaporation).
The placement of new layers of mine tailings atop
consolidating layers may lead to stability issues, so
the consolidation process must be carefully estimat-
ed during design. The paper used two constitutive
models (the State Surface Model, SSM and the
Glasgow Coupled Model, GCM) that consider hy-
dro-mechanical coupling to consider changes in hy-
draulic conductivity and the shape of the SWRC
with reductions in the void ratio. They observed
post-collapse compression when using the GCM that
led to lower void ratios near the bottom of the mine
tailings impoundment (Fig. 18). If verified, the post-
collapse compression may have important implica-
tions on the placement rates of mine tailings.

Many unsaturated systems near the ground surface
use plants to remove water through transpiration
(e.g., evapotranspirative landfill covers) or to pro-
vide reinforcement for slopes or walls. The suction
in the unsaturated soil plays a critical role in plant
health, with low suctions leading to rot and high suc-
tions leading to wilting. Tasnim et al. (2018) evalu-
ated the impact of liquid nutrient supply on the
health of plants in heavily compacted silty soil that
does not have significant naturally-occurring nutri-
ents. Drying tests were performed on soil layers with
different nutrient supply patterns to evaluate the suc-
tion induced by evapotranspiration, which may have
important implications on the stabilization of slopes
using plants.
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Figure 18. Void ratio distributions for different mine tailing
placement rates using the GCM (Qi & Simms 2018).

Cover systems for landfills or mine tailings im-
poundments often use the concept of a capillary bar-
rier, where a layer of fine-grained material overlying
coarse-grained material restricts water movement
until the fine soil is nearly saturated. They can be
formed using natural soils (Stormont and Anderson
1999) or geosynthetics (Zornberg et al. 2010). Wang
et al. (2018) performed a series of column tests on
layered soil profiles to evaluate the impact of the
thickness of the fine-grained soil layer on the water
storage during steady infiltration. They used their re-
sults to propose new design criteria for using capil-
lary barriers in different climate settings.

3 DISCUSSION

Although the geotechnical engineering problems in-
volving unsaturated soils reviewed in this general
report are on a wide range of topics, they share a
common goal and the solutions follow several com-
mon themes. The common goal is to ensure the ap-
propriate performance of a geotechnical system in-
volving unsaturated soils during long-term
interactions with the environment or during external
loading, meaning that analyses of water flow and
mechanical response are required along with consid-
eration of the effect of unsaturated conditions on the
stress state in the soil. The common themes of the
solutions include definition of a simple yet still real-
istic boundary value problem that captures the rele-
vant water flow processes and stress-strain response,
characterization or estimation of the hydraulic and
mechanical properties of unsaturated soils, verifica-
tion using physical modeling or field data, and deci-
sion-making based on the analysis results.

It is important that the relevant analysis be
matched with the level of complexity of the problem
being solved. The most advanced model considering
coupling between thermo-hydro-mechanical aspects

of soil behavior may not be necessary to solve every
geotechnical problem, but instead the analysis
should be matched to the problem. In some cases, a
simplified analysis such as that proposed by Vann et
al. (2018) permits a good estimate of the vertical
strain of expansive soils during wetting. In other
cases, coupling must be considered between hydrau-
lic and mechanical processes such as in the mine
tailings consolidation analysis of Qi & Simms
(2018). In some cases, simple analytical solutions
may be appropriate like the limit equilibrium-based
solutions of Huang et al. (2018) for rainfall induced
slope stability or Tang & Senetakis (2018) for bear-
ing capacity. A simple analysis may be more useful
when evaluating problems like rainfall induced land-
slides on a regional scale where broad assumptions
must be made to gain the required information.
However, even when considering geotechnical prob-
lems on a regional scale, advanced constitutive mod-
els like those used by Lizarraga et al. (2018) are
needed to delineate between the different modes of
failure during rainfall events (slip failures or flow-
slides). Simplified analyses may also not be suitable
for all problems. Advanced finite element analyses
like that of Rotisciani et al. (2018) permit considera-
tion of the relative impacts of the hydraulic proper-
ties on rainfall induced landslides, while that of
Uzuoka et al. (2018) permitted evaluation of the im-
pact of infiltration on the seismic response of em-
bankments. An added challenge in these more ad-
vanced models is the measurement and calibration of
the constitutive relationships, which nearly always
requires experimental testing.

