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Abstract: The small strain stiffness from bender
elements tests for clayey soils. The shear modu-
lus of soils at small strain (Gg) is one of the input
parameters in a finite element analysis with the
hardening soil model with small strain stiffness,
required in the advanced numerical analyses of
geotechnical engineering problems. The small
strain stiffness can be determined based on the
seismic wave velocities measured in the labora-
tory and field tests, but the interpretation of test
results is still under discussion because of many
different factors affecting the measurements of the
wave travel time. The recommendations and pro-
posed solutions found in the literature are helpful
as a guide, but ought to be adopted with a certain
measure of care and caution on a case-by-case ba-
sis. The equipment, procedures, tests results and
interpretation analyses of bender elements (BE)
tests performed on natural overconsolidated cohe-
sive soils are presented.

Key words: small strain stiffness, bender ele-
ments, clays

INTRODUCTION

In recent years, there has been an increas-
ing interest in describing the mechanical
behaviour of soils at small strain. The
shear modulus at very small strain G

(the initial shear modulus) is widely con-
sidered to be a fundamental property of
the soil stiffness and is crucial in practi-
cal geotechnical solutions, particularly
in the prediction of soil-structure inter-
action and earthquake engineering (Lo-
Presti et al. 1999, Schneider et al. 1999,
Pelli et al. 2004, Schinad 2005, Stokoe
et al. 2005, Clayton 2011, Lipinski et al.
2017). Hardin and Black (1968) have
identified the major factors contributing
to the actual value of the shear modulus,
such as vertical effective stress, void ra-
tio, overconsolidation ratio (OCR), soil
fabric, temperature and the degree of
saturation.

The initial shear modulus (Gg) of the
soil at induced strain levels less than
0.0001% can be obtained from the shear
wave velocity using the following equa-
tion:

Go=p - Vs? (1)
where:

p —mass density;
V; — shear waves velocity for linear, elas-
tic and isotropic medium.
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The most developed techniques,
which are represented by a combination
of standard geotechnical tests with geo-
physical test module (shear wave veloc-
ity measurements), have been used both
in the laboratory and in the field tests.
Field techniques include the seismic
cone penetration test, the seismic flat
dilatometer, the crosshole test and the
SASW. Laboratory tests include reso-
nant column, torsional shear and triaxial
shear tests with local strain measurement
and bender element test (Schneider et al.
1999, Schnaid 2005). Those configura-
tions diminish the disadvantages of each
test group and significantly enhance the
optimization of data collection (Wolski
and Lipinski 2006). In our paper the re-
sults of bender element test performed
on natural cohesive soils are presented.

Various methods have been studied
for determining the travel time such as
the first arrival time, the travel time be-
tween the characteristic points, and the
cross-correlation method (Viggiani and
Atkinson 1995, Brignoli et al. 1996, Jo-
vicic el al. 1996, Arulantan et al. 1998,

Zeng and Ni 1999, Lee and Santamarina
2005, Leong at al. 2005, Yamashita et al.
2007, Chee-Ming 2012). As reported in
the literature, there is still some uncer-
tainty regarding the best method of shear
wave arrival time definition, be it in the
time or frequency. Although some other
researchers have claimed that frequency
domain methods are more reliable, visu-
al picking of the arrival time in the time
domain was found to be equally good,
and had the advantage of being simpler
and quicker (Chee-Ming 2012).

Nowadays, a bender element test is
commonly used to measure the shear
wave Vvelocity in laboratory conditions.
A piezoelectric bender element test is a
relatively simple non-destructive test to
measure shear and compression wave
velocities and determine the shear modu-
lus. But the number of different factors
affecting the measurements of the travel
time in the bender elements tests causes
difficulties in choosing the reliable meth-
od of determination of the first arrival
time and there is no standard method for
this tests (Clayton 2011, Table 1).

