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Abstract: An investigation into the geotechnical properties specific to assessing the stability of weakly and moderately cemented sand
cliffs is presented. A case study from eroding coastal cliffs located in central California provides both the data and impetus for this study.
Herein, weakly cemented sand is defined as having an unconfined compressive strength �UCS� of less than 100 kPa, and moderately
cemented sand is defined as having UCS between 100 and 400 kPa. Testing shows that both materials fail in a brittle fashion and can be
modeled effectively using linear Mohr-Coulomb strength parameters, although for weakly cemented sands, curvature of the failure
envelope is more evident with decreasing friction and increasing cohesion at higher confinement. Triaxial tests performed to simulate the
evolving stress state of an eroding cliff, using a reduction in confinement-type stress path, result in an order of magnitude decrease in
strain at failure and a more brittle response. Tests aimed at examining the influence of wetting on steep slopes show that a 60% decrease
in UCS, a 50% drop in cohesion, and 80% decrease in the tensile strength occurs in moderately cemented sand upon introduction to water.
In weakly cemented sands, all compressive, cohesive, and tensile strength is lost upon wetting and saturation. The results indicate that
particular attention must be given to the relative level of cementation, the effects of groundwater or surficial seepage, and the small-scale
strain response when performing geotechnical slope stability analyses on these materials.
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Introduction

Steep slopes and cliffs formed in cemented sands often pose ei-
ther a geologic hazard or an engineering challenge. Although at
the stronger end of the cemented sand spectrum �i.e., sandstone�,
material behavior is dictated by rock mechanics principals, at the
weaker end of the spectrum, cemented sands behave neither com-
pletely as a soil or a rock. Thus, they provide their own set of
challenges with regard to slope stability assessments and engi-
neering design. When exposed in cliffs for example, it is often
unclear whether to depend on the cohesion element of shear
strength, due both to the often weak nature of the contributing
cementation bonds and the possibility of cementation degradation
due to environmental factors �e.g., groundwater seepage�. Further,
both tensile and shear failure modes are often possible, requiring
accurate assessment of their strengths. In hazard evaluation or
engineering mitigation of cemented sand slopes, the need for a
thorough understanding of their geotechnical parameters cannot
be overemphasized.

Cemented sands describe a wide range of materials, even at
the weaker end of the spectrum. They represent the transitional
environment between soils and rocks, often with characteristics of
both �Sitar 1983�. At one extreme are locked sands that derive
their strength from the intimate interlocking geometry of particle
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contacts and otherwise lack actual cementation, as described by
Dusseault and Morgenstern �1979�. At the other extreme are car-
bonate sands where the particles and cementing agent are identi-
cal, making a clear distinction between cementing action and
intergranular interaction difficult. Many classifications schemes
have been proposed, very often dependent on the dry unconfined
compressive strength �UCS� �e.g., Shafii-Rad and Clough �1982�;
Barton �1993��, but with some variability to the lower bound de-
fined as the weakest end member �very weakly cemented with
UCS �100 kPa by Shafii-Rad and Clough �1982�; slightly ce-
mented with UCS �500 kPa by Barton �1993��.

All cemented sands share many similarities—among them, the
pronounced tendency to form steep natural and cut slopes. An
additional important common characteristic is that cemented �and
locked� granular soils are capable of resisting compression and
shear forces similar to uncemented sands but can also withstand
at least some minimum tensile stress due to cohesion �cementa-
tion and/or interlocking� effects. While most attention has been
directed at cementation, the fabric �i.e., particle orientation, par-
ticle shape, and packing� also plays an important role in a soil’s
relative strength and slope stability �e.g., Sitar �1983�, Richards
and Barton �1999�, Martins et al. �2005��. Regardless of the origin
of the cohesive component, the end effects are the same: an abil-
ity to form slopes both steeper and taller than their uncemented
counterparts, and likewise, a tendency to fail in dramatic, brittle
collapse upon excessive loading. Given the obvious utility of un-
derstanding and predicting this type of behavior for development
and infrastructure located on or near slopes composed of ce-
mented sands, there is still a need for a more generalized under-
standing of the response of these materials to various changes in
stress. These include the reaction of steep slopes to lateral unload-
ing and/or surficial saturation, which are investigated from a ma-

terial strength perspective in this paper.
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Overview of Prior Research on Cemented Sands

The properties of naturally and artificially cemented granular ma-
terials have received periodic interest by the geotechnical com-
munity over the past several decades in a variety of contexts and
locations. These include studies by Saxena and Lastrico �1978� on
naturally cemented sands, Horikawa and Sunamura �1968� on ar-
tificially cemented sands, and Sitar �1979� and Clough et al.
�1981� on both naturally and artificially cemented sands. Studies
aimed at the role of the cementing agent include those by Airey
�1993� on carbonate cemented sands in Australia, O’Rourke and
Crespo �1988� on volcanoclastic deposits in Ecuador and Colum-
bia, and Barton and Cresswell �1998� on clay and ferruginous
cemented sands in England.

