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ABSTRACT: A series of cyclic DSS tests on specimens of sandy soils from Christchurch
reconstituted with the water sedimentation technique are presented and discussed. Experimen-
tal results are compared to evaluate the influence of specimen density, fines content, soil
fabric, and specimen structure (layering) on the liquefaction resistance of the tested soils.

1 INTRODUCTION

Christchurch, New Zealand was severely affected by the 2010-2011 Canterbury earthquake
sequence. These seismic events triggered widespread liquefaction in natural deposits, which
severely damaged buildings and infrastructure in the urban area of Christchurch. Liquefaction
was documented in clean sand deposits as well as in fines-containing (silty) sand deposits of
fluvial origin.
Following these events, a comprehensive series of research projects were executed to better

understand key factors that influenced liquefaction triggering and the severity of its manifest-
ation. These efforts include field investigations (recovering high-quality soil samples, CPT,
and Vs and Vp measurements), cyclic and monotonic triaxial tests on undisturbed and recon-
stituted specimens, and simplified and advanced numerical analyses. The present study con-
tributes to the overall effort by investigating the cyclic behaviour and liquefaction resistance
of silty sands and clean sands under Direct Simple Shear (DSS) conditions. The DSS device is
advantageous because it replicates closely the mode of deformation of a soil element undergo-
ing earthquake excitation in the level-ground, free-field condition.
Results from a series of cyclic DSS tests on reconstituted specimens of sands and silty sands

from Christchurch are presented and discussed. Soil specimens are reconstituted in the labora-
tory using the water sedimentation technique, which produces soil fabric and structure with
layering and segregation resembling those encountered in natural fluvial environments.
During specimen preparation, dry soil is either pluviated in a mould filled with water to create
a specimen in a single depositional phase with natural segregation of soil (sand and fines) par-
ticles through water sedimentation, or it is pluviated through water in two separate stages for
the sand and fines fractions which produces specimens with a layer of fines overlying a sand
layer. The paper first provides description of tested soils, including observations on shape and
angularity of soil particles from Scanning Electron Microscope (SEM) imaging. Experimental
procedures and test results are then presented and discussed and representative stress-strain
relationships and liquefaction resistance curves are shown. Differences in the cyclic undrained
response and liquefaction resistance of the tested soils are discussed in relation to their relative
density, fines content, soil fabric, and structure of the specimens, as well as the potential
effects of individual grain characteristics.
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2 EXPERIMENTAL SETUP

2.1 Test soils

Soil samples come from two sites located along the riverbanks of the Avon River in the Red
Zone of Christchurch, where the most severe manifestations of liquefaction were observed
during the 2010-2011 Canterbury earthquakes. The sites are located in the suburbs of Avon-
side and Bexley and are identified herein as RZ3 and RZ6, respectively. Test soil from the
RZ3 site consists of a clean sand sampled at 5.7 m depth. Geological data indicates it belongs
to the Christchurch formation, a series of beach, estuarine, lagoonal dune, and coastal swamp
deposits associated with the last marine transgression event (Brown & Weeber 1992). RZ3
sand is a uniform sand with sub-angular to sub-rounded particles and relatively clean surfaces
(Figure 1). At the RZ6 site, a silty sand sample was retrieved at 1.7 m depth. RZ6 silty sand
originates from the Springston formation, which consists of postglacial fluvial channel and
overbank sediments accumulated at the inland margin of the Christchurch Formation (Brown
& Weeber 1992). This soil presents sub-rounded to sub-angular particles, similarly to the RZ3
sand, as well as angular and platy-shaped particles (Figure 1).
The RZ6 silty sand sample was subjected to multiple dry sieving cycles to separate the coarser

fraction, retained at the 75 µm sieve, from the finer fraction, which is non-plastic. After the dry
sieving process, the coarse fraction of soil underwent a standard wet sieve process to determine
its final fines content (FC) of 9%. The two fractions of soil were combined subsequently to pre-
pare sand-fines mixtures at fines content of 9% (original soil), 30%, 53% and 100% (i.e. fines
only). Additional tests are currently being performed on the wet sieved sand with all fines
removed (FC = 0%). For the sake of brevity, RZ6 soil at FC = 9% will be referred to as RZ6-
FC9. The RZ6-FC9 sand and the RZ6-FC100 silt (FC = 100%) were also used in the prepar-
ation of layered specimens with target fines contents of 30% and 53%. For all test soils, only the
fraction passing the 2.36 mm sieve was used (removed material was less than 0.5%) to limit the
ratio of the thickness of the specimen (15 mm) to the soil’s maximum particle diameter (2.36
mm) to nominally 6 for the DSS testing. The resulting particle size distributions curves are
shown in Figure 1. Relevant index properties of test sand-fines mixtures are listed in Table 1.
Maximum and minimum void ratios were determined using the Japanese standards (Japanese

