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Abstract
This paper presents the results of an experimental research carried out in laboratory
aimed at establishing a relationship between cyclic liquefaction resistance (CRRfield) and
corrected shear wave velocity (VS1) of carbonate sands. Two carbonate skeletal sands,
namely Quiou and Dubai, were investigated together with a carbonate non-skeletal sand
from Kenya. The programme included also tests on two silica sands prepared and tested
in similar conditions for comparison purposes.
The research was based on undrained cyclic simple shear tests and bender element tests
in triaxial cell performed on reconstituted specimens of sand at different initial density and
stress states. The results obtained highlight that data points for carbonate sands are all
located to the right of the currently used cyclic liquefaction resistance vs. shear wave
velocity curves suggested for silica sands, implying that the latter curves should be
considered non-conservative when applied to carbonate crushable sands.
An insight into the effect of the initial effective vertical stress on liquefaction susceptibility
of carbonate sands was presented and a stress normalization procedure was also
proposed.
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1. Introduction
The significance of damage which can be caused by liquefaction in calcareous sediments
has been recognized for many years and has been made sorely clear by numerous
catastrophic earthquakes such as the Guan earthquake of 1993, the Hawaii earthquake of
2006, the Haiti earthquake of 2010 and others [1]. Due to soil liquefaction, there may be
ground subsidence and settlements, sand boils, lateral spreading, slope failures and
damage or even collapse of structures.
It is well known that carbonate sands (with skeletal grains) exhibit unconventional different
features from those of silica sands, since they have considerably higher angularity, lower
grain hardness and higher intraparticle porosity, resulting in high friction angles [2].
Therefore, it is not surprising that there are significant differences in terms of
compressibility, volume changes and grain crushing during shearing yielding, friction and
water permeation, among various types of calcareous sands with respect to silica sands
[3-8]. The behaviour of the oolitic non-skeletal sands is to some extent intermediate
between silica and carbonate skeletal sands [9].
Existing procedures for estimating liquefaction potential are currently based on empirical
data gathered from sites primarily involving silica sandy soils and a review of the relevant
liquefaction literature did not reveal specific procedures for sandy soil having other
mineralogy types or origins. The use of shear wave velocity (VS) offers engineers a
promising alternative and supplementary tool to evaluate liquefaction resistance of soils.
The advantages of a VS-based method have been discussed by many researchers (i.e.
[10-11]) and guidelines for evaluating liquefaction potential using VS measurements are
presented in Andrus et al. [12]. As pointed out by Seed [13], with field seismic conditions
being properly simulated, the controlled laboratory studies could be used to broaden the
applicability of liquefaction criteria, especially for the conditions where little to no field
performance data is available. The application of laboratory-based approach to field
conditions would require a proper consideration of the following aspects:
- adjustment allowing for the different stress states of VS (laboratory vs. field
measurements);
- conversion of the cyclic stress ratio to cause liquefaction for field K0 conditions;
- effect of two-dimensional shaking in the field;
- evaluation of the equivalent number of uniform stress cycles (N) of earthquake
shaking as a function of earthquake magnitude;
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- influence of in-situ fabric of soil deposits, in consideration of the fact that laboratory
CRR-VS correlations are essentially derived from data of reconstituted specimens.
The concept of such research lies in the fact that soils of the same type, which have the
same shear wave velocity under the same stress conditions, would also have the same
liquefaction resistance [14]. Examination of the available studies focusing on this subject
on clean silica sands [14-18] and silty sands [19-22] suggests the validity of laboratory VSbased methods and a close agreement between laboratory and field studies for
liquefaction assessment. However, extensive research on carbonate sands in this field is
lacking (i.e. [23-26]) and additional data are needed to further validate the laboratorybased approach.
This research will directly address this deficiency by developing new relationships between
liquefaction resistance and VS for carbonate sands, based on a comprehensive laboratory
investigation. To meet this objective, a total of thirty four undrained constant volume cyclic
simple tests to liquefaction and fifteen bender element tests for measuring shear wave
velocity, were carried out on reconstituted specimens of three carbonate sands of different
origin (skeletal and non skeletal) and two silica sands under the same initial state
conditions, for comparison purposes. The influence of mineralogy and crushing features
on undrained cyclic characteristics of the tested sands were also presented through test
results.

