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Abstract The determination of the small strain shear
modulus Gy of gravels is a very important issue, both
under monotonic or cyclic loading conditions. In the
paper, the results of a series of triaxial tests carried out
in a large apparatus on frozen (undisturbed) specimens
of gravel are presented, along with the description of a
new experimental device developed to measure the
velocity of the shear waves V. During undrained
cyclic tests, V; values were measured before and after
liquefaction, to analyse the effect of this peculiar stress
history on the small strain stiffness Gy of coarse
grained soils. The small strain shear stiffness
decreases as pore pressure in the specimen builds up.
However, even in tests in which liquefaction was
attained during the cyclic loading phase, G, showed to
depend only on the current value of the effective
stress: its values become smaller than the initial one
(before cyclic loading was applied) but not nil,
depending on the transient value of the pore pressure
and therefore of the effective stress. Furthermore, the
experimental results showed that, since there was no
sudden drop of Gy upon liquefaction triggering, the
gravel did not have a structure which significantly
affected its mechanical behaviour.
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1 Introduction

Soil stiffness at very small strains, in the so called
linear range, can be obtained with dynamic or static
testing techniques. When using dynamic techniques,
in which the velocity of the shear (S) waves (V) are
recorded, the small strain shear stiffness (Gg) is
calculated in the hypothesis of linear elasticity as:

Go=p-V2 (1)

In which p is the density of the material through
which the waves propagate. In laboratory, shear wave
velocity measurements can be carried out during any
kind of mechanical test, like triaxial tests (Sharma and
Fahey 2004; Koseki et al. 1999; Zhou and Chen 2007),
oedometer tests (Fam and Santamarina 1997), reso-
nant column and torsional shear test (Santamatina and
Cascante 1996; Youn et al. 2008) and in geotechnical
centrifuge model (Lee et al. 2012). Most times, the
measurement of V is confined to small size appara-
tuses, even though recently some applications to larger
cells, necessary to test on coarse soils, have been
recorded in literature (e.g. Modoni et al. 2000).

Among a wide variety of dynamic techniques, shear
plates and bender elements are the most popular ones.
The bender element technique (Shirley and Hampton
1978) is by far the most common method adopted in
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laboratory apparatuses: an elastic shear wave is
generated by a piezoceramic transducer placed on
one end of the specimens (or on its side) and is
received by another piezoceramic transducer placed at
the other end (or on the opposite side). The shear wave
velocity is calculated by measuring the travel time t
(defined as the time required to cover the distance
between the two transducers) and the distance between
the two transducers. The determination of the waves
travel time is still an open issue, due to the complexity
of the wave’s propagation process within the specimen
and to the distortion of the wave during its travel. The
signal interpretation technique affects the magnitude
of the wave velocity and in turn the computation of the
shear modulus G, (Mitatitonna et al. 2010).

Typically, soil shear stiffness is considered to
depend on current stress state, void ratio and soil
structure via a non linear equation. The stress state
variable may be the mean effective stress invariant p’
(Hardin and Black 1966) or a combination of the
different principal effective stresses (e.g. Tatsuoka
and Kohata 1994). In this paper, the previous formu-
lation will be preferred, written as:

%_ase- (2 2)

where p, is a reference stress (usually taken equal to
the atmospheric pressure) used for stress normaliza-
tion, A is a non dimensional material constants
accounting for soil nature (grading, mineralogy,
fabric), n is an empirically determined exponent and
f(e) is a function taking into account the effect of void
ratio. In this work, the well known empirical equation
proposed by Hardin and Richart (1963) has been
adopted, which is:

(217 —e)
fle) = e (3)

In the last decades, a huge amount of literature (e.g.
Tatsuoka and Kohata 1994; Jang et al. 1997) has been
dedicated to understanding the effect of intrinsic and state
soil properties on small strain stiffness, and nowadays this
is rather clear with no need to be replicated.

The shear modulus Gy (or the shear wave velocity)
at low strain levels is a very good index of the soil
structure (e.g. Santamatina and Cascante 1996; Goto
et al. 1999, Zhou and Chen 2007). Because of this,
numerous studies have been conducted to get a
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correlation between shear wave velocity and lique-
faction potential of natural deposits (Seed et al. 1983;
Tokimatsu and Yoishida 1990; Yunmin et al. 2005).