TABLE 1. Variants in bender element testing (after Clayton 2011)

Issue Br_lef_ Effect Suggested standard
description
Most laboratories adopt 10 mm width,
Travel distance is generally 0.'5_1'0 mm thickness, and a prc_>tru-
accepted as bender tip-to- sionof <5 mm. Shorter pro_trusmn
. -tip. Reduced travel distance (approx.l.mm)_|s favoured in the UK
Bender Width gnd . causes reduced accuracy. In- when testing s_t|ff natural materials,
dimensions protrusion into stallation of highly protruding where otherW|se_a slot needs to t_Je cut
the specimen bender elements is more diffi- find the _bende_r f_llled around during
cult in specimens of stiff/hard !nsgallatlon. Fixing epoxy is SEt.baCk
natural sediment |n_3|de_e_nd caps, and the space filled
with silicone rubber compound, to al-
low flexing of the bender element
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Brief

Issue S Effect Suggested standard
description
Using different (series and Experience suggests that the wiring of
Transmitter parallel) bimorphs as trans-  [benders as S-wave transmitters,
and receiver | mitter and receiver improves |P-wave transmitters and S-wave re-
bender con- shear wave generation and ceivers gives advantages. Self-moni-
figurations, reception. Extender elements |toring bender elements may be useful,
Bender - .
construction extender allow P-wave_ geperatlon._ Use |as they allow the detection
elements, and | of a self-monitoring configu- |of time lags and phase changes
self-monitor-  |ration, allows the movement |between driving voltage and actual
ing configura- |of the bimorph (as distinct movement of the transmitter, result-
tions from its driving voltage) to be | ing from characteristic impedance
determined mismatch
Mounting across or along
Bender ele- specimens allows shorter
ments may be |travel distances (giving
mounted in reduced attenuation and The addition of side-mounted bender
Location the rigid base | higher S/N ratio), and deter- |elements is relatively easy to achieve
of bender and top caps | mination of the velocity of using grommets and O-rings similar
elements of cells, or waves polarised in different |to those for mid-plane pore water
through the directions. Very-small strain | pressure measurement
triaxial mem- | anisotropy of stiffness can
brane then be inferred from shear
wave velocities
Small tip-to-
-tip travel dis- | Closely spaced benders dis- | Calculated shear wave velocities may
tance affects | play more scatter in calculat- |be affected if large bender element
Travel travel time ed shear wave velocity. Data |penetrations are used in conjunction
distance resolution. from widely spaced benders | with small specimens. Higher trans-
Large distance |are more noisy. The estimated | mitter frequencies will be needed to
increases at-  |travel time may be affected | keep the wavelength down
tenuation
Practice suggests single sine pulses
Square, con- | Square wave pulses contain | produce acceptable traces, giving
Input wave |tinuous sine  |a broad spectrum of frequen- |repeatable first break or peak-to-peak
form or pulsed sine |cies. Low frequencies place |travel times, and permitting a more
waves the receiver in the near field |restricted and controllable input
frequency
In soft saturated soil P-waves
travel at approx.1,450-1,550
m/s (the P-wave velocity It is suggested that extender elements
Input wave of water), much faster than .
P- or S-wave . |should be routinely used to warn of
mode S-waves. In unsaturated soils

P-waves travel only approx.
50% faster, and can obscure
or be confused with S-waves

misinterpretation
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TABLE 1. cont.

Suggested standard

The receiver should be at least

2-3 wavelengths from the transmit-
ter. It is suggested that, for routine
triaxial testing, results are returned for
a range of frequencies from about 2.5
to 12.5 kHz)

In order that accuracy is not degraded
by resolution. the sampling time
interval should be less than 1st/100th
of the travel time between transmit-
ter and receiver. Voltage resolution
should be better than 1st/100th of the
amplitude of the received signal

A study of some relatively noisy UK
data suggests a minimum amplitude
signal/noise ratio (S/N) as of 10.
Leong et al. (2005) suggest a receiver
SIN ratio of at least 4 dB