2. Tested materials, test device and testing procedures
Laboratory investigation was performed on three carbonate sands, namely Kenya (KS),
Dubai (DS) and Quiou (QS). Fig.1 shows the microscopic pictures of calcareous sand
grains tested in the present study. The grain size distribution curves of tested sands are
shown in Fig.2, while physical properties and test conditions are reported in Table 1 and
Table 2, respectively. Additionally, two silica sands, namely Ticino (TS) and Ticino fine
(TSF), were tested for comparison purposes.
The tested QS [9, 29-30] is a biogenic (skeletal) sand dug out from a borrow pit close to
the village of Plouasne in Brittany (France). It consists of a greyish white sub-angular
uncemented calcitic carbonate coral sand [9] made of 61.2% shell fragments, 14.2%
calcium carbonate aggregates, 18.1% quartz and 6.5% rock fragments.
Dubai carbonate sand was recovered at a relatively young biogenic calcareous sand
deposit at Dubai site, in the United Arab Emirates (UAE) [31]. It has a carbonate calcium
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content equal to 55%. Microscope images evidenced sub-angular grain shape and a high
presence of shells or fragments of shells (Fig.1c). Geological and geotechnical
characteristics of the Arabian Peninsula, with particular emphasis on the Emirate of Dubai,
is also documented in the investigations performed by several authors (i.e. [32-33]).
Kenya sand (KS) is a non skeletal (oolitic) carbonate sand with particles made of 97%
carbonate, 2% quartz, and 1% feldspar. KS is almost uniform, fine, and the sub-rounded
particles are less prone to grain crushing [34].
Due to their mineralogical composition, these calcareous sands have higher values of
specific gravity (Gs) than those measured for silica sands. The index properties of silica
sands used for comparison purposes are also listed in Table 1, while their grain size
distribution curves are shown in Fig.2. It is worthwhile mentioning that the two silica sands
have different mineralogical features with respect to carbonate sands but similar grain size
characteristics and particle size distributions.
Laboratory testing program (Table 2) comprised cyclic undrained simple shear (CSS) tests
and bender element tests in triaxial cell (BE). It is worth mentioning that working with
crushable sands, some laboratory test issues arise related to their crushable nature and
specific morphology. An in depth discussion of all these aspects is reported in Van Impe et
al. [35].
Cyclic simple shear tests were performed by a modified cyclic simple shear NGI
(Norwegian Geotechnical Institute) apparatus [36]. The specimens are 80 mm in diameter
and 20 mm in height, and they are laterally confined by a reinforced rubber membrane,
capable of assuring conditions of zero horizontal deformation (K0 consolidation). Excess
pore water pressures during undrained shear are inferred from the change in total stress
required to maintain constant volume (i.e. height) conditions. It has been shown that the
decrease (or increase) of vertical stress in a constant-volume SS test is essentially equal
to the increase (or decrease) of pore-water pressure in an undrained SS test, where the
near-constant-volume condition is maintained by not allowing the mass of pore water to
change. The good correspondence between truly undrained and equivalently undrained
constant volume tests in simple shear apparatus was experimentally verified under both
monotonic and cyclic loading conditions on saturated clays and dry sands [37-38].
Thus, membrane compliance problems which could otherwise affect pore water pressure
measurements during undrained tests are avoided in constant volume undrained SS tests.
It should be mentioned that different reconstitution methods were adopted in the present
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study in order to replicate in-situ fabric of natural sand deposits as closely as possible. In
case of fine sands, specimen preparation by water sedimentation appears to be very
problematic causing appreciable segregation of material.
In the present study, water sedimentation was adopted for sands of marine or fluvial origin
(i.e. Ticino, Quiou) while air pluviation was adopted for the calcareous KS and DS and the
silica TSF and TS. During pluviation, a funnel was displaced back and forth laterally to
maintain an approximately levelled surface of the soil. After filling the cavity, the excess
sand over the final grade was siphoned off by applying a small vacuum. Samples prepared
by the above pluviation method were in the loosest state. When preparing SS specimens
by water sedimentation method of carbonate QS and silica TS, the sand was spooned
gently into the water layer by layer, until the height was just above the top of the mould. In
this way, density index values Ir=35%-40% were initially achieved, regardless of the drop
height. When required, higher initial densities were obtained by tapping the base of
apparatus while the specimen was confined under a small seating load.
It is worth mentioning that CSS tests were stopped when shear strains in single amplitude
(SA) reached 3.75%, which was assumed as liquefaction “triggering” criterion in all tests as
recommended by several authors [39-40]. At this level of shear strain, residual pore water
pressure ratios Ru=u/'v0 were in the range 0.84-0.98, where the lower values were
reached by dense specimens or specimens prepared through water-sedimentation
method.
Bender element tests in triaxial apparatus were performed on both silica and carbonate
sands after the consolidation phase. Triaxial specimens, approximately 70 mm in diameter
and 140 mm in height, were saturated and then isotropically consolidated under an
effective confining stress increasing gradually in steps. To obtain accurate measurements
of shear wave velocity at the end of isotropic consolidation phase, a sinusoidal wave
impulse with an appropriate frequency (in the range 5-10 kHz) was adopted for exciting the
transmitter element. Travel time was determined by “time domain first arrival method” [18,
41-43] which treats the first zero crossing as the arrival of shear wave (Fig.3). Then the
shear wave velocity (VS) in the specimen can be calculated from the travel time (t) and the
known separation (L) between the bender elements (tip-to-tip) as:
𝑉𝑆 = 𝐿⁄𝑡

(1)

All details of the testing program are summarized in Table 2.
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3. Test results
3.1 Bender Element tests
An example of variation of VS with void ratio for several confining stresses, namely 50, 100
and 200 kPa, is shown for carbonate QS in Fig.4.
The reported void ratios (e0) correspond to the final void ratios at the end of the
consolidation phase. It is evident that, for specimens prepared at identical void ratios, the
shear-wave velocity of Quiou sand is controlled primarily by the effective confining
stresses. It is worth noticing that sand specimens were reconstituted by water
sedimentation method and it is generally understood that such a method produces stiffer
samples than other specimen preparation methods (i.e., dry pluviation) [44].
Previous laboratory investigation (from resonant column and bender element tests)
suggested that high values of VS (G0) can be expected in calcareous sands when
compared to corresponding silica sands [1, 45-46], as shown in Fig.5 for two sands tested
in the present research in terms of shear wave velocity ratio VS,calcareous/VS,silica. Test results
reveal the importance of mineralogy on small strain properties of sands. Additional
microstructure effects can lead to even higher in-situ VS values since cementation and
ageing effects tend to increase the measured in-situ values [47].
VS is a valuable indicator of dynamic properties of soil because of its relationship with
small strain shear modulus, G0, calculated by the following equation:
𝐺0 = 𝛾 ⁄𝑔 ∙ 𝑉𝑆2