Liquefaction is certainly a complex kind of stress—
strain history, and the evolution of G, during a cycling
load is certainly an issue. Goto et al. (1999), for
instance, measuring small strain stiffness in triaxial
liquefaction tests on Toyoura sand, observed a
decrease of small strain stiffness during the test, which
was more evident in the compression stages than in the
extension ones. Santamarina and Aloufi (1999) ana-
lysed the influence of soil fabric changes on small
strain stiffness by means of micro-mechanical exper-
iments. They concluded that the relationship between
the small strain stiffness and the stress history should
capture the combined effect of contact behaviour,
fabric changes, and the evolution of contact forces.

The large amount of laboratory experimental data
available usually refers to clay and sand. Very few
laboratory measurements of Vg were carried out on
coarser soils, due to the need of larger testing appara-
tuses and to the larger energy needed for the artificially
generated waveforms, difficult to obtain with bender
elements. The available results on coarser soils (e.g.
Koseki et al. 1999; Modoni et al. 2000; Hardin and
Kalinski 2005) lead to conclusions similar to those
obtained on sands and clays, even though the effect of
the unavoidable non homogeneity within larger speci-
mens may introduce a difference between static and
dynamic measurements of Gy (Modoni et al. 2000).

In this paper, experimental results obtained on
undisturbed specimens of a coarse grained soil are
reported, along with the description and the calibration
of the experimental device developed to measure V in
a large triaxial cell. Cyclic undrained stress paths were
applied to quantify soil susceptibility to liquefaction.
Shear wave velocities were measured before and after
liquefaction, to try and see the effect of this peculiar
stress history on the small strain stiffness of coarse
grained soils.

2 Laboratory Test Equipment
2.1 Triaxial System and Wave Generating System
The experimental activity was carried out in a stress-

path triaxial apparatus (Fig. 1) designed to accommo-
date large specimen (diameter Dy = 200 mm, height
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H; = 400 mm). It is well known that the reliability of
laboratory tests largely depends on the ratio between
D and the maximum particle size d,,,.x. In the case of a
coarse-grained soil, many authors (e.g. Marsal 1967)
have suggested that the minimum limit value of this
ratiois Dy/d,,,x = 5. Such aratio, which is smaller than
the one usually imposed in small triaxial apparatuses,
has become widely adopted for coarse grained soils
testing. In this work, since the specimens were frozen,
grain size analyses were performed after testing. As
will be shown in the next sections, however, in most
cases there was no compatibility problem between the
specimen size and the mean grain size.

The apparatus is controlled via a PC and is
equipped with: two pressure transducers to measure
cell and pore pressures, an internal load cell to
measure the deviatoric stress, a volume gauge and
two internal linear variable differential transformers
(LVDTs) to measure the specimen’ volumetric and
axial strains. The apparatus has a maximum capacity
of 800 kPa cell pressure. The triaxial (TX) cell is
equipped with a special device conceived for dynamic
measurements, following the idea originally put
forward by Modoni et al. (2000): two electromagnetic
actuators (one generates S wave and another P wave)

Fig. 1 Triaxial cell adopted
in the experimental activity

local LVDTs

and a three-dimensional accelerometer (see Fig. 2b, c)
are placed on both the specimen pedestal and head
(Fig. 2b). The actuator that generates S waves is made
of a stainless still plate that enters into the specimen
for about 15 mm. On demand, the plate is excited by
an electromagnetic pulse (Fig. 2c). The actuator that
generates P waves consists of a metal disk of about
20 mm of diameter, excited by a vertical electromag-
net (Fig. 2¢). Both actuators are included into a solid
protection case and insulated from the mechanical
structure of the pedestal and the head via a rubber glue
layer. The effectiveness of this isolating detail, which
is essential to avoid that waves travel through the very
stiff steel frame of the triaxial cell, will be shown in §
2.3. The three-dimensional accelerometer, which is
able to detect the arrival of both P and S waves, is
located into a smaller cylindrical case and has a full
scale range of 2 g in all three directions. The z axis of
the accelerometer is vertically oriented; the x axis is
oriented in the radial direction, and the y axis is
oriented in the tangential direction. The accelerome-
ters are insulated from the mechanical structure of the
pedestal and head via a rubber glue layer.