Previous research on the geotechnical behavior of cemented
sands includes that on their compression, tensile and shear
strength �Saxena and Lastrico 1978; Clough et al. 1981;
O’Rourke and Crespo 1988; Lade and Overton 1989; Airey 1993;
Das et al. 1995; Huang and Airey 1998; Richards and Barton
1999; Fernandez and Santamarina 2001; Schnaid et al. 2001;
Cresswell and Barton 2003�, fracture behavior �Sture et al. 1999�,
and constitutive behavior �Reddy and Saxena 1992; Rumpelt and
Sitar 1993; Vatsala et al. 2001�. Despite the range of lithologic
provenance, sampling, and testing conditions in all these studies,
several consistencies are found throughout this body of research.
First, the behavior of most cemented soils appears to be quite
similar regardless of the particular cementing agent �calcareous,
siliceous, argillaceous, ferruginous, etc.�. In general, linear Mohr-
Coulomb strength envelopes apply over typical stress ranges.
Friction angles are similar to those obtained for uncemented sand
materials whereas cohesion is generally a function of both the
cementing agent and the angularity of the particles that provide
bonding surfaces. Brittle failure occurs at low confining stresses
and at low strain levels �on the order of 0.5–2%,� with increasing
ductile response at higher confinement. Finally, when tensile
strength has been tested, it is on the order of 10% of the UCS.

The Clough et al. �1981� study was among the first performed
on the cemented sands in the central California coast region,
where the present research was undertaken. These studies in-
cluded those performed by Sitar et al. �1980�, Bachus et al.
�1981�, and Shafii-Rad and Clough �1982�. Later studies in this
area were also performed by Wang �1986� and Hampton �2002�.
Clough et al. �1981� identified several key properties of cemented
sands, among them, their brittle behavior at low confining stress,
the rapid volumetric increase that occurs upon shearing, and the
combined roles of cementation and particle interlocking that con-
tribute to shear strength. As this was one of the first detailed
studies on the subject, several characteristics now recognized as
important to understanding the soil behavior in a steep slope set-
ting were not investigated. These include the role that the stress
state of an evolving slope geometry has on shear strength and the
response of the compressive, shear, and tensile strengths due to
saturation. Likewise, very few of the previously referenced papers
present results in the framework specifically applicable to under-
standing the role of material strength in steep slope and cliff set-
tings. These subjects form the basis for the present investigation.

Failure Modes and Stress Paths of Evolving Slopes
and Cliffs

Cemented sand slopes may evolve under a variety of failure
modes. Very often, excavation or toe erosion �Fig. 1�a�� lead to

shear failures at inclinations paralleling the slope surface �Sitar
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1983; Collins and Sitar 2008�. However, erosion by waves is not
the only possible mechanism—toe erosion may also occur from
human agents such as mining related excavation in quarry pits
�Barton and Cresswell 1998�. In more indurated, moderately ce-
mented sands, other failure modes are possible, including tensile-
strength-loss exfoliation due to fluctuating groundwater seepage
conditions �Fig. 1�b��. The slope geometry in this case must be
sufficiently steep to generate tensile stresses in the bluff face,
typically upwards of 70° �Sitar and Clough 1983�. The difference
in geometry, and likewise, failure modes between weakly and
moderately cemented sand slopes can be examined using high-
resolution survey techniques, such as terrestrial lidar surveying
�Fig. 1�b��. Measurements made through this technique �Collins
and Sitar 2002, 2005, 2008� are instrumental in showing, for ex-
ample, that failures in weakly cemented slopes �Fig. 1�a�� gener-
ally occur at shallower slope inclinations compared to moderately
cemented slopes �Fig. 1�b��, precluding the development of ten-
sile stresses in those slopes. This type of data also shows that
overhangs, which often form at the cliff toe in coastal environ-
ments and especially in more strongly cemented sands, are com-
pletely absent in weakly cemented sands—their low resistance to
both wetting and vertical loading �i.e., existing overburden� pre-
vent cantilevered sections in a coastal environment �Collins and
Sitar 2008�.

Despite the different possible failure modes, most, if not all,
forms of cliff erosion lead to a reduction of confining stress on the
face of the cliff. For example, with any form of toe erosion,

Fig. 1. Examples of: �a� weakly cemented sand cliff with toe erosion
and shear failure mode; �b� moderately cemented sand cliff with
tensile-exfoliation failure mode. Terrestrial lidar data collection �fore-
ground in �b�� provides resultant overlain, high resolution cross sec-
tions at location of arrows.
subsequent failures of the cliff result in the removal of material
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from the cliff face �Fig. 2�a��. This results in a reduction of the
lateral confining stresses previously provided by the face material.
Direct exfoliation of cliff material is also an example of this pro-
cess, and while often linked to at least some form of additional
triggering mechanism �e.g., groundwater seepage—Fig. 2�b��, ex-
foliation may occur in the absence of any trigger, due simply to
the reduction in existing confinement from previous failure.