(2)

where  is the total unit weight of the soil and g is the gravity acceleration (9.81 m/s 2).
For cases where direct measurements of shear wave velocity (VS) are not available,
correlations between VS and penetration resistances measured in CPT and SPT tests will
be used. It was also verified that, when one considers the correlation between small strain
shear modulus and cone resistance (qc), G0 data obtained in the present study for
uncemented carbonate Quiou sand position well, close to the upper bound given in the
literature for uncemented, unaged silica sands [48] (Fig.6). The values of qc for QS were
based on the interpretation of Static Cone Penetration Tests (CPT) in Calibration Chamber
(CC) conducted in the context of a previous in-depth research [49-50] (see also [51]).
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3.2 Cyclic simple shear tests
Typical results gathered from undrained cyclic simple shear tests (CSS) for three sands
having similar grain size features, namely: Dubai and Kenya (carbonate) and Ticino fine
(silica) are reported in Fig.7. In particular, the stress-paths and stress-strain plots are
herein depicted. Sand specimens were tested at the same initial state before shearing and
subjected to the same value of cyclic stress ratio (CSR=cycl/'v00.15). In general, the
specimens exhibited a “cyclic liquefaction” failure mode [52] in symmetrical CSS tests:
failure was caused by a reduction in the cyclic stiffness, leading to excessive cyclic or
“swing” displacements. Shear strains accumulated slowly in the beginning; afterwards, the
rate of shear strain increment accelerated, as it is also apparent in the S-shaped –
curves in Fig.7 (a, b and c). At the onset of liquefaction (i.e. pore water pressure ratio
Ru=u/'v00.95), induced cyclic shear strains reached values approximately equal to
3.75% in single amplitude.
Fig.8 presents normalized excess pore pressure ratio (Ru) as a function of the normalized
number of cycles for reaching liquefaction (i.e. N/Nf). Fig.8 highlights the different features
in terms of excess pore water pressure (PWP) generation between calcareous and silica
sands. In particular, calcareous sands developed larger excess PWPs than silica sands
during the earlier stages of cyclic loading phase except for the non skeletal KS (Fig.8b).
Furthermore, calcareous sands with the exception of non-skeletal KS had greater
fluctuations of excess PWP between loading cycles, which could have been due to particle
rearrangement. These findings are consistent with those reported by other authors on
calcareous sands [53-55]. Conversely, silica sands had slow, gradual excess PWP
generation during the initial cyclic loading phase and very small pore pressure fluctuations
between loading cycles. Another important difference was that silica sands typically
showed a sudden or abrupt increase in excess PWP towards the end of the tests, while a
more gradual or incremental increase was shown in calcareous sands as they reached
liquefaction.
Fig.9 reports the cyclic resistance ratio (CRR) against number of stress cycles required to
cause liquefaction (Nf), according to the selected failure criterion. For cyclic simple shear
tests, CRR is defined as the ratio between applied cyclic shear stress on the horizontal
plane and effective vertical consolidation stress, as follows: CRR=cycl/’v0. In particular, a
comparison of the liquefaction resistance curves for KS (carbonate) and TSF (silica) tested
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at a medium dense state is shown in Fig.9a. A similar comparison is presented in Fig.9b
for loose specimens of QS (carbonate) and TS (silica).
It can be argued from these figures that carbonate sands in general exhibit a higher or at
least comparable liquefaction resistance with respect to silica sands, tested under similar
relative densities and effective consolidation stresses, as reported also by other
researchers [55-56]. It was verified that such differences in the liquefaction potential of
carbonate against silica sands are more evident for dense specimens, as it was
ascertained by the comparative experimental data of KS against TSF. These findings are
consistent with those reported also by other authors in previous research involving
carbonate soils [53, 57]. Increased cyclic strength is likely to be the result of the angular
calcareous sand particle shape, which provides more stable interlocking soil fabric
resistant to liquefaction [53, 57-60].
The following power equation was used for interpreting CSS test results:
𝐶𝑆𝑅 = 𝐴 ∙ 𝑁𝑓−𝐵

(3)

where B is the slope of the CRR versus N line on a log–log plot. The power Eq.(3) was
applied to carbonate sands in simple shear tests only in a limited number of studies.
Based on the best-fit value of the data set, the empirical A and B parameters of Eq.(3) are
reported in Table 3. Finally, two important aspects characterize the behaviour of carbonate
sands during undrained cyclic loading with respect to corresponding silica sands: 1) higher
excess pore pressure ratios and larger fluctuations; 2) higher liquefaction resistance at
comparable density states.
Various research have been performed in the literature regarding the effect of stress level
on liquefaction susceptibility for calcareous soils [55-56, 57, 60-61] and silica sands [6264]. The effect of 'v0 on CRR of cohesionless soils could in fact depend on many factors,
such as hardness, shape [65], size distribution [66] of grains and also their packing state.
The consideration of these and other factors could explain the differences found in the
existing literature concerning the “stress-effect” on the liquefaction resistance of crushable
sands.
For silica sands, the overburden correction factor (Kσ) was introduced to account for the
variation of a soil's cyclic resistance ratio (CRR) as a function of effective consolidation
stress: it decreases as effective overburden stress increases. The factor Kσ describes the
curvature of the cyclic strength envelope with increasing consolidation stress and this
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curvature is dependent on density index and soil type [67]. An updated database of
laboratory test results relative to clean silica sands and silty sands is presented by
Montgomery et al. [67], where it is suggested that the relationships by Idriss and
Boulanger [68] continue to provide a reasonable basis for evaluating liquefaction effects in
clean silica sands.
In this context, Fig.10 presents the influence of initial effective vertical stress (′v0) on the
liquefaction resistance curves of two carbonate sands, namely the skeletal Quiou sand
(Fig.10b) and the non skeletal Kenya sand (Fig.10a). There appears to be a clear
dependence of CRR on effective vertical stress for dense specimens of Kenya sand, with
the cyclic strength decreasing as the effective vertical stress increases. On the other hand,
examination of Fig.10(b) for the loose Quiou sand, shows a slight increase of cyclic
liquefaction resistance with the increase of ’v0 from 100 kPa to 200 kPa. This was the
opposite of the expected behaviour for silica sands since, normally, an increase in
effective confining stress results in a more contractive behaviour.
This “unusual” behaviour exhibited by Quiou sand was observed also by other authors for
various crushable soils. For example, Hyodo et al. [57], based on undrained cyclic triaxial
tests, reported a similar response for the loose Dogs Bay carbonate sand and Shirasu
volcanic sandy soil. Furthermore, a similar effect was observed by Mirbaha [69], based on
cyclic simple shear tests performed on the loose Boler carbonate-silica sand (see also
Table 4).
The increase in CRR with increasing ’v0 may be attributed to crushing of the particles and
their re-arrangement. In a previous research (Porcino et al. [70]), quantification of the
breakage through the changes of grading curves after undrained simple shearing identified
for this sand an increase in particle breakage with the increase of stress level in the range
50-200 kPa. An appreciable particle crushing in carbonate sands under shearing was
indeed presented by many authors even at low stresses (i.e. Coop [71]).
Following the procedure suggested by Finnie at al. [72], in an attempt to normalize the
results of all CSS tests and represent them on a single contour diagram, the shear stress
ratio required to cause liquefaction, CRR, can be redefined in the following alternative
form:
𝐶𝑅𝑅𝑟𝑒𝑓 =