Issue Br_lef_ Effect
description
Low source Long wavelengths place the
Input frequencies receiver in the near field, af-
frequency produce long |fecting the received wave-
wavelengths | form and picked travel time
Low voltage
and temporal
Data acquisi- |resolution Picked arrival times become
tion reduce quality |uncertain
of captured
traces
Noise affects Rlckln_g of f!rst _arrlval or peak
. : times is subjective. A low
Signal-to- low-ampli- - . S
- . - signal-to-noise ratio increases
-noise ratio | tude received .
signals scatter_and tends to increase
the estimated travel time
Different processing methods
lead to different travel times.
With mixed frequencies pulse
First-break, broadenlng may occur, owing
to attenuation of the higher-
peak-to-peak,
Method of frequency component, lead-
L cross-correla- |. . -
determining |, ing to increases in measured
- tion, or phase/ . .
travel time travel time when using peak-
[frequency K - "
relationship tg-pea detection. Re_celver
first breaks may be hidden by
noise, leading to increases in
measured travel time when
using this method

First-break and first-peak-to-first-
-peak travel time detection are
favoured by Yamashita et al. (2007),
who found significant differences in
some cases where cross-correlation
and phase/frequency methods were
used. It is suggested that results from
both the first break and the peak-to-
-peak methods be routinely reported

MATERIALS AND METHODS

The triaxial shear tests presented in this
paper were performed in a cell with in-
ternal linking bars, which enables easy
access to the sample at each stage of its
preparation, and equipped with the bend-
er elements at the top and the bottom
platen. This type of cell also provides
more reliable deformation characteristics

in the consolidation and shearing stage
of the test. The bender elements were
inserted in the soil samples during the
triaxial shear tests. The change in volt-
age applied to the transmitter causes it to
bend and transmit a shear wave through
the sample; the arrival of the shear wave
at the other end of the sample is recorded
by the receiver as a change in voltage
(Viggiani 1995, Brignoli et al. 1996, Ka-



The small strain stiffness from bender elements...

357

b porous stone
bender transducer

isolation
compression transducer

N

SR
i
1

electrical wires

1N

drainage

FIGURE 1. Research stand in the Laboratory — Water Center WULS-SGGW equipped with GDS In-
struments devices (A division of Global Digital Systems Ltd); a — the bender elements at the top and the
bottom platens of triaxial apparatus; b — schematic draw of triaxial base with bender element configura-

tion (Brignoli et al. 1996)

waguchi et al. 2001). The bender element
test setup is shown in Figure 1.

The methods of the interpretation of
the arrival time of the shear wave can
be classified into two main groups: the
time-domain methods and the frequen-
cy-domain methods. In the time domain,
the user visually determines the arrival
time of the shear wave by examining the
output and input signal voltages versus
time. In the frequency domain, the input
and output signals are transformed in
the frequency domain (Vilhar and Jovi-
cic 2009). Both groups of interpretation
methods were focused on minimizing

the influence of the dispersion and near-
-field effects.

The tested samples were taken from
two test sites. The first one is a small vil-
lage located to the south of Warsaw, at the
experimental site of Warsaw University of
Life Sciences. The results of the field tests
(boreholes, CPT and DMT tests) and the
laboratory tests showed that the stratigra-
phy consists of the Quaternary deposits
including moraine clays and sandy clays
(Markowska-Lech et al. 2016, Table 2).
The free groundwater table is at a depth of
about 2.0 m. The second location is Steg-
ny, the southern district of Warsaw with
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TABLE 2. Index properties of tested clays (Markowska-Lech et al. 2016)

sample soil O ) o o wm)
1 sandy clay 0.9-4.0 11-15 9.7-16.7 17.6-23.9 -0.1-0.20 2.1
2 clay 4.0-12.0 4-11 11.9-15.9 2.99-20.4 0.05-0.20 2.05
3 clay 4.3-7.7 68-80 26-34 52.6-76.4 0.14-0.23 2.0-2.1
4 silty clay 7.7-8.9 30-34 19-25 39.3-55.6 0.04-0.22 2.0-2.4
5 clay 8.9-12 32-46 19-27 61.9-84.0 0-0.005 2.0-2.1

*Clay content (< 0.002 mm).

a stratigraphy including the Quaternary
deposits developed as fine and medium
density sand layers with the thickness of
up to 4.5 m, underlain by the overconsoli-
dated Pliocene clays. The clay beds fea-
ture a clear-layered structure with layers
in different colours. The free groundwater
table is at a depth of 3.2 m (Lech et al.
2009, Markowska-Lech and Bajda 2016).