The stress path taken by an internal soil element in these situ-
ations is not often simulated in geotechnical tests; typically the
confining stress is maintained with an increase in vertical loading.
However, for eroding cliffs, analysis of slope stability is more
appropriately performed using strength parameters obtained from
a confinement reduction stress path. This field condition results in
unloading in the horizontal direction and a constant stress re-
sponse from overburden in the vertical direction. In terms of
stress path testing, the major principal stress, �1, remains constant
while the minor principal stress, �3, is reduced. Using the stress
parameters s and t as outlined by Parry �1995�

s = ��1 + �3�/2 �1a�

t = ��1 − �3�/2 �1b�

results in the stress paths are shown in Fig. 3.
The stress path followed by a soil element subjected to con-

Fig. 2. Idealized models of slope evolution over time �t� for �a�
weakly cemented; �b� moderately cemented sand cliffs
stant �1 and decreasing confinement still follows a compression-
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type stress path, but in a direction opposite to conventional
triaxial compression to reach a state of failure described by the
linear envelope with intercept a and inclination �st �Fig. 3�. These
can be easily converted to typical Mohr-Coulomb parameters c
and � through algebraic manipulation of the stress coordinates.
Lambe and Whitman �1969� identified this type of loading as
“lateral extension,” Parry �1995� as “triaxial compression with
constant axial stress,” and Dehler and Labuz �2007� as “compres-
sion unloading;” it is referred to herein as the field stress path
�FSP� to distinguish it from the conventional constant �3 com-
pressive stress path. Sitar et al. �1992� and Anderson and Riemer
�1995� performed tests with a similar stress path �also called the
FSP� by increasing the relative pore-water pressure within the
sample. These tests showed that a state of collapse �sudden in-
crease in volumetric strain� could be achieved in sands and clayey
silts through rapid dilation at failure. Other stress-path specific
testing on bonded soils �Malandraki and Toll 2001� has shown
that the resulting Mohr-Coulomb strength parameters are very
similar between those obtained from conventional triaxial tests
and those from other, more complicated stress paths, including
variations of the proposed FSP. However, a decrease in axial
strain and increase in volumetric strain at failure and more brittle
response is also obtained �Collins 2004�. This is similar in many
respects to overconsolidated soil behavior, and may partially ex-
plain the sudden collapse of cemented sands at failure often ob-
served in the field �Collins and Sitar 2008�.

Methods

The steep-slope behavior of weakly and moderately cemented
sands was investigated through geotechnical sampling and labo-
ratory testing from a field area that is subject to repetitive cliff
failures. The area, located along the northwestern coast of the San
Francisco Peninsula in central California, is composed of variably
cemented sand marine terrace deposits, and has been extensively
studied, including geological mapping, observational field work,
and analysis of slope failures �Collins and Sitar 2008�. In many
respects, it is representative of numerous other areas of the west
coast of the United States and elsewhere where steeply sloping
cemented sand deposits exist.

Sampling of Cemented Sand

Geotechnical sampling of cemented sands can be difficult, owing

Fig. 3. Stress path plot for FSP loading, conventional triaxial stress
path �TRX�, and Brazilian tensile test �BTT� stress path in s-t stress
space, showing slope ��st� and intercept �a� used to obtain Mohr-
Coulomb strength parameters
to the light cementation that governs internal stability and, like-
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wise, collapse. Reconstituted samples are generally not acceptable
for strength testing because they cannot replicate the original fab-
ric of the deposit and hence cannot replicate the apparent
cohesion of the in situ materials. Samples obtained by conven-
tional geotechnical drilling methods undergo extensive
disturbance compared with results from hand-carved block sam-
pling �Bachus et al. 1981� and generally result in higher densities
and water contents, a more ductile stress strain response, and a
lower shear-strength envelope. Because of these limitations, arti-
ficially cemented samples are commonly used �e.g., Clough et al.
1981; Lade and Overton 1989; Reddy and Saxena 1992; Das et al.
1995; Huang and Airey 1998; Fernandez and Santamarina 2001�.
Whereas these do mimic the stress-strain behavior of the natural
materials, they do not adequately reproduce the internal fabric
and interlocking of the grains. Hence, the only sampling method
that stands a chance to maintain the internal fabric is hand-carved
block sampling, which was selected as the preferred sampling
method for this study. Whereas the process is time consuming, the
results are more consistent with true field conditions. In the past
this approach has been selected by Frydman et al. �1980�, Clough
et al. �1981�, O’Rourke and Crespo �1988�, Richards and Barton
�1999�, and Dittes and Labuz �2002�, among others.