𝜏𝑐𝑦𝑐𝑙
′
𝜎𝑟𝑒𝑓

(4)

The reference effective vertical stress is calculated as:

10

′
𝜎𝑟𝑒𝑓

′
𝜎𝑣𝑜
= 𝑃𝑎 ∙ ( )
𝑃𝑎

𝑛

(5)

′
where Pa is the atmospheric pressure (i.e. 98.1 kPa), 𝜎𝑣0
= vertical effective stress in the

same units as Pa, and n is an empirical parameter to be assessed for a given soil.
Based on Eq.(5), it is readily derived that the liquefaction resistance for a given value of in
situ vertical stress ′v0, can be calculated through the equation:
𝑛−1

′
′ = 𝐶𝑅𝑅𝑟𝑒𝑓 ∙ (𝜎𝑣𝑜 ⁄𝑃 )
𝐶𝑅𝑅𝜎𝑣0
𝑎

(6)

Determination of the best fit exponent n, which appears in Eqs.(5-6), for a given soil was
determined by back-analysis of the CRRref data in the CRR-log(N) plane, assuming the
CRR-N curve at 'v0= 100 kPa as benchmark response curve (i.e. CRRref). An optimum
best fit n value, corresponding to the lowest root mean square error (RSME) from the
assumed benchmark response curve, was determined when all data at different 'v0 values
were included.
In the present study, in the stress range between 50 kPa and 200 kPa, the best fit
exponent n of Eq. (6) varies between 0.78 (Kenya sand) and 1.13 (Quiou sand) (Table 4).
Experimental data reported in Fig.10 are then re-plotted in Fig.11 after the application of
the described normalization method. Apparently, Fig.11 shows that data points (after
normalization) are located around a liquefaction resistance curve which is practically
unique, regardless of initial effective vertical stress.
Since CSS data on carbonate sands at different 'v0 are not so extensive to provide a clear
indication of the variability of the parameter n, additional selected published data on
carbonate sands from undrained triaxial tests (i.e. Cabo Rojo, Dogs Bay, North Coast
sands) and cyclic simple shear tests (i.e. Boler sand) were also analysed in the present
study (Table 4). For cyclic triaxial tests p’0, in lieu of 'v0, was considered in Eq.(6).
The exponent n was found to range between 0.44 and 1.28 for these carbonate sands,
tested at different density indices and confining stresses (i.e. 50 kPa – 600 kPa). It is worth
noting that n can be larger or smaller than 1, depending on whether the increase of ′v0
leads to an increase or decrease of cyclic liquefaction resistance, respectively. Thus, n is a
function of many factors including grain crushability and angularity, density state, range of
overburden pressures, etc, and more definitive conclusions will be reached considering a
collection of a larger database on different carbonate sands.
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The effect of stress-path imposed in laboratory tests for cyclic liquefaction resistance
assessment of carbonate sands was also investigated. Many different laboratory testing
apparatus are used to duplicate the stress state generated in situ by earthquakes and
more details can be found in Bhatia et al. [73]. In fact, while triaxial testing is the most
widely performed cyclic soil testing method, its applicability in fundamental seismic studies
is severely hampered by an inherent stress path problem; as a result, simple shear testing
method, including direct simple shear and torsional shear, have become the standard tool
in more recent fundamental liquefaction studies [38, 74-76].
Figure 12 presents a comparison between the cyclic liquefaction resistance curves
gathered by the authors from triaxial tests in a previous research [77] and simple shear
tests carried out in the present study on both loose and dense specimens of Quiou
carbonate sand. In the triaxial tests, the failure conditions are based on a double amplitude
axial strain (DA) equal to 5%, basically corresponding to a single-amplitude shear strain
equal to 3.75% in CSS tests.
The cyclic resistance of carbonate sands subjected to triaxial stress path was found to be
higher than that determined under simple shear mode, regardless of void ratio of the sand
(loose and dense specimens) (Fig.12). Thus, it is desiderable to perform simple shear
tests if possible, taking into account that an accurate estimation of equivalent simple shear
or in-situ response from triaxial test results is rather difficult and it is a complex function of
several factors [78], including sand mineralogy.