The exact orientation of both the pedestal and the
head is essential in setting up the test, to know the mutual
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Fig. 2 System for dynamic Cap
measurements (a) and wave :
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orientation of the S waves generating and measuring
devices. In any case, since most times gravels have an
isotropic or at the most cross-anisotropic mechanical
behaviour (i.e. the mechanical properties are identical in
any horizontal direction), a possible misalignment of
generator and actuator would not lead to any mistake, as
long as the generated and measured signals are obtained
by summing the two components in the x and y
direction. In this work, perfect alignment was imposed
and controlled on the results (one of the two compo-
nents—the y one—being nil).

The four electromagnets (two on the pedestal and
two on the head) are all independently driven by a
pulse circuit. The two three-dimensional accelerom-
eters (generating a total of six signals, three for each
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The input and output waveforms are automatically
recorded by the digital oscilloscope (Fig. 2a). For the
case of S waves, the out of polarization channels help
to verify the correct working of the device. In
principle, the starting time could be considered to
coincide with the electric input to the electromagnetic
generator. However, due to some possible mechanical
delay of the hitting piston, such a measure could be
affected by an error, thus leading to a misevaluation
(overestimate) of the travel time. By assuming the
starting time to coincide with the time at which the
signal reaches the accelerometer close to the genera-
tor, such a mistake is avoided. In placing the specimen
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in the cell, great care has to be taken to ensure a tight
connection between it, the pedestal and the cap. When
testing on frozen specimens, as it was done in this
work, a hole was prepared on the two base and top
faces of the specimens to insert the shear plates. After
having prepared the holes (which had a rectangular
section just slightly larger than shear plates cross
section), they were filled with fine sand to guarantee
the best possible contact between the plates and the
specimen itself. Once the wave form (input and output
wave forms) was registered on both specimen ends,
the travel time was calculated as shown in the next
section. Finally, wave velocities were calculated by
knowing the current travel distance (continuously
corrected because of the specimen’s axial strain €,).

2.2 Definition of the Arrival Time

Many authors have commented the difficulty in
identifying the exact time of arrival of the waves
travelling into a specimen in laboratory (e.g. Viggiani
and Atkinson 1995a; Arroyo et al. 2003; Mitatitonna
et al. 2010) due to the complexity of the propagation
process within the specimen. It is well known that
compression (P) waves are faster than shear waves (S),

Fig. 3 Examples of check
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the experimental device to )
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and as a consequence they are the first ones to be
detected at the arrival point.

Confining the discussion to shear waves, which are
the ones that have been analyzed in this work, the most
universal method adopted involves visually picking
the arrival position from the received trace within the
time domain record directly from an oscilloscope
(Viggiani and Atkinson 1995). Several alternative
technique, such as the cross-correlation method
(Mancuso et al. 1989) or methods developed in the
frequency domain, such as the phase delay method
(Kaarsberg 1975; Greening and Nash 2004) have been
proposed in literature.

In this study, the arrival time was computed based
on the first rising point of the input and output waves,
as shown for example in Fig. 3b. The figure shows the
typical input and output S-wave signal: point A
represents the moment of energy transfer from the
source to the soil; and point B corresponds to the start
of receiver motion.

2.3 Calibration of the Experimental Device
for Calculating V

Since the dynamic system inserted into the large
triaxial cell is a prototype, a calibration was needed to
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be sure that the generated waves travel within the
specimen and not through the cell stiff steel structure
(base, confining cylinder, rods, top cap). Many tests
were carried out to this aim. For the sake of brevity,
two examples of the different check tests carried out
are reported in Fig. 3: the first kind of test (Fig. 3a)
was carried out without specimen, just partially filling
the cell with water (with different filling percentages),
and generating both S and P waves. Such a kind of test
was carried out to verify that the isolation of the wave
generators from the cell was effective, and therefore
the very stiff cell frame did not transmit the waves
from one base to the other: since there is no solid
continuity within the cell, neither P waves nor S waves
should be recorded at the receiver. As the figure shows
(for P-wave), no signal was recorded in all tests. This
was a confirmation that the rubber isolation of the
generating and measuring systems was well con-
ceived. Eventually, when the cell was completely
filled with water, only compression waves were
recorded at the other end of the cell, with the typical
velocity they have when travelling in water, while no S
wave could be detected. In the other type of tests
(Fig. 3b), S waves were generated and propagated
through a soft rock specimen (in this case, Neapolitan
Yellow Tuff) whose typical values of V, were well
known. The goal of this kind of tests was to verify that
the contact between the shear plates and the specimen
was well conceived, being the soft rock in all similar to
the frozen specimen to be tested. Since during these
check tests the recorded values of V¢ were similar to
those typical for this soft rock (Vinale 1988), it was
demonstrated that specimen preparation and placing in
the cell was correctly carried out, and the fine sand put
within the hole prepared to insert into the specimen the
shear plates ensured a close contact.