Samples were extracted from the face of two, unclassified, late
Pleistocene, sea-cliff outcrops composed of paleo–dune, beach,
and alluvial deposits �Smith 1960; Brabb and Pampeyan 1983;
Collins 2004� located south of San Francisco, California, approxi-
mately 3 m above beach level �Fig. 4�. The two outcrops consist
of a weakly cemented uniform sand in a unit approximately 24 m
tall capped by up to 3 m of moderately cemented sand, and a
moderately cemented, uniform sand in a unit approximately 18 m
tall. Herein, weakly cemented sand is defined as that with an UCS
below 100 kPa, in contrast to moderately cemented sand with
UCS above 100 kPa but below 400 kPa. These categories are

Table 1. Geotechnical Index Properties of Weakly and Moderately Cem

Material
USCS
desig.

Unit weight,
� �kN /m3�

In situ
gravimetric

water content
�%�

Wet
w

Weakly cemented SP 17.0 8.9

Moderately cemented SM 18.7 12.6

Note: N /A=not applicable.
a

Fig. 4. Sample locations in weakly and moderately cemented cliffs
near San Francisco, California. Height of cliff ranges from 27 to 18 m
moving north to south �left to right� across image. Dashed line delin-
eates weakly cemented sand �below� from moderately cemented sand
�above�. Image copyright 2002–2008 Kenneth and Gabrielle Adel-
man, California Coastal Records Project, www.californiacoast-
line.org.
Gs determination based on Bachus et al. �1981�.
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referenced to a modified form of those defined by Shafii-Rad and
Clough �1982� and are consistent with differing cliff failure
modes observed between the materials �Collins and Sitar 2008�.

Degraded surface materials were first scraped away to expose
a fresh surface a few tens of centimeters into the cliff. Hand tools,
including shovels and spatulas were then used to carve 0.3-m3

block samples from the face. Samples were wrapped in plastic to
preserve the in situ moisture content and were transported to the
laboratory while maintaining the vertical orientation of the
sample to minimize failure along horizontal bedding planes. Each
sample was hand carved using a succession of finer steel blades to
trim the blocks to 7.1-cm-diameter, 15.2-cm-tall cylinders �i.e.,
conventional 2.8-in by 6-in specimens�.

Laboratory Testing

The laboratory testing program included standard index testing
�ASTM 2004a,b,c,e�, triaxial testing, and Brazilian tensile testing
at various states of saturation. Triaxial testing included uncon-
fined tests �ASTM 2004g�, conventional compression tests, and
the FSP tests described previously. In total, 18 triaxial tests were
performed on the weakly cemented sand, whereas 12 triaxial and
4 Brazilian tensile tests were performed on the moderately ce-
mented sand. In some cases, triaxial tests were performed under
suction �vacuum� to attain low relative confinement levels �re-
ferred to as “TRXv” tests�. No tensile tests could be performed on
the weakly cemented sand due to the extremely weak structure of
this material. Further, tests on weakly cemented sand were only
performed at the in situ water content—they collapsed when in-
troduced to water. Tests on moderately cemented sand were per-
formed at both in situ and wetted �soaked for several minutes
within the triaxial cell� water content to mimic typical storm field
conditions �heavy precipitation, surface, and groundwater runoff�,
although FSP tests were not performed at the in situ water content
due to the focus of the investigation on the wetted-dominated
response of this material.

All tests were performed under drained conditions using an
electronic stress-controlled triaxial testing device; volume change
was measured for those samples performed under wetted condi-
tions. In the FSP tests, the incremental reduction in confinement
��3� was counterbalanced in the axial direction by steadily in-
creasing the axial stress by an identical amount. Brazilian tensile
tests were conducted with modifications to the ASTM �2004d�
test for rock specimens and ASTM �2004f� test for concrete
specimens as described by Collins �2004�. In these tests, a bottom
platen constructed of foam with a thin steel rod insert and a top
platen consisting of a curved, rigid, plastic hemicylinder was used
to account for the highly delicate nature of the samples.

and from Pacifica, California
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e data.
Results

Index test results �Table 1� show that the cliff-forming deposits
consist of uniform fine dense sands and include a minor amount
of silt in the moderately cemented sands cliffs. The silt content
and resultant decrease in void ratio in the moderately cemented
sand are thought to be the primary factors for the increased
strength in comparison to the weakly cemented sand; the larger
surface area of the particles allows more contacts for cementation.
Other indices �Table 1�, including unit weight and in situ moisture
content �measured during the California dry season, May through
October� are typical compared to other uniform sands.