4. Correlation between shear wave
resistance of carbonate sands

velocity

and

liquefaction

The influence of crushability features of sand on CRR-VS correlation was investigated by
combining: 1) the CRRSS determined using cyclic simple shear tests on sand specimens
and 2) estimates of stress-normalized shear wave velocity corresponding to the void ratio
at which the cyclic simple shear tests were performed.
Although the shear wave velocity is a small-strain soil property, it can be related to the
liquefaction resistance which involves plastic behaviour. This is because the pore-pressure
generation leading to liquefaction is governed by the volume change characteristics of soil
at small cyclic shear strain. Besides, the volume change characteristics are governed by
the soil fabric and density and so is the small strain shear modulus [14].
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CRRSS and VS data from laboratory testing were converted to in-situ conditions and a
direct comparison with field based correlations developed for uncemented silica sands by
Andrus & Stokoe [10] and Kayen et al. [79] was made.
It is common practice to convert CRRSS to field conditions through the following expression
[13]:
𝐶𝑅𝑅𝑓𝑖𝑒𝑙𝑑 = 𝑟𝑐 ∙ 𝐶𝑅𝑅𝑆𝑆

(7)

where CRRSS value is corrected by rc constant accounting for the effect of multidirectional
shaking (rc in the range from 0.90 to 1.0). A value of rc = 0.95 was assumed in the analysis
of test results in the present study. It is worth noting in Eq.(7) that no field K0 correction
was applied to the results of cyclic simple shear tests.
On the other hand, the laboratory VS values measured in bender element tests require
adjustment allowing for the different stress state. They can be readily converted to:
𝑉𝑆,𝑓𝑖𝑒𝑙𝑑

1 + 2 ∙ 𝐾0 𝑚
= 𝑉𝑆 ∙ (
)
3

(8)

where VS,field is the equivalent field value of laboratory VS at the depth in question, K0 is the
coefficient at rest of in-situ soils and m is a stress exponent.
K0 values were assumed in the range 0.39-0.43 for the tested sands. However, the effect
of in-situ K0 involved in Eq.(8) on the resulting expression for the equivalent field CRR–VS1
relationship could be considered negligible for practical purposes, as suggested also by
other authors [18]; furthermore, the values of the exponent m, which is generally assumed
close to 0.25 for silica sands (TS and TSF), was calculated on the basis of the variation of
VS with effective confining stress from bender element tests. For carbonate sands m
values were found to be equal to 0.21 (DS), 0.25 (QS) and 0.34 (KS).
Field-based CRR-VS relationship curves of clean silica sands are generally reported in
terms of overburden stress-corrected shear wave velocity VS1, which is calculated
according to the following expression:

𝑉𝑆1,𝑓𝑖𝑒𝑙𝑑 = 𝑉𝑆,𝑓𝑖𝑒𝑙𝑑

𝑃𝑎 0.25
∙ ( ′)
𝜎𝑣

(9)

where VS1 is the overburden stress-corrected shear wave velocity, ’v0 is the effective
overburden stress (kPa), and Pa is the atmospheric pressure (i.e. 98.1 kPa).
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Following the described procedure, all the (CRRSS,VS) data at N=15 cycles were converted
into (CRRfield,VS1,field) at the earthquake magnitude Mw=7.5 and plotted in Fig.13a,
according to Eqs. 7 and 9.
It is a common practice to assign a value of 15 as equivalent number of cycles for a
Mw=7.5, based on the recommendation of Idriss & Boulanger [68]. According to Liu et al.
[80], NM=7.5 ranges from 19 to 30, depending on the magnitude, epicentral distance, near
fault directivity, and site effects.
The comparison between data obtained from laboratory on carbonate sands and fieldbased liquefaction curves for clean silica sands [10] (Fig.13a) evidences that these data
fall to the right of the field-based curves. On the other hand, a quite good correspondence
between the results obtained by the two approaches (laboratory/field) for silica sands (TS
and TSF) was found.
The results obtained in the present study support the evidence that, for carbonate soils,
the use of the field-based CRR-VS curves adopted for silica sands is non conservative (the
liquefaction resistance of carbonate sands is lower than that suggested by the field-based
approach), consistently with the recent findings reported in the limited literature for
calcareous sands [23-24]. Taken into account the moderate differences in CRR values
exhibited by calcareous versus silica sands (Fig.9) at equal density state, these findings
should be mainly attributed to the higher VS values of calcareous sands generally reported
in the literature and also in the present study (Fig.5).
The procedure proposed by Andrus & Stokoe [10] (deterministic) is based on field
performance data from 26 earthquakes and in situ VS measurements from more than 70
sites in soils ranging from fine sands to sandy gravels with cobbles. The boundary curve
by Andrus & Stokoe [10] is plotted in Fig.13a together with the probabilistic curves (dashed
curves) corresponding to different liquefaction probability (PL) (PL=5%, 15% and 50%),
recently developed by Kayen et al. [79]. As can be seen, data points relative to carbonate
sands are located to the right of the lowest probability curve at PL=5% especially in the
range of high VS1 (>185 m/sec). The consideration of other CRR-VS relationships proposed
in the literature (i.e. [18, 21, 81]) would take to the same finding, i.e. the correlations for
silica sands provides an unconservative evaluation of the liquefaction resistance of
carbonate sands.
With the intent of incorporating the effect of overburden effective pressure on cyclic
liquefaction resistance of sands, the normalization procedure described in section 3.2 was
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taken into account in the calculation of CRRfield values (ordinate of CRR-VS1 plot) (Fig.11).
For this purpose, the same data points reported in Fig.13a were re-plotted in Fig.13b after
the normalization of CRR, expressed by Eq.(5). It is apparent that such a normalization
procedure to 'ref tracks the effects of 'von CRR for carbonate crushable sands and
represents a reasonable adaptation of current practice introducing a K correction factor
for high overburden stress in silica sands [82].
The authors recognize that additional data should be collected to allow a more definitive
evaluation of the liquefaction resistance of carbonate sands through shear wave velocity.
Furthermore, it is worth noticing that the CRR-VS correlation gathered in the present study
from laboratory studies on carbonate sands is expected to be valid only for uncemented
freshly deposited soils with little or no “microstructure” effects caused by cementation or
ageing.