3 Experimental Activity
3.1 Test Materials

The experimental activity was carried out on speci-
mens obtained from frozen samples recovered in
Calabria (Southern Italy), at Cannitello site, near the
well known Messina Strait that separates Sicily from
Italy mainland. The frozen samples where retrieved at
depths ranging between 18 and 33 m from the ground
surface, in a normally consolidated coarse-grained
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Holocene soils deposit (locally known as Coastal
Deposits). The in situ freezing technique and specimen
preparation are described in Flora et al. 2012 and
Fioravante et al. 2012 (these latter authors working on
coarse grained soils retrieved close to the Messina
Strait but on the Sicilian side). For cohesionless soils,
soil freezing is the only technique available to try and
limit the damage during coring under ground water
level. Comparing shear wave velocities measured
in situ in Cross Hole tests and in laboratory during
triaxial testing, Fioravante et al. (2012) have found
that they assume similar values, thus showing that the
retrieved samples are undisturbed. A similar compar-
ison will be shown in the following for the materials
used in this work.

After testing, soil gradings were obtained for all the
specimens (Fig. 4). In our case, they can be divided
into three different families: a uniform sand with a
very low percentage of gravel (soil A), a gap graded
coarser soil with a sandy matrix and large particles
(soil B), and an even coarser well-graded sandy gravel
(soil C). The mean relevant physical and mechanical
properties of the three soil families are summarized in
Table 1.

A large experimental activity was developed to
analyse the behaviour of all these soils under mono-
tonic and cyclic triaxial stress paths (Flora et al. 2012).
In the monotonic tests, the typical behaviour of coarse-
grained soils was always observed, with very little or
no peak in shear strength, along with a dilative
behaviour. Furthermore, the uniform sand A and the
gap-graded gravelly sand B, differing only in a small
amount of the coarser fraction, exhibit a similar
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Fig. 4 Ranges of grain size distributions of the tested specimens
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Table 1 Physical and mechanical properties of the tested soils
(Flora et al. 2012)

Soil  dmax (mm) dso (mm) Cy (Do/D1o) Gs  @u* ()
A 50 0.7 2.8 270 38.6
B 50 1.0 6.6 39.6
C 70 10.0 26 43.2

* Ultimate friction angle (at axial strain g, = 20 %) from
monotonic tests

mechanical behaviour under both monotonic and
cyclic loading and in the following they will be
therefore analyzed together.

3.2 Specimens Preparation and Testing
Programme

The testing programme (Table 2) consists in a series
of undrained cyclic triaxial tests: eight of them have
been carried out on frozen specimens and only one on
a reconstituted specimen.

The thawing of the frozen specimens took about
24 h, and was carried out imposing a low isotropic
effective stress (¢’ = 20 kPa) in drained conditions,
with a back pressure of 30 kPa. Consistently with the
indications of Tanaka et al. (1991), in all cases it was
experimentally observed that the effects of membrane
penetration during thawing were negligible. Upon
thawing, specimen saturation (Skempton parameter
B > 98 %) was guaranteed by water flow under a very
low hydraulic gradient.

Table 2 Experimental programme

The reconstituted specimen (C10r in Table 2) has
been prepared by wet tamping at the same void ratio of
the undisturbed specimens from which the material
was retrieved (C10 in Table 2). A small unavoidable
difference in void ratio resulted.