Strength test results generally fall within the range of values
obtained in previous research of nearby materials �e.g., Sitar et al.
1980; Clough et al. 1981�. UCS for the weakly and moderately
cemented sand at their in situ water content are 13 kPa and 340
kPa, respectively �Table 2�. Conventional triaxial results �Figs. 5
and 6� indicate a steep, near-linear increase of stress leading up to
slight ductility, followed by brittle failure between 0.2 and 1.2%
axial strain. This brittle behavior is accentuated in the FSP test
results with failure at only 0.05–0.3% axial strain; a fourfold de-
crease compared to the conventional triaxial stress path. However,
volumetric strain at failure is 50% higher in the FSP due to lateral
expansion. An average Poisson’s ratio of 0.295 was obtained
�measured at the initial tangent modulus to the maximum point of
curvature of the stress-strain curve using generalized Hooke’s
Law� from moderately cemented sand stress and volume mea-
surements, and is consistent with that for typical sands �Gercek
2007�. The elastic modulus �measured at the identical point as
Poisson’s ratio� is an order of magnitude larger between weakly
and moderately cemented sand. Overall, the soils become stiffer

Table 2. Engineering Strength Properties of Weakly and Moderately Ce

Material
UCS
�kPa�

Friction angle,
� �°�

Weakly cemented—in situ wc 13 39

Moderately cemented—in situ wc 340 46

Moderately cemented—wetted wc 124 47

Note: wc=water content; UCS=unconfined compressive strength; TRX=
aMohr-Coulomb shear strength parameters are from a linear best-fit to th

Fig. 5. Typical weakly cemented sand tests at in situ moisture con-
tent for unconfined �UNC� and triaxial �TRX� compression and FSP
loading. XX kPa=�3 �UNC and TRX�, XX kPa, YY kPa
=constant �1, �3 at failure �FSP�
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with increasing cementation and less stiff with increasing water
content. In all cases, samples were more ductile at higher confine-
ment, consistent with expectations.

Linear Mohr-Coulomb effective shear-strength parameters can
be well-fit to both materials �Figs. 7 and 8, Table 2�, although the
weakly cemented sand shear-strength envelope is more obviously
steeper and curved at low stresses. For sands at low confinement,
dilatancy occurs upon shearing and is responsible for higher shear
strength in terms of the friction angle �Ponce and Bell 1971�. This
may also explain the higher than expected friction angles mea-
sured for both soils, some 5–10° above expected values for typi-
cal uniform sands �30–35°�, but also expected for testing under
such low confinement. Sitar �1983� also noted this behavior in
coarse sediments at low confinement due to fabric strength and
dilatancy influences.

Wetting has a pronounced effect on both soils. In the weakly
cemented sand, complete disaggregation occurred upon wetting,
precluding further testing. Further, due to the lack of sample sta-
bility at the in situ moisture condition, a tensile strength value of
zero is presumed �Table 2�. In the moderately cemented sand,
saturation increase from 55% to 96% �gravimetric water content
increase from 13 to 22%, Table 1� resulted in a 60% decrease in
the UCS, 50% decrease in cohesion, 55% decrease in elastic
modulus, and more than 80% decrease in tensile strength �Table
2�. The friction angle remained nearly unchanged as expected.
The result of tensile strength loss in the moderately cemented
sand was observed most dramatically in the sample condition
upon failure �Fig. 9�. However, at the in situ water content, the
tensile strength is on the order of 10% of the UCS, consistent with
previous research �Clough et al. 1981; Das et al. 1995�.

Sand from Pacifica, California

Cohesion,a

c �kPa�
Tensile strength,

�t �kPa�

Elastic modulus
at 20 kPa confinement,

E20kPa �kPa�

6 0 23,000

69 32 115,000

34 6 50,000

l compression test; and FSP=field stress path compression test.

Fig. 6. Typical moderately cemented sand tests at wetted moisture
content for unconfined �UNC� and triaxial �TRX� compression and
FSP loading. XX kPa=�3 �UNC and TRX�, XX kPa, YY kPa
=constant �1, �3 at failure �FSP�
mented

a

triaxia
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Discussion and Conclusions

The geotechnical properties of weakly and moderately cemented
sands were investigated in the context of their role in the stability
of steep slopes and cliffs. In general, many properties are similar
regardless of their setting. Most index parameters, for example,
are not specific to cliffs, with the exception of the degree of
saturation �water content�, which should vary with depth into a
cliff face. Whereas this characteristic was not investigated in this
study, Hampton �2002� showed that the gravimetric water content
increases by 1–3% between the cliff face and a point some 20–50
cm into the cliff. This difference likely plays a role in the devel-
opment and decrease of tensile stresses at the bluff face.

The results of the laboratory test program highlight the contri-
bution of strength parameters to cliff stability. First and foremost,
the UCS provides an indication of the relative contribution of
cohesion through the cementation and soil fabric network. Cliffs
composed of soils with low UCS �i.e., weakly cemented� are
more likely to be governed by their frictional component, whereas
those composed of high UCS materials �i.e., moderately ce-
mented� are likely to be more dependent on their cohesive
strength, and potentially, their related tensile strength. Thus, when
evaluating the stability of weakly cemented sand cliffs, cohesion
and tensile strength should not be overly relied upon to prevent
failure, especially if the sediments are exposed to water. Here,
physical processes such as excavation �e.g., slope or toe erosion�
are more likely to govern stability. However, in moderately ce-
mented sands, cohesion-related tensile strength plays an impor-
tant role in maintaining the integrity of steep slopes and cliffs and
stability is more likely to be governed by environmental condi-
tions, such as surface or groundwater seepage. In either case,
brittle failure, consistent with the testing results, should be ex-
pected.