Along those lines, another common theme of the
solutions is the need to measure the properties of un-
saturated soils ranging from the well-known soil-
water retention curve and hydraulic conductivity
function to the thermal conductivity function and
shrinkage-swelling curves. When solving an engi-
neering problem, it is critical to measure the soil
properties under a similar stress state to that ob-
served in the field, as well as following a similar
path. For example, McCartney & Zornberg (2010)
found that investigation of wetting and drying of
soils by increasing and decreasing a steady infiltra-
tion rate leads to negligible hysteresis. However, of
drainage of soil specimens from the base followed
by rewetting may lead to significant hysteresis, as
observed by Nguyen et al. (2018). Use of either as-
sumption may lead to major differences in predic-
tions. It is also critical to explore linkages between
different properties. The effective stress principle is
one of the key aspects where the hydraulic properties
of soils may be linked with the stress state and the
mechanical properties of soils. For example, the suc-
tion stress model of Lu et al. (2010) uses the soil-
water retention curve in the definition of the effec-
tive stress to successfully predict the shear strength
of unsaturated soils. This model was used by



Almahbobi et al. (2018) to show that it also applies
to collapsible soils. Another example is the study of
Nguyen et al. (2018) who explore linkages between
thermal conductivity and degree of saturation and
suction. In addition to experimental linkages, it is
important to develop coupled functional relation-
ships for thermo-hydro-mechanical properties such
as the thermal conductivity function of Lu and Dong
(2015), who evaluated several soils to identify link-
ages between the parameters of the soil-water reten-
tion curve and the parameters of the thermal conduc-
tivity function.

Many of the studies considered in this general re-
port use physical modeling (Shwan 2018a, 2018b;
Rajesh et al. 2018; Singh et al. 2018) or field testing
(Rocchi et al. 2018; Assadollahi & Nowamooz 2018;
Heyerdahl et al. 2018) to provide a baseline for cali-
brating or validating numerical simulations. In addi-
tion to understanding coupled hydro-mechanical
phenomena in a real setting (e.g., Lizdrraga et al.
2018; Rahardjo et al. 2018), field testing is also use-
ful as part of early warning systems for problems
such as rainfall induced landslides (Olivares et al.
2018). Physical modeling or field testing is also use-
ful to check whether the simplifications made during
definition of the boundary value problem, selection
of the hydraulic or mechanical process to simulate,
or definition of the thermo-hydro-mechanical prop-
erties of the soil are appropriate. If issues are ob-
served in comparing numerical simulations with ex-
perimental observations, then further sophistical may
be required in these stages.

Once a solution to a geotechnical engineering
problem has been obtained and calibrated or validat-
ed using physical modeling or field testing, evalua-
tion of the results is required to make decisions. An
example is the case of regional scale simulations of
rainfall induced landslides. This requires an integra-
tion of geotechnical analyses together with weather
monitoring or buried instrumentation to provide
guidance on whether a landslide may occur. This re-
quires a solid basis in unsaturated soil mechanics,
but also a consideration of variability and probabilis-
tic analysis. In the case that a high probability of
failure is predicted in a given storm, an analysis
needs to provide accurate information to policy
makers to call for evacuations. Olivares et al. (2018)
provides examples of how false alarms in early
warning systems may occur due to inaccurate soil
constitutive relationships used in the simulations.
Another example of linkages between decision mak-
ing and analyses are provided by Rocchi et al.
(2018), who identified critical sections that may be
susceptible to failure and may need to be improved,
and Liao et al. (2018), who compared different edge
drainage solutions for highways to help decision
makers select the optimal roadway design configura-
tion. Vo et al. (2018) also provided the first set of
mechanistic analyses for ore pass hang-up that could

provide useful information to mine operators to as-
sess the likelihood of this occurring for different wa-
ter contents of the ore.

4 CONCLUSIONS

The papers in this general report provide new in-
sights into the solution of a wide range of geotech-
nical engineering problems involving unsaturated
soils. Common themes between the different prob-
lems were discussed, including definition of a simple
yet still realistic boundary value problem that cap-
tures the relevant water flow processes and stress-
strain response, characterization or estimation of the
hydraulic and mechanical properties of unsaturated
soils, verification using physical modeling or field
data, and decision-making based on the analysis re-
sults. Consideration of varying levels of complexity
in these themes ensures the appropriate performance
of geotechnical systems involving unsaturated soils
during long-term interactions with the environment
or during external loading.
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