Both isotropic (CCIU tests in Table 2) and aniso-
tropic consolidation stress paths (CCKgU tests in
Table 2) were adopted prior to the cyclic shearing
stage, with the latter used to simulate in situ K, initial
stress state. Being very difficult the computation of the
coefficient of earth pressure at rest K, of gravelly soils
from laboratory tests (Lirer et al. 2011), in this study
Ky, was obtained from in situ measure-
ments(Ky = 0.47, Fiammenghi et al. 2009). In all
cyclic tests, the axial loading was applied through
uniform sinusoidal cycles with constant amplitude at a
frequency of 0.1 Hz.

In undrained cyclic triaxial tests, the imposed cyclic
stress ratio CSR is defined as the ratio between the
shear stress 14 and the normal effective stress ©’,.¢
acting on a plane inclined at 45° on the horizontal
plane (i.e. on the plane of maximum shear stress):
CSR=—4 = 4 4)
Oref 2O-ref
where qq is the cyclic deviatoric stress. By definition,
6’ (et 18 €qual to:

/ /
r_ Olc + 03¢

g = 5 (5)

where o’ and ©'5 are respectively the maximum
and the minimum principal effective stresses acting on

Soil Name Stress path e, p (kg/m3) o'5. (kPa) o' (kPa) Vggo(m/s) CSR Neye Liquef. Ny Liquef.
R, =0.9) (epa =5 %)

AB CI10 CCIU 0.600 1962 200 200 567 0.240 85 -

Cl0r**  CCIU 0.530 1980 200 200 548 0.240 82 -

C5 CCIU 0.570 2066 200 200 606 0.220 29 -

C6 CCKyU 0.370 2254 94 200 560 0.580 - 7

C8 CCKy,U 0.700 1970 94 200 530 0.330 c.m.*

Cl12 CCKy U 0.580 2025 94 200 533 0.430 c.m.*
C C-C6 CCIU 0.483 2079 400 400 559 0.350 6 -

C-C10 CCIU 0.462 2110 200 200 550 0.320 7 -

C-C8 CCKyU 0.524 1790 94 200 632 0.500 11 22

* Cyclic mobility

** Test on reconstituted specimens

@ Springer



1114

Geotech Geol Eng (2013) 31:1107-1122

the specimen at the end of the consolidation phase. In
isotropically consolidated tests (6| . = 6'3), O'rer IS
equal to the consolidation pressure.

The cyclic resistance ratio CRR is defined as the
value of CSR causing soil liquefaction in a given
number of loading cycles.

It is well known that loose saturated cohesionless
soils, during cyclic undrained tests can either undergo
liquefaction or cyclic mobility, depending on the
applied consolidation and cyclic stress path (Robert-
son 1994). In fact, during cyclic undrained loads such
soils develop positive pore pressures due to their
contractive behaviour: if the effective stress state can
progress to the point of zero effective stress, liquefac-
tion is attained. On the contrary, if during cyclic
undrained loads soil undergoes cumulative permanent
axial strain but the stress path remains stable after
many cycles without transient states of zero effective
stress, cyclic mobility takes place.

In cyclic triaxial tests it is usually assumed that
liquefaction is attained when a conventional stress or
strain thresholds is reached. The stress-based approach
typically refers to the pore pressure ratio R, defined as
the ratio between the cyclically induced pore pressure
increment Au and the confining stress ¢’c (R, = Au/
o’.). The strain-based approach (which may be
alternatively used when R, does not reach the critical
value but large strains take place) typically assumes a
limit value for the double amplitude axial strain gpa.
In this work liquefaction was identified by means of a
stress threshold (R, ;q = 0.9) or a strain threshold
(epaiq = 5.0 %).

It must be stressed out, however, that V¢ measure-
ments (and consequently Gy calculations via Eq. 1)
are carried out instantaneously, thus at some precise
values of the current stress state (synthetically repre-
sented by q and R,,). Therefore, even after liquefaction
is seen to take place, the current values of R, (or €pa)
could be smaller than the assumed threshold, depend-
ing on the time at which the wave generator is
activated. As a consequence, even after liquefaction
starts the transient effective stress state could be large
enough to be comparable with the ones experienced by
the specimen before liquefaction. Then, the compar-
ison between V; values at a given stress state before
and after liquefaction, when any trace of the structure
has been swept off by the very large cyclic strains, may
be taken as a measure of the relevance of soil structure
on soil behaviour: in fact, similar results would
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indicated that, for the tested soil, the structure has
little effect on the stress—strain behaviour of the soil,
and only traditional state variables play a role (density
and stress state, or for instance the more synthetic state
parameter  proposed by Been et al. 1991). On the
contrary, large differences would indicate that the
original structure, affects soil behaviour, and therefore
plays a relevant role.