5. Comparison with other CRR field-based correlations for predicting
undrained cyclic strength of carbonate sands
With the intent of validating the laboratory-based method relating liquefaction resistance of
carbonate sands to shear wave velocity, the CRRfield data obtained in the present study on
silica TS and carbonate QS specimens prepared by WS reconstitution method, were
compared with field-based liquefaction boundary curves based on cone penetration tests
previously published by the authors.
Based on the above mentioned considerations, it has been deemed useful to use static
Cone Penetration Tests (CPT) in Calibration Chamber (CC) and undrained cyclic simple
shear tests to seek appropriate correlations for predicting undrained cyclic strength of
sands. Cone penetration measurements in CC were performed in the context of a previous
research [51]. Calibration chamber is specially designed to perform tests under strictly
controlled boundary conditions both in terms of stresses and strains. As for the
normalization of CPT tip resistance, the following expression was used [11, 39]:
𝑞𝑐,1 = 𝐶𝑞 ∙ 𝑞𝑐

(10)

𝑃𝑎 𝑎
𝐶𝑞 = ( ′ )
𝜎𝑣

(11)

where: Cq is a normalizing factor for cone penetration resistance and Pa is in the same
units used for ’v0 (i.e. 98.1 kPa). The exponent a of the normalization factor is assumed to
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be constant for both TS (a=0.55) and QS (a=0.65) [51], although a is strictly dependent on
density index (Ir). Truly normalized (i.e. dimensionless) cone penetration resistance can be
evaluated by the expression:
𝑞𝑐,1𝑁 =

𝑞𝑐,1
𝑃𝑎

(12)

Fig.14 evidences that the correlation between CRRfield developed by laboratory CSS tests
and normalized CPT tip resistance (qc1,N) measured in the CC tests for the silica TS,
corresponds well to the recommended field-performance-based correlation revised by
Idriss & Boulanger [83]. In the same figure, the earlier correlation proposed by the NCEER
[84] Working Group for clean silica sands is also presented.
Based on the comparison with the two above correlations, it appears that for clean silica
sands at CRR values less than 0.14, data points in Fig.14 are in good agreement with the
correlation developed by NCEER [84]; however, at higher values of CRR, the data points
of TS match better the correlation suggested by Idriss & Boulanger [83]. It is noteworthy
that the correlation proposed by NCEER [84] is slightly unconservative for silica sands
especially when dealing with high CRR values, as evidenced by Seed et al. [39].
This satisfactory agreement between laboratory vs. field based approaches for silica sands
creates the opportunity to extend laboratory-based approach to study other materials, such
as carbonate sands in order to investigate the influence of mineralogy, where little to no
field performance data are available.
In this context, examination of Fig.14 reveals that data points relative to calcareous Quiou
sand fall to the left of the CPT-field based curves for clean silica sands, so that the use of
these curves appears to provide a slightly conservative estimation of the liquefaction
resistance of calcareous sands.
The opposite trend exhibited by calcareous sands against silica sands depending on
whether their liquefaction susceptibility is evaluated by correlations with CPT (Fig. 14) or
VS (Fig.13a) is justified by the fact that, at comparable values of void ratio and stress level,
the penetration resistances (qc) in carbonate sands is lower than in silica sands. This is
because the cone penetration causes a greater particle breakage around the tip of the
probe in carbonate sands. Conversely, shear wave velocities (VS) in carbonate sands are
generally higher than in silica sands. This makes the CRR-qc correlation of calcareous
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sands to lie on the left side of the corresponding field-based curves of silica sands
whereas CRR-VS correlation of calcareous sands is shifted to the right.
Despite the “unusual” geotechnical features of calcareous sediments (random and
generally weak to moderate cementation, angularity of grains, high void ratios and grain
crushing) the behaviour of calcareous sands is consistent with mean features of critical
state soil mechanic [5, 85]. For this reason, following a critical state framework, the results
of cyclic simple shear tests performed on the calcareous QS and KS together with the
silica TS, were also examined in terms of the relative state parameter index ( R) proposed
by Boulanger [82, 86].
Several authors adopted a state parameter-based approach to clean silica sands for the
analyses of cyclic triaxial test results, for which an accurate estimation of the reference line
of sand (steady state/critical state line) from laboratory tests is required.
Following the procedure suggested by Bolton [87], the relative state parameter index ( R)
is herein defined as the difference between the current Ir and the critical state Ir, denoted
Ir,cs, by an expression based on Bolton’s [87] relationship:
𝜉𝑅 = 𝐼𝑟,𝑐𝑠 − 𝐼𝑟 =

1
− 𝐼𝑟
100 ∙ 𝑝′
𝑄 − ln ( 𝑃 )
𝑎

(13)