Second, for both materials �weakly and moderately cemented
sand�, the Mohr-Coulomb strength parameters are similar be-
tween those obtained using either conventional triaxial or the pro-
posed FSP triaxial tests. However, the more brittle response under
FSP conditions leads to failure at strains an order of magnitude
lower than that obtained in conventional triaxial compression.
Since typical cemented sand cliffs fail under FSP conditions, and
most often, very close to the bluff face, these small strain condi-
tions may be potentially undetectable by observation �i.e., tension
cracks� and should be both closely monitored �e.g., using high
resolution surveys� and analyzed.

Finally, the influence of wetting on material strength was well
established in both materials with important results for cliff sta-
bility. Regardless of the failure mode, whether compressive, ten-

Fig. 9. Moderately cemented, Brazilian tensile test samples after
failure for �a� in situ gravimetric water content �12.6%�; �b� wetted/
soaked gravimetric water content �22.1%�
Fig. 7. Stress path failure data and envelope plotted in s-t stress
space for weakly cemented sand. UNC=unconfined, TRX
=conventional triaxial, TRXv=triaxial with vacuum, FSP=field
stress path triaxial. Equivalent nonlinear Mohr-Coulomb strength pa-
rameters are shown in table.
Fig. 8. Stress path failure data and envelope plotted in s-t stress
space for moderately cemented sand at �a� in situ moisture content;
�b� wetted moisture content. UNC=unconfined, TRX=conventional
triaxial, FSP=field stress path triaxial, BTT=Brazilian tensile test
sile, or shear, all strength parameters in cemented sands, with the
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exception of friction angle, decrease upon wetting by up to 100%
for weakly cemented sand, and by between 50 and 80% for mod-
erately cemented sand. Martins et al. �2005� and Lin et al. �2005�
also measured similar decreases in these properties in residual
sandstone soils and weak sandstones respectively. It should there-
fore be expected that cliff stability will also decrease as a result
and that this condition be modeled appropriately in either hazard
mitigation or engineering design studies. In summary, the variable
degree of cementation found within sands may manifests itself
through differing failure modes—which failure mode should be
expected and designed for will depend directly on an understand-
ing of this degree of cementation and the environmental condi-
tions present in the field.

Acknowledgments

Funding for this research was provided by grants from the U.S.
Geological Survey, Western Region Coastal and Marine Geology
Team, the University of California, Coastal Environmental Qual-
ity Initiative �CEQI�, and the U.S. Geological Survey, Menden-
hall Post-doctoral Program. Thanks are due to Michael Riemer at
the UC-Berkeley Geotechnical Laboratory who assisted with the
initial phases of the geotechnical testing program. Reviews of
initial drafts of this work by Jonathan Godt �USGS, Golden,
Colorado�, Robert Kayen �USGS, Menlo Park, California�, Jo-
seph Labuz �Univ. of Minnesota�, and several anonymous review-
ers are gratefully acknowledged.

References

Airey, D. W. �1993�. “Triaxial testing of naturally cemented carbonate
soil.” J. Geotech. Engrg., 119�9�, 1379–1398.

Anderson, S. A., and Riemer, M. F. �1995�. “Collapse of saturated soil
due to reduction of confinement.” J. Geotech. Engrg., 121�2�, 216–
220.

ASTM. �2004a�. “Test specification for amount of material in soils finer
than no. 200 sieve.” D1140, West Conshohocken, Pa.

ASTM. �2004b�. “Test specification for classification of soils for engi-
neering purposes �USCS�.” D2487, West Conshohocken, Pa.

ASTM. �2004c�. “Test specification for laboratory determination of water
content of soil and rock by mass.” D2216, West Conshohocken, Pa.

ASTM. �2004d�. “Test specification for method for splitting tensile
strength of intact rock core specimens.” D3967, West Conshohocken,
Pa.

ASTM. �2004e�. “Test specification for particle-size distribution of soils
using sieve analysis.” D6913, West Conshohocken, Pa.

ASTM. �2004f�. “Test specification for splitting tensile strength of cylin-
drical core specimens.” C496, West Conshohocken, Pa.

ASTM. �2004g�. “Test specification for unconfined compressive strength
of cohesive soil.” D2166, West Conshohocken, Pa.