4 Experimental Results

Cannitello site was extensively investigated with
in situ tests prior to freezing and coring. In particular,
crosshole tests (CH) were carried out to get the Vg
profile with depth. An example taken from the paper
by Fiammenghi et al. (2009) is reported in Fig. 5. In
the figure, soil grading, penetration resistance to SPT
and LPT (Large Penetration Test, see Fiammenghi
et al. 2009), energetic efficiency ER of the penetration
tests and shear wave velocity profiles with depth are
reported. On the Vg profile, the range of depths at
which the frozen specimens were retrieved is evi-
denced (18 m < z <33 m). At these depths, the values
of Vg measured in situ range from a minimum of about
370 m/s to a maximum of 600 m/s (not considering a
single very high value of 750 m/s).

Such results will be compared with the ones
obtained in laboratory to check specimen’s quality:
if the specimens are really undisturbed, Vg values
measured in laboratory should be comparable with the
ones obtained in situ via CH tests.

4.1 Shear Wave Velocity Measurements
4.1.1 Soil A/B

In all cases, the value of Vs after consolidation (V)
has been measured (see Table 2): such values are in
good accordance with the ones obtained via the in situ
CH tests (Fig. 5), in which Vg varies from 532 to
604 m/s. The results of the cyclic undrained tests
carried out on specimens of soils A and B (Table 2) are
plotted in four different planes from Figs. 6 to 10. Two
tests (C10 and C5) were performed on isotropically
consolidated specimens (CCIU) and three tests (C6,
C8 and C12) on anisotropically consolidated speci-
mens (CCKyU). In CCIU tests C10 and C5 (Figs. 6
and 7) both specimens liquefied, reaching the stress
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thresholds Ry jig = 0.9 respectively after a number of
cycles Neye c10 = 85 and Neye 05 = 29. In the figures,
the shear wave velocity Vi measured during these two
cyclic tests is plotted versus the corresponding pore
pressure ratio R,. The measured values of Vs keep a
fairly constant value up to R, ~ 0.4, to get slightly
smaller values for larger values of R,. In these two
tests, however, the dynamic Vs measurements have
been carried out only prior to liquefaction, and as a
consequence only before a possible dramatic change
of soil structure.

Figure 8 shows the results of the CCKyU test
named C6, carried out on an anisotropically consol-
idated specimen (Table 2): in this case liquefaction is
considered to occur after 7 cycles, when the double
amplitude axial strain in each cycle (epa) reaches the
assumed strain threshold (epaiq = 5.0 %). The

maximum value of the cyclic pore pressure ratio
(Rymax =~ 0.4) reached after 12 cycles is significantly
lower than Ry jiq. In this case, some Vs measurements
have been carried out after the strain threshold was
attained, therefore during liquefaction. In the figure,
the measurements carried out after liquefaction are
represented by black dots. It can be noted that Vs
seems to depend on R, only, and no visible difference
can be seen before and after liquefaction. This
indicates that structure does not play a relevant role
in the mechanical behaviour of this specimen. Even
after liquefaction, the values of V have been calcu-
lated only at values of R, not particularly large
(Rymax =~ 0.4). By comparing these results with the
ones of the other two tests previously shown (Figs. 6
and 7), a larger decrease of V with R, can be
observed.
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Fig. 6 Results of the CCIU (a)
test C10 (Table 2):

. . Ncyc
a deviatoric stress q versus
axial strain g,; b axial strain 100
€, versus number of cycles
Neye; € cyclic pore pressure €pA
ratio R, versus number of
cycles Neyc; d shear wave
velocity Vi versus cyclic
pore pressure ratio R,
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Fig. 7 Results of the CCIU (a) 150 (b)

test C5 (Table 2):

a deviatoric stress q versus
axial strain &,; b axial strain
€, versus number of cycles
Neye; € cyclic pore pressure