The laboratory tests were carried out
on 13 undisturbed clay and sandy clay
samples and included: general index tests
for classification and characterization of
the clay, density, grain size distribution
and measurement of shear wave velocity.
The samples contained undisturbed nat-
ural Quaternary moraine clay and sandy
clay (S1-S8) deposits and the lacustrine

TABLE 3. Index properties of soil samples tested in the triaxial tests

Depth FC* W, e
Sample ™ (%) (%) W) O
S1 1.2-1.7 11 12.9 2.17 0.392
S2 2.0-25 15 13.3 2.12 0.430
S3 4.0-4.2 12 12.2 2.10 0.430
S4 4.2-4.8 12 12.2 2.24 0.343
S5 5.0-5.5 13 10.6 2.30 0.286
S6 5.8-6.3 13 11.4 2.24 0.331
S7 6.5-7.0 4 11.2 2.24 0.331
S8 7.8-8.5 11 11.4 2.25 0.325
S9 6.5 68 21.8 2,08 0,595
S10 7.75 60 22.1 2,0 0,657
S11 85 29 20.4 1,84 0,784
S12 9.0 36 32.1 1,86 0,929
S13 9.95 63 279 1,90 0,833

*Clay content (< 0.002 mm).
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deposits of the Pliocene clay (S9-S13),
retrieved using a Shelby sampler from
the depths between 1.2-7.8 m (S1-S8)
and 6.5-9.95 m (S9-S13), respectively.
The tested soil samples were character-
ized as follows: water content w,, from
10.6 to 32.1%, liquidity index (LI) from
26.5 to 88.1%, plastic limit PL from 9.9
to 32.2%, plasticity index (PI) from 14.8
to 60.6%, and clay content (FC) from 4
to 68%. In Table 3 the physical properties
of all tested samples are summarized.

LABORATORY TESTS
AND RESULTS

In this study, the triaxial shear tests were
performed on 13 undisturbed clay sam-
ples in three stages: saturation (backpres-
sure method), consolidation and shearing
(strain-controlled mode at strain rate of
0.005 mm/min). The samples were con-
solidated in an isotropic stress condition.
Shear wave velocity was measured at the
end of each of saturation and consolida-
tion stages during the triaxial shear tests.
The single sine waves with frequencies
of 1-10 kHz were used as an input sig-
nal. The shear wave velocity (V) was
calculated from the ratio of the tip-to-tip
distance (Viggiani and Atkinson 1995)
between the transmitter and the receiver,
using the following relationship:

Vs=h/t 2
where:

h — distance between the transmitter and
the receiver geophones (the effective
wave travel path through the sample);

t — travel time of seismic waves between
the transmitter and the receiver.
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The initial shear modulus was cal-
culated from Equation (1). The initial
arrival time of the shear wave to the re-
ceiver (Ry) can be affected by the near-
-field effect disturbances, described by
the formula:

Rg=h/i=(hfy)/ Vs 3)
where:

h — effective wave travel length (m);
A —wave length (m);
fin — input signal frequency (Hz).

If the ratio of the distance to wave-
length (Ry) is greater than 2, it has been
perceived that the near-field effect can
be ignored when the shear wave is meas-
ured. However, it can be seen that in
the case of a medium with 5% material
damping the arrival of the shear wave is
marked by a smooth slope, not a sharp
slope, even though Ry is greater than 4,
while the shear wave presents a clear
arrival with no damping. This is due to
coupling of the shear wave and near-
-field wave. The initial arrival of the shear
wave is located near the bump when Ry
is 0.5 and moves in the direction of the
first peak of the shear wave with an in-
crease in Ry. Therefore, it is difficult to
determine the travel time reliably from
the first arrival of the shear wave. On the
other hand, if the travel time is calculat-
ed using the time between the first peaks
of the input and received waves, error in
the travel time is less than 2% when Ry is
greater than 2 (Youn et al. 2008).