Geotechnical Society, 2000). Limit void ratios determined according to any standards may not
necessarily represent the loosest or densest packings achievable by a uniform mixture of particles
of different size (e.g., Lade et al. 1998). Moreover, they may not be representative of states
attainable in natural soil deposits, as limit densities are influenced by stress state and structure,
among other factors. The choice of the Japanese standard methods was made based on evidence
from 300 native soils from Japan suggesting that this procedure can be applied reliably to soils

Figure 1. Particle size distributions and SEM images of test soils.
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containing up to 35% fines (Cubrinovski & Ishihara 2002). In this study, its use for soil mixtures
with even higher fines content allows a straightforward common reference for comparison.

2.2 Specimen preparation

Test specimens were prepared using the water sedimentation technique. Dry soil was poured,
using a funnel and a rubber hose, into a mould with a water column of 4 cm. In the prepar-
ation of specimens with a segregated structure, dry sand and fines were thoroughly mixed in
the desired proportions before pluviation, while layered specimens were obtained by pluviat-
ing sand first, followed by fines. These steps yielded specimens in a relatively loose state. The
top surface of the specimen was levelled with a spatula, and the top cap was placed gently on
it. Vibrations were subsequently imposed for 5-10 seconds onto the table on which the mould
was resting using a mallet, so as to be consistent with the procedure followed in the prepar-
ation of denser specimens, as the preparation of denser specimens required the use of add-
itional weights and prolonged vibration time to increase the density of the specimens.
The initial state after pluviation and the amount of densification induced by prolonged

vibration depended on the soil (Figure 2). Comparisons between density states are influenced
also by the reference density measures (i.e. void ratio or relative density). For example, follow-
ing pluviation and vibration for 10 seconds, RZ3 sand attains lower initial void ratios than
RZ6-FC9. Nevertheless, these states correspond to relative densities of 50%-56% for RZ3
sand and 61-73% for RZ6-FC9 specimens, respectively. Although all test soils attain similar
increases in void ratio (densification) after 3 minutes of vibration, the corresponding change
in relative density for RZ3 sand is higher than that observed for the RZ6 sand-fines mixtures

Table 1. Index properties of test soils.

Soil FC Gs emin emax emax - emin D50 Cu Cc

% mm

RZ3 1 2.66 0.59 0.99 0.40 0.26 1.8 1.1

RZ6-FC0 0 2.66 0.69 1.19 0.50 0.13 1.7 0.9

RZ6-FC9 9 2.66 0.69 1.19 0.50 0.12 1.8 0.9

RZ6-FC30 30 2.66 0.63 1.26 0.63 0.10 6.9 2.7

RZ6-FC53 53 2.69 0.60 1.24 0.64 0.071 - -

RZ6-FC100 100 2.69 0.71 1.46 0.75 0.026 - -

Figure 2. Initial void ratios of test specimens in relation to source site, fines content and vibration time

during preparation for: (a) RZ3 Sand and (b) RZ6 Sand-Fines mixtures. (c) Estimates of void ratios and

relative densities for layered specimens of RZ6 sand-fines mixture with FC = 30%.
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(about 20% for RZ3 sand compared to less than 10% for RZ6 soil), because these soils have
different limiting void ratios (emin and emax).
In the case of layered specimens, given the small dimensions of each layer (5-10 mm), only a

bulk density for the whole specimen can be computed from measured specimen volume and
mass. An indirect estimate of density of each layer can be made by first computing the average
dry densities of segregated specimens of RZ6-FC9 and RZ6-FC100 vibrated for 10 second. It is
then assumed the ratio between the dry densities of the two layers in a layered specimen is equal
to the ratio between the average densities of segregated specimens of RZ6-FC9 and RZ6-
FC100. This assumption is used to partition the volume of each layered specimens between the
two layers, and then these two volumes were used to estimate the density of each layer.
The results of these calculations are shown in Figure 2c for layered specimens of RZ6 sand-