€, (%)

ratio R, versus number of -3, 1.0 1.5 20
cycles Ngy.; d shear wave i €,(%)
velocity Vi versus cyclic g
pore pressure ratio R, -100 -
(© (d)
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- 600 006 o
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& E 400
0.4 » 3001
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0.2
100
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0 S 10 15 20 25 30 35 40 0.0 0.2 0.4 0.6 08 10

N

cyc

In CCKgU tests C8 and C12 (Figs. 9 and 10), the
last two carried out on the group of specimens of soils
A and B, no liquefaction occurred, and the soil
underwent cyclic mobility. The specimens show
cumulative permanent axial strain in the compression
plane, but the double amplitude axial strain in each
cycle remains always very small (epp <K €pa jig)- At
the same time, the cyclically induced pore pressure
increments keep very low values (Ryma.x = 0.25 in
tests C8, Ry max = 0.45 in tests C12) even after a large
number of cycles. For these two tests, the measured

@ Springer

shear wave velocities don’t change significantly
during the tests.

4.1.2 Soil C

In all cases, the value of Vg after consolidation (Vg )
has been measured (see Table 2): again, such values
are in good accordance with the ones obtained via the
in situ CH tests (Fig. 5). The results of the three cyclic
tests carried out on specimens of soil C (Table 2) are
plotted from Figs. 11 to 13. Two tests (C-C6 and
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Fig. 8 Results of the
CCK,U test C6 (Table 2):

a deviatoric stress q versus
axial strain &,; b axial strain
€, versus number of cycles
Neye; € cyclic pore pressure
ratio R, versus number of
cycles Neyc; d shear wave

8.0 4
7.0 4
6.0
5.0+
4.0 4
3.0 4
2.0
1.0 1

€, (%)

velocity Vi versus cyclic
pore pressure ratio R,

] 0.0 +
-1.04¢ 2 4 6 8 10 12

O Vs - measurement

@ Vs - measurement (post liquefaction)
e 0 ——

Fig. 9 Results of the
CCK,U test C8 (Table 2):

a deviatoric stress q versus
axial strain &,; b axial strain
€, versus number of cycles
Neye; € cyclic pore pressure
ratio R, versus number of
cycles Ngy.; d shear wave
velocity Vi versus cyclic

02 04 06 08 10

R

u

pore pressure ratio R,

O Vs - measurement

Vs (m/s)

200

100

C-C10) have been performed on isotropically consol-
idated specimens (CCIU) and only one (C-C8) on
anisotropically consolidated specimens (CCKqU). For
both the CCIU tests, liquefaction was attained
(Ry > Ry ) after few cycles (Neyecs = 6 and
Ngyecio = 7). Shear wave velocity V, keeps in these
two tests a rather constant value, with only a slight
decrease with R,. Again, after liquefaction (black dot,

02 04 06 08
R,

0.0

Fig. 12), the value of V, does not show any sudden
drop, and keeps aligned with the ones previously
measured, thus confirming that in this case structure
does not play any significant role on the small strain
mechanical behaviour of the soil. Consistently with
these results, also for the CCKyU test C-C8 (Fig. 13),
for which liquefaction was attained after 11 cycles
(Ry > Ryjiq), Vs values keep a rather constant value
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Fig. 10 Results of the (a)
CCK,U test C12 (Table 2): 250 7
a deviatoric stress q versus 200 -

axial strain g,; b axial strain

150
€, versus number of cycles ;«?
Neye; € cyclic pore pressure 24 100
ratio R, versus number of T 5]
cycles Neyc; d shear wave
velocity V; versus cyclic 07 o
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Fig. 11 Results of the () 10 -
CCK,U test C-C6 (Table 2): 0'5
a deviatoric stress q versus ’
axial strain €,; b axial strain 0.0 \/R AW ' ' '
as 0500 00| | 4. 6.0 80 100
€, versus number of cycles s NCyc
Neye; € cyclic pore pressure ~ 109
ratio R, versus number of w -5
cycles Ngy.; d shear wave 201
velocity V; versus cyclic 251
pore pressure ratio R, -3.0 -
(d)
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_ 0.6+ 3 400 1
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0.4 4 »n ]
] > 2004 o
02 4 p Vs - measurement
“ 100
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up to R, =~ 0.4, showing a slight decrease for larger
values of R,,.