where p’ is the mean effective stress, equal to σ’v0 (1+2K0)/3 and K0 corresponds to the
earth pressure coefficient at rest, whose values were assumed according to considerations
reported in the previous section 4.0.
Ir is expressed by fraction of unit and Pa is the atmospheric pressure (98.1 kPa). The
parameter Q is an empirical constant, depending on the crushability features of sand: it
increases with increasing resistance to crushing and, in particular, it is equal to 10 or more
for silica sands. As carbonate sands are crushable, we can expect Q to be smaller for
these soils. Values of Q equal to 7.5, 8.5 and 10.8 were assumed in Eq.(13) for Quiou,
Kenya and Ticino rsands, as suggested by Randolph et al. [88] for these sands.
CRR-R data points for Ticino silica sand (Fig.15) are compared with the field-based
relationship proposed for silica sands by Idriss [89]. The cyclic strength is referred to the
cyclic resistance ratio at 15 cycles of loading in simple shear tests (CRR15). Consistently
with the correlation between state parameter and soil dilatancy, the data show that CRR15
increases as R becomes more negative. In particular, the laboratory data points were
found to be in good agreement with the published field-performance correlation. The
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experimental data for the (non-skeletal) carbonate Kenya sand fall close to the field-based
relationship proposed for silica sands as well. On the other hand, CRR-R laboratorybased data points for the (skeletal) carbonate Quiou sand lie slightly above the curve
suggested in the literature for silica sands. It means that, at a given value of R, the
undrained cyclic resistance of carbonate sands is higher (or at least comparable) with
respect to silica sands, as already discussed in the section 3.2.
It is worthwhile noticing that the relationship between cyclic strength and R offers the
advantage that the effects of confining stresses on CRR (i.e., the Kσ effect) are included in
the CRR-R correlation (Fig.15).

6. Conclusive remarks
In this study, a comprehensive investigation including a series of constant volume cyclic
simple shear tests and bender element tests in triaxial cell was performed on three
carbonate sands of different origin (Quiou, Dubai, Kenya) with the intent of assessing
liquefaction resistance from shear wave velocity. For the sake of comparison, two silica
sands having grain size features and initial state conditions (before shearing) similar to the
carbonate sands were also tested.
The main findings achieved are the following:


Important differences between the undrained cyclic response of carbonate and
silica sands tested under similar conditions were observed. In particular, carbonate
sands developed: 1) higher excess pore pressure ratios with large fluctuations
between loading cycles, and 2) higher (or at least comparable) liquefaction
resistance with respect to silica sands at similar density state before shearing.



The undrained cyclic behaviour of the oolitic (non-skeletal) Kenya sand was found
to be to some extent more similar to a silica sand, consistently with previous
findings reported in the literature from monotonic loading tests [9].



As expected for silica sands, the undrained cyclic strength of Kenya sand in a
dense state decreases as the effective vertical stress increases. On the other hand,
loose specimens of Quiou sand manifested an opposite behaviour with increasing
effective vertical stress.
The increase of CRR with increasing σ’v0 appears the result of a complex
phenomenon due to crushing effects (i.e. micro-crushing of the asperities and/or
breakage of the grains), and it could be a function of several factors such as:
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hardness, shape, and internal porosity of grains. This “unusual” behaviour exhibited
by Quiou sand was observed also by other authors in undrained cyclic triaxial and
simple shear tests for various crushable soils.


Since the effective overburden stress and depth influence the measured undrained
cyclic strength of carbonate sands, it is convenient to introduce a CRR stress
normalization procedure, for which CRR at a given 'v0 is normalized as a function
of effective vertical stress through an empirical exponent, n. In this case, the results
are well described by a unique CRR-N relationship, regardless of initial vertical
effective stress. The application of the described normalization procedure to the
tested sands together with additional selected literature data on carbonate sands,
provides a wide range of the exponent (0.44<n<1.28) for effective overburden
stress up to 600 kPa.



The data points of the carbonate sands in the CRR-VS1 plot fall to the right of fieldbased relationships developed for clean silica sands [10, 79] and it mayn be
primarily ascribed to the typically higher VS values exhibited by these materials in
comparison with silica sands at the same density state. The results suggest that the
currently used CRR-VS liquefaction boundary curves proposed for silica sands are
not conservative when applied to carbonate crushable sands. These findings are in
agreement with those recently reported in the literature on calcareous Cabo Rojo
sand, tested in undrained cyclic simple shear apparatus [24].



The CRRfield data points gathered from laboratory tests on Ticino (silica) and Quiou
(carbonate) were also compared with field-based liquefaction boundary curves
based on normalized cone resistance proposed in the literature for silica sands.
Such a comparison reveals that the experimental data for Quiou sand lie on the left
side of the corresponding field-based curves of silica sands which appear to provide
a slightly conservative estimation of liquefaction resistance of calcareous sands.
The opposite trend exhibited by calcareous sands against silica sands depending
on whether their liquefaction susceptibility is evaluated by correlations with CPT or
VS finds an explanation by the fact that, at comparable values of void ratio and
stress level, the penetration resistance in carbonate sands is lower than in silica
sands, whereas the shear wave velocity is generally higher.



A strong correlation exists between the cyclic strength of carbonate sands (Quiou,
Kenya) and the relative state parameter ( R) introduced by Boulanger [82] to
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describe the combined effect of void ratio and consolidation stress. More
specifically, the undrained cyclic strength decreases as R increases at a rate that
progressively decreases. It was found that data points in the CRR-R plane lie close
to (Kenya) or slightly above (Quiou) the curve suggested in the literature for clean
silica sands confirming the general trend that, at a given value of R, CRR of
carbonate sands is higher (or at least comparable) with respect to silica sands.
Lastly, the authors hope that more numerous laboratory test data (preferably from simple
shear tests) are collected in the literature on other carbonate sands, in order to develop
“soil-specific” reliable correlations for liquefaction evaluation of these soils.
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Table 1
Physical and mineralogical properties of tested sands.
Kenya (KS)

Dubai (DS)

Quiou (QS)

Carbonate

Carbonate

non skeletal

Carbonate
skeletal

D50 [mm]

0.13

0.17

0.68

0.55

0.18

Uc

1.86

2.46

5.04

1.60

1.91

emax

1.776

1.118

1.282

0.927

0.978

emin

1.282

0.573

0.833

0.578

0.613

Gs

2.780

2.690

2.702

2.681

2.690

CaCo3 [%]

92

55

75

0

0

Sand

Note: emax and emin were determined using ASTM D4253 [27]

skeletal

Ticino (TS)
silica

Ticino fine
(TSF)
silica

and ASTM D4254 [28] procedures.