fines with FC = 30%. RZ6-FC9 and RZ6-FC100 present similar values of specific gravity, Gs,
and of post-pluviation void ratios; as a consequence, bulk void ratios for layered specimens
are essentially identical to the separate estimates of void ratio of the two layers. However, if
this bulk void ratio is entered into calculations of relative density (DR) using emin and emax for
the uniform mixture of RZ6 sand with FC = 30%, the computed value of DR differs signifi-
cantly from the separate estimates of DR for the bottom and top layers computed using emin

and emax values for RZ6-FC9 and RZ6-FC100, respectively. The importance of this aspect
can be appreciated if one considers the potential difficulties in evaluating densities of individ-
ual layers of specimens retrieved from highly interbedded soil deposits. This has been and con-
tinues to be a focus of parts of the silty soil studies in Christchurch following the Canterbury
earthquakes (e.g., Beyzaei et al. 2018).

2.3 DSS testing details

In this study, test specimens were subjected to cyclic shearing in a DSS device. The DSS test
device is judged to better replicate the stress and strain paths imposed on an element of soil
shaken by an earthquake for the level-ground, free-field conditions of an in situ soil deposit
relative to those imposed by a cyclic triaxial test. The testing device has a confining pressure
chamber, similarly to a triaxial device, and makes use of back pressure for specimen satur-
ation. A more detailed description of this device is given in Cappellaro et al. (2018).
Specimens were saturated by first percolating carbon dioxide for at least 30 minutes, fol-

lowed by percolation of de-aired water, and finally by applying a back pressure of at least 200
kPa. Post-consolidation B-values ranged between 0.92 and 0.98. Specimens were consolidated
anisotropically to a vertical effective stress σ‘v = 100 kPa and a ratio K = σ‘h/σ‘v = 0.5. Meas-
ured volume changes and vertical strains were used to compute average consolidation radial
strains, and these were within ±0.05% for most test specimens. This indicates that the stress
ratio K = 0.5 approximately corresponds to one-dimensional consolidation for all test soils.
A sinusoidal shear load waveform of pre-determined amplitude was applied to the specimen

by a servo-control system at a frequency of 0.05 Hz under the following conditions: constant
height, with vertical piston clamped in position; constant total horizontal stress, σh = σcell; and
drainage valves closed (i.e. undrained loading condition). This testing protocol (constant height
testing) is described in Boulanger (1990), who shows its equivalence to undrained cyclic loading
under constant vertical load, which is the stress conditions encountered in the free-field.

3 TEST RESULTS: PRESENTATION AND DISCUSSION

Liquefaction resistance of segregated specimens for selected sites and fines contents are pre-
sented in Figure 3 in terms of number of cycles (Nc) required to attain 7.5% DA (double-amp-
litude, i.e. peak-to-peak) shear strain under the applied cyclic stress ratio (CSR). The criterion
adopted in this study to establish the onset liquefaction was found to have negligible influence
on the relative positions of data points on a CSR-Nc plot, irrespective whether this was drawn
based on specific values of excess pore water pressure ratio (ru), shear strain, or dissipated
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energy. Data points in Figure 3 would shift to the left or right by similar magnitudes if values
of reference shear strains different than 7.5% DA were used, but their relative positions would
not change significantly.
Specimen density and vibration time during preparation are directly related to each other in

the prepared test specimens. Although interrelated factors, they can be used as separate cri-
teria in the characterization of the initial state of the specimens. For consistency in the inter-
pretation of the test results in this paper, similar preparation processes are adopted as the
reference point for the test results comparisons, and we examine how this process leads to dif-
ferent density measures and correspondingly different behaviours.
By comparing test results for RZ3 sand and RZ6-FC9 in Figures 3a and 4, similarities in

their liquefaction resistance (Figure 3a), stress paths, and stress-strain relationships
(Figures 4a, 4b) are evident for these different soils when both vibrated for 10 seconds. How-
ever, as shown in Figure 3a, when vibrated for 3 minutes, RZ3 sand exhibits a significant
increase in liquefaction resistance compared to RZ6-FC9, whose behaviour is affected to a
lesser extent by the vibration process. These changes in liquefaction resistance can be paral-
leled with changes in relative density induced by vibration during specimen preparation
(Figures 2a, 2b); RZ3 sand is more sensitive to this process than RZ6-FC9 and undergoes
greater changes in DR (20% versus 10%), although this corresponds to similar changes in void
ratio. Therefore, for these two soils, changes in DR during specimen preparation better reflect
changes in the state and corresponding changes in liquefaction resistance.
Comparisons between the liquefaction resistance of different sand-fines mixtures of RZ6