4.2 Shear Modulus Gy

The Vg measurements of all the tests were processed
to calculate the shear modulus Gy via Eq. 1. The
values of Ggnmax (Go after consolidation phase)
obtained in all the tests (reported in Fig. 14a, b) are
similar to the ones obtained by Modoni et al. (2000)
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for a similar gravelly soil (Nacaome gravel) in a large
triaxial apparatus equipped for the dynamic measure-
ments with a device similar to the one adopted in this
research.

In order to exclude the influence of the variation in
void ratio (e) among the tested specimens (Table 2),
the values of G obtained from dynamic measurements
were also normalized by using the function f(e) given
in Eq. (3). All the experimental results have then been
summarized in Fig. 14. In particular, being Go max the
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Fig. 12 Results of the (b) 10
CCKyU test C-C10 0.5 4
(Table 2): a deviatoric stress 0.0
q versus axial strain &,; 0.5 4 Ny 10
b axial strain g, versus < 1.0 4
number of cycles N¢y; S 15
¢ cyclic pore pressure ratio ¥ ;2 7
R, versus number of cycles 304
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Fig. 13 Results of the
CCK,U test C-C8 (Table 2):
a deviatoric stress q versus
axial strain €,; b axial strain
€, versus number of cycles
Neye: € cyclic pore pressure
ratio R, versus number of
cycles Ney.; d shear wave
velocity V; versus cyclic
pore pressure ratio R,
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cyc

value of Gy calculated after consolidation, the results
have been first plotted in a Go/Go max versus R, plane,
putting all the results together for each soil (A/B in
Fig. 14a, cin Fig. 14b). The two plots seem to indicate
that, even though G may is similar in the two soils, the
dependence of the small strain shear stiffness on R, is
different, being soil C stiffer than soil A/B. This is
consistent with some indications in literature (e.g.

Ru

Modoni et al. 2000) and with the larger shear strength
observed for soil C (Flora et al. 2012).

Finally, the comparison (Fig. 14a) between the
results of test C10 (frozen specimen) and CI10r
(reconstituted specimen) indicate that the structure
of the soil has no major effect on its mechanical
behaviour, as both the normalized decay curves and
the values of Gy . are similar.
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Fig. 14 Normalized small strain shear modulus Go/Go max
versus the pore pressure ratio R,, a results of tests on soil
A/B, b results of tests on soil C

Figure 14c summarizes this experimental observa-
tion in a qualitative plot, in which the two different
ranges of values are indicated.

Finally, the results are plotted in Figs. 15a, b in a
Gy/f(e)p, versus p'/p, plane, along with the best fitting
curve obtained via Eq. 2. Consistently with the
experimental observations previously reported, the
exponent of the best fitting curve for soil C is smaller.
The figure shows that Eq. (2), which assumes that G is
related to the mean effective stress p’ and not to the
single effective stress components, is well suited to
this case, as the data are nicely correlated to p'/p,.
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Fig. 15 Normalized small strain shear modulus of soil A/B
(a) and soil C (b) versus the normalized mean effective stress (p’
is the mean effective stress invariant and p, the atmospheric
pressure)

5 Conclusion

The measurement of Vg in coarse grained soils before
and after cyclic loads is a very important issue. This
paper presents the results obtained on undisturbed
specimens of coarse grained soils, tested in a large
triaxial cell equipped with prototype shear plates. The
system adopted to generate and measure waves
travelling within the specimen has been calibrated
and proved to be effective. The Vg, (after the
consolidation phase) values measured in laboratory
are comparable with the ones obtained in situ via CH
tests.

The results obtained from the undrained cyclic
triaxial tests on the undisturbed specimens have shown
that, for the tested coarse grained soils, Vg and Gg
values do not show a dramatic decrease with pore
pressure build up (synthetically represented by R,).
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Furthermore, Vg (or Gg) values obtained after lique-
faction has been triggered do not show a trend
different from the one of the values obtained before.
This result, which has been obtained on undisturbed
specimens, indicates that in this case the structure of
the soil has no effect on its mechanical behaviour.
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