Bachus, R. C., Clough, G. W., Sitar, N., Shaffii-Rad, N., Crosby, J., and
Kaboli, P. �1981�. “Behavior of weakly cemented soil slopes under
static and seismic loading conditions, Volume II.” Rep. No. 52, John
A. Blume Earthquake Engineering Center, Stanford Univ., Stanford,
Calif.

Barton, M. E. �1993�. “Cohesive sands: The natural transition from sands
to sandstones.” Proc., Geotechnical Eng. of Hard Soils—Soft Rocks,
Int. Symp., A. Anagnastopoulos, F. Schlosser, N. Kalteziotis, and R.
Frank, eds., Balkema, Rotterdam, The Netherlands, 367–374.

Barton, M. E. and Cresswell, A. �1998�. “Slope stability in a sand/
sandstone borderline material.” Proc., Geotechnics of Hard Soils—
Soft Rocks, 2nd Int. Symp., A. Evangelista and L. Picarelli, eds.,

Balkema, Rotterdam, The Netherlands, 1051–1055.

JOURNAL OF GEOTECHNICAL AND GEO

Downloaded 25 Sep 2009 to 130.118.23.174. Redistribution subject to
Brabb, E. E., and Pampeyan, E. H. �1983�. Geologic map of San Mateo
County, California, U.S. Geological Survey Miscellaneous Field Stud-
ies Map I-1257-A, Scale 1:62,500, U.S. Geological Survey, Menlo
Park, Calif.

Clough, G. W., Sitar, N., Bachus, R. C., and Shaffii-Rad, N. �1981�.
“Cemented sands under static loading.” J. Geotech. Engrg.,
107�GT6�, 799–817.

Collins, B. D. �2004�. “Failure mechanics of weakly lithified sand coastal
bluff deposits.” Ph.D. thesis, Univ. of California, Berkeley, Dept. of
Civil and Envir. Eng.

Collins, B. D. and Sitar, N. �2002�. “Monitoring of coastal bluffs using
3-D laser scanning and conventional mapping.” EOS Trans. Am. Geo-
phys. Union, 83�47�.

Collins, B. D., and Sitar, N. �2005�. “Monitoring of coastal bluff stability
using high resolution 3D laser scanning.” ASCE Geo-Frontiers Spe-
cial Publication 138:–Site Characterization and Modeling, Remote
Sensing in Geotechnical Engineering �CD-ROM�, E. M. Rathje, ed.,
ASCE, Reston, Va.

Collins, B. D., and Sitar, N. �2008�. “Processes of coastal bluff erosion in
weakly lithified sands, Pacifica, California, USA.” Geomorphology,
97, 483–501.

Cresswell, A. W., and Barton, M. E. �2003�. “Direct shear tests on an
uncemented, and a very slightly cemented, locked sand.” Quarterly
Journal of Engineering Geology & Hydrogeology, 36�2�, 119–132.

Das, B. M., Yen, S. C., and Dass, R. N. �1995�. “Brazilian tensile strength
test of lightly cemented sand.” Can. Geotech. J., 32, 166–171.

Dehler, W., and Labuz, J. �2007�. “Stress path testing of an anisotropic
sandstone.” J. Geotech. Geoenviron. Eng., 133�1�, 116–119.

Dittes, M., and Labuz, J. �2002�. “Field and laboratory testing of St. Peter
Sandstone.” J. Geotech. Geoenviron. Eng., 128�5�, 372–380.

Dusseault, M. B., and Morgenstern, N. R. �1979�. “Locked sands.” Quar-
terly Journal of Engineering Geology & Hydrogeology, 12�2�, 117–
131.

Fernandez, A. L., and Santamarina, J. C. �2001�. “Effect of cementation
on the small-strain parameters of sands.” Can. Geotech. J., 38, 191–
199.

Frydman, S., Hendron, D., Horn, H., Steinbach, J., Baker, R., and Shaal,
B. �1980�. “Liquefaction study of cemented sand.” J. Geotech. Engrg.,
106�GT3�, 275–297.

Gercek, H. �2007�. “Poisson’s ratio values for rocks.” Int. J. Rock Mech.
Min. Sci., 44, 1–13.

Hampton, M. �2002�. “Gravitational failure of sea cliffs in weakly lithi-
fied sediment.” Environ. Eng. Geosci., 8�3�, 175–192.

Horikawa, K., and Sunamura, T. �1968�. “An experimental study on ero-
sion of coastal cliffs due to wave action.” Coast. Eng. Japan, 11,
131–147.

Huang, J. T., and Airey, D. W. �1998�. “Properties of artificially cemented
carbonate sand.” J. Geotech. Geoenviron. Eng., 124�6�, 492–499.

Lade, P. V., and Overton, D. D. �1989�. “Cementation effects in frictional
materials.” J. Geotech. Engrg., 115�10�, 1373–1387.

Lambe, T. W., and Whitman, R. V. �1969�. Soil mechanics, Wiley, New
York.