soils (Figure 3b) shows that specimens prepared following similar procedures exhibit similar
liquefaction resistance independently from their fines content. With respect to this aspect,
experimental studies on effects of fines content on liquefaction resistance usually study binary,
gap-graded sand-fines mixtures created in the laboratory, where there is a clear distinction
between fines and sand fractions. The definition of fines content based on the percentage of
soil passing a certain sieve size (i.e. 63 or 75 µm) is arbitrary, and it may be a poor descriptor
of complex interactions between soil particles and ensuing undrained soil response when
applied to poorly-graded particle size distribution curves, which are common in natural soil
deposits found in Christchurch (Figure 2). This aspect is of primary importance if one con-
siders that currently available simplified tools for liquefaction triggering assessment imple-
ment fines correction factors to liquefaction resistance which have a significant influence on
calculation results (e.g. Boulanger & Idriss 2014).
For segregated specimens of RZ6 soils, liquefaction resistance appears to correlate well with

specimen preparation procedure. For specimens with FC = 9-30%, the liquefaction resistance

Figure 3. Liquefaction resistance (as number of cycles to 7.5% DA shear strain) of RZ3 and RZ6 sites

soils in relation to source site, fines content, specimen structure and vibration time during preparation.
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Figure 4. Stress paths and stress-strain relationships from cyclic DSS tests performed at similar CSR on

segregated RZ3 and RZ6 sands specimens for different vibration times during preparation.
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of the segregated specimens of RZ6 soils also correlates well with relative density (results not
included in this paper indicate that this finding also holds for FC = 53% RZ6 soil mixtures).
Specimens prepared following the same procedure exhibit similar response (for 10 seconds
vibration: Figures 4b and 5a; for 3 minutes: Figures 4d and 5b).
Conversely, specimens of RZ6-FC100 silt vibrated for 10 seconds develop relative densities

up to 10% higher than other soils vibrated for the same amount of time (Figure 2), although
they have similar liquefaction resistances. As observed previously, standard procedures for
determining limit void ratios emin and emax are recommended for fines contents up to 35% at
most, and it is possible that relative density is not an appropriate reference in evaluating lique-
faction resistance when applied to fines-controlled particle aggregates. Moreover, as already
pointed out, the definition of fines content is based on an arbitrary particle size.
Layered RZ6 sand-fines specimens exhibit a behavior similar to segregated specimens with

the same fines content (Figures 5a, 5c). This is consistent with segregated specimens of RZ6
sand and silt vibrated for 10 seconds exhibiting the same behaviour independently of fines con-
tent with layered specimens being considered, as a first approximation, as a stack of two smaller

Figure 5. Stress paths and stress-strain relationships from cyclic DSS tests performed at similar CSR on

segregated and layered specimens of RZ6 soils at 30% fines content.
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segregated specimens of fines and sand. Nevertheless, in view of the difficulties in determining
the relative density for high fines content soils and in interpreting the liquefaction resistances of
layered test specimens, a consistent interpretation of liquefaction resistance based on Dr alone is
difficult. One could also notice that the two layers may have similar values of void ratio, as indi-
cated by the proximity of the blue and brown triangles in Figure 2c. It appears that layer inter-
face effects were not significant enough to be measured with the employed DSS testing device.

4 CONCLUSIONS

Two sands and a series of sand fines-mixtures with different fines contents were used to pre-
pare reconstituted specimens using the water sedimentation technique and tested in cyclic DSS
to evaluate the influence of specimen density, fines content, soils fabric, and structure (segre-
gation and layering) on liquefaction resistance and undrained cyclic behaviour.
The two sands exhibited different liquefaction resistance when densified by prolonged vibra-

tion during specimen preparation, and this could be related to different limit void ratios, which
are in turn affected by particle size gradation and particle shapes. When sand and fines from the
same source soil were combined in different proportions, vibration time during preparation was
again found to correlate well with changes in liquefaction resistance, but these were not always
captured by changes in relative density. Additionally, varying the fines contents in the tested
sand-fines mixtures did not lead to noticeable changes in their liquefaction resistances.
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