Table 2
Test summary program.
Sand

Test type

Ir (%)

p’0 (kPa)

’v0 (kPa)

Reconstitution method

Kenya

BE – CSS

69

25 - 250

50 - 200

Air Pluviation (AP)

Dubai

BE – CSS

75

25 - 150

100

Air Pluviation (AP)

Quiou

BE – CSS – CTX

20 80

25 - 250

100 - 200

Water Sedimentation (WS)

Ticino

BE - CSS

30 80

10 - 450

100

Ticino fine

BE – CSS

62

25 - 300

100

Water Sedimentation (WS)
Air Pluviation (AP)
Air Pluviation (AP)

BE = bender elements in triaxial cell
CSS = undrained cyclic simple shear
CTX =

undrained cyclic triaxial test

Ir = density index at the end of consolidation phase
p’0 = mean effective consolidation stress in triaxial cell
’v0 = effective vertical consolidation stress in simple shear apparatus
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Table 3
Values of the empirical parameters of Eq.(3).
Test

Reconstitution

’v0

Ir

type

Method

(kPa)

(%)

Kenya

CSS

AP

50

Kenya

CSS

AP

Kenya

CSS

Quiou

A

B

R2

69

0.313

0.194

0.91

100

69

0.298

0.233

0.93

AP

200

69

0.261

0.245

0.99

CSS

WS

100

45

0.250

0.201

0.99

Quiou

CSS

WS

200

45

0.269

0.195

0.95

Quiou

CSS

WS

100

75

0.477

0.291

0.84

Quiou

CTX

WS

100

45

0.455

0.199

0.99

Quiou

CTX

WS

100

75

0.544

0.191

0.97

Ticino fine

CSS

AP

100

62

0.215

0.175

0.98

Ticino

CSS

AP

100

45

0.189

0.182

0.95

Ticino

CSS

AP

100

80

0.283

0.226

0.98

Ticino

CSS

WS

100

45

0.292

0.272

0.96

Material
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Table 4
Values of the empirical parameter n (Eq.5) calculated for different crushable materials.
Material

Quiou

Kenya

North
Coast

Cabo
Rojo

Mineralogy
Biogenic
carbonate sand
Oolitic
carbonate sand
Biogenic
carbonate sand

Biogenic
carbonate sand

Gradation
and particle
shape

Type
test

Ir

’v0

p’0

(%)

(kPa)

(kPa)

WG, SA

CSS

45

200

PG, SR

CSS

69

PG, SA to
A

CTX

40

PG, SA to
A

CTX

45 50
65

n

Reference

-

1.13

Present
study

50 200

-

0.78

Present
study

-

50 200

0.57

Elmamlouk
et al.
[56]

0.77
-

200

0.44

80
Dogs
Bay

Boler

Biogenic
carbonate sand
Carbonate-silica
sand

PG, HA and
P

CTX

PG, SA to
A

CSS

60
80
45
65

0.44

-

300 500

50 600

-

1.04
0.79
1.24
1.28

Pando et
al. [61]

Hyodo et
al. [57]
Mirbaha
[69]

* SA= Sub Angular; A= Angular; SR= Sub Rounded; HA= Highly Angular; P= Platey; WG= Well-graded; PG= Poorly-graded.
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(a)

(b)

(c)
Fig.1. Micrographs of the calcareous sands tested in the present study: (a) Kenya, (b) Quiou and (c)
Dubai.
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Fig.2. Grain size distribution curves of the tested materials.
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Fig. 3. Typical records of bender element tests on carbonate sands: (a) Quiou and (b) Kenya.
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Fig. 4. Influence of void ratio and effective
confining stress on VS of carbonate Quiou sand.
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Fig. 5. Comparison between VS measurements on silica and
calacareous sands tested at similar void ratios.

High compressibility

G 0 / qc

Increasing
cementation
and/or ageing
10
Low compressibility
QS (qc values from Porcino
and Marciano', 2010)
Lower and upper
bound uncemented
(Schnaid et al. 2004)
1
10

100

1000

qC1=(qc/Pa) . (Pa/'v0)0.5

Fig. 6. Correlation between G0 (BE) and qc (CC) for
Quiou calcareous sand.
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Fig. 7. Comparative cyclic SS test results performed on (a) Dubai carbonate sand, (b) Kenya carbonate
sand (c) Ticino fine silica sand (All tests: air-pluviated, medium dense specimens, 'v0=100 kPa).
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Fig.8. Influence of mineralogical features on excess pore water pressure generation curves of: (a) loose
sand specimens and (b) medium dense to dense sand specimens.
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Fig.9. Cyclic resistance curves for calcareous vs. silica sands.
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Fig.10. Effect of initial effective vertical stress on cyclic shear strength of two calcareous sands (a)
Kenya sand, air pluviated, medium dense and (b) Quiou sand, water pluviated, loose.
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Fig. 11. Cyclic resistance curves normalized to s’ref according to Eq.(5): (a) Kenya sand, medium dense
and (b) Quiou sand, loose.
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Fig. 12. Effect of loading mode on cyclic shear strength of Quiou calcareous sand (a) loose and
(b) dense specimens.
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Fig. 13. Correlation between CRRfield and VS1 for carbonate sands and comparison with predicted trends for
silica sands (a) before and (b) after stress-normalization of CRR values according to Eq.(4).
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Fig. 14. CRR vs qc,1N correlation gathered for Quiou carbonate
sand and comparison with the trends proposed in the literature
for silica sands.
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Fig. 15. CRR vs. relative state parameter (R) correlation
gathered for Quiou and Kenya carbonate sands and comparison
with the trend proposed in the literature for silica sands.
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