Lin, M. L., Jeng, F. S., Tsai, L. S., and Huang, T. H. �2005�. “Wetting
weakening of tertiary sandstones—Microscopic mechanism.” Envi-
ron. Geol., 48, 265–275.

Malandraki, V., and Toll, D. G. �2001�. “Triaxial tests on weakly bonded
soil with changes in stress path.” J. Geotech. Geoenviron. Eng.,
127�3�, 282–291.

Martins, F. B., Vaz Ferreira, P. M., Altamirano Flores, J. A., Bresani, L.
A., and Damiani Bica, A. V. �2005�. “Interaction between geological
and geotechnical investigations of a sandstone residual soil.” Eng.
Geol. (Amsterdam), 78, 1–9.

O’Rourke, T. D., and Crespo, E. �1988�. “Geotechnical properties of ce-
mented volcanic soil.” J. Geotech. Engrg., 114�10�, 1126–1147.

Parry, R. H. G. �1995�. Mohr circles, stress paths and geotechnics,
E & FN Spon, London.

Ponce, V. M., and Bell, J. M. �1971�. “Shear strength of sand at extremely

low pressures.” J. Geotech. Engrg., 97�4�, 625–638.

ENVIRONMENTAL ENGINEERING © ASCE / OCTOBER 2009 / 1365

 ASCE license or copyright; see http://pubs.asce.org/copyright



Reddy, K. R., and Saxena, S. K. �1992�. “Constitutive modeling of ce-
mented sand.” Mech. Mater., 14, 155–178.

Richards, N. P., and Barton, M. E. �1999�. “The Folkestone Bed sands:
microfabric and strength.” Quarterly Journal of Engineering Geology
and Hydrogeology, 32�1�, 21–44.

Rumpelt, T. K., and Sitar, N. �1993�. “The mechanical behavior of marine
bioclastic and siliceous cemented sands: A comparison based on labo-
ratory investigations.” Proc., Geotechnical Eng. of Hard Soils—Soft
Rocks, Int. Symp., A. Anagnastopoulos, F. Schlosser, N. Kalteziotis,
and R. Frank, eds., Balkema, Rotterdam, The Netherlands, 779–786.

Saxena, S. K., and Lastrico, R. M. �1978�. “Static properties of lightly
cemented sand.” J. Geotech. Engrg., 104�GT12�, 1449–1464.

Schnaid, F., Prietto, P. D. M., and Consoli, N. C. �2001�. “Characteriza-
tion of cemented sand in triaxial compression.” J. Geotech. Geoenvi-
ron. Eng., 127�10�, 857–868.

Shafii-Rad, N., and Clough, G. W. �1982�. “The influence of cementation
on the static and dynamic behavior of sands.” Rep. No. 59, John A.
Blume Earthquake Engineering Center, Stanford Univ., Stanford,
Calif.

Sitar, N. �1979�. “Behavior of slopes in weakly cemented soils under
static and dynamic loading.” Ph.D. thesis, Stanford Univ., Palo Alto,
Dept. of Civil Eng.

Sitar, N. �1983�. “Slope stability in coarse sediments.” Special publica-
1366 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGIN

Downloaded 25 Sep 2009 to 130.118.23.174. Redistribution subject to
tion on geological environment and soil properties, R. N. Yong, ed.
ASCE, 82–98.

Sitar, N., Anderson, S. A., and Johnson, K. A. �1992�. “Conditions for
initiation of rainfall-induced debris flows.” Proc., Conf. on Stability
and Performance of Slopes and Embankments II, R. B. Seed and R.
W. Boulanger, eds., ASCE, New York, 834–849.

Sitar, N., and Clough, G. W. �1983�. “Seismic Response of Steep Slopes
in Cemented Soils.” J. Geotech. Engrg., 109�2�, 210–227.

Sitar, N., Clough, G. W., and Bachus, R. C. �1980�. “Behavior of weakly
cemented soil slopes under static and seismic loading conditions.”
Rep. No. 44, The John A. Blume Earthquake Engineering Center,
Stanford Univ., Stanford, Calif.

Smith, D. D. �1960�. “The geomorphology of part of the San Francisco
Peninsula, California.” Ph.D. thesis, Stanford Univ., Menlo Park,
Calif.

Sture, S., Alqasabi, A., and Ayari, M. �1999�. “Fracture and size effect
characters of cemented sand.” Int. J. Fract., 95, 405–433.

Vatsala, A., Nova, R., and Srinivasa Murthy, B. R. �2001�. “Elastoplastic
model for cemented soils.” J. Geotech. Geoenviron. Eng., 127�8�,
679–687.

Wang, Y. D. �1986�. “Investigation of constitutive relations for weakly
cemented sands.” Univ. of California, Berkeley, Dept. of Civil and
Envir. Eng. Doctoral dissertation, 293p.
EERING © ASCE / OCTOBER 2009

 ASCE license or copyright; see http://pubs.asce.org/copyright