Figures 2 and 3 show the traces ob-
tained in bender element tests on sample
S10 with different Ry values from 0.52
to 4.10 which correspond in this case
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FIGURE 2. Example waveforms four signals with

bender element tests on natural clays (sample S10;
ted signals, (b) received signals

to frequencies from 1.25 to 10 kHz, re-
spectively. The time scale has been nor-
malized with respect to the arrival time
of the shear wave determined by visual
peak-to-peak method. For low values of
Ry there is an initial downward deflec-
tion of the trace before the shear wave
arrives, representing the near-field ef-
fect. At higher Ry the near-field effect is

me (S)
different wave lengths and values of Ry obtained in
mean effective stress equal to 930 kPa; (a) transmit-

much smaller, almost absent. In tested
soil samples, the input signals with Ry <
< 1 do not usually produce a readable
output. On the other hand, high frequen-
cy inputs did not always produce the best
output; sometimes it was impossible to
identify the arrival time.

Figure 4 presents the test results per-
formed on sample S10 that show the
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FIGURE 3. Example waveforms four signals with different wave lengths and values of Ry obtained in
bender element tests on natural clays (sample S10, mean effective stress equal to 930 kPa); the time
scale has been normalized with respect to the arrival time of the shear wave determined by peak-to-peak

method; (a) transmitted signals, (b) received signals

influence of the transmitted signal fre-
guency from 1.25 to 10 kHz on shear
wave velocity (the arrival time was de-
termined by the peak-to-peak method).
The shear wave velocity increases with
increasing of the mean effective stress
for different frequencies of the input sig-
nal. The relationship between the shear
wave velocity and the input signal fre-

guency cannot be clearly determined: the
highest values of the shear wave veloc-
ity were obtained for transmitted signal
frequency of 10 kHz irrespective of the
mean effective stress level, the lowest
values of the shear wave velocity were
obtained for input signal frequency of
1.25 kHz at mean effective stress of
155 kPa only and for transmitted signal
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FIGURE 4. The influence of the transmitted signal frequency on shear wave velocity (peak-to-peak

method; sample S10)

frequency of 2 kHz in others stress level.
In the case of the mean effective stress of
310 kPa, the shear wave velocity equal
216 m/s for both lowest transmitted sig-
nal frequency: 1.25 and 2 kHz.

There are several different approach-
es in identifying the arrival time of the
shear wave. The first one is by observing
the transmissed and received wave signal
and finding their difference as a propaga-
tion time in the soil specimen. Since this
method uses a time base axis in order
to identify the propagation’s time, it is
often called the time domain technique
(TD). With this method, the arrival time
of the shear wave is affected by the near-
-field-effect disturbances, the influence
of the compression wave signals and
other electric noises and reflections etc.
It often makes the reading of arrival time
quite difficult (Yamashita et al. 2007, Sas
et al. 2015, Sas et al. 2016).

Viggiani and Atkinson (1995) com-
pared different first arrivals of the re-
ceived signal at different potential
points. Point A is the first deflection;

point B is the first inflection (first bump
maximum); point C is the first zero after
inflection (zero crossing); and point D is
the second inflection (Fig. 5).

These methods depend on a visual
determination of the first major posi-
tive departure of the received signal
from zero amplitude; they can only be
used if the received signal is clear and
remains flat before the first deflection.
A better method than the visual pick-
ing of the first deflection point may be

‘O

FIGURE 5. Potential arrival points (after Viggiani
and Atkinson 1995)
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the first major peak-to-peak method. It
compared the time between the first two
major peaks of the transmitted and the
received signals. This method is not af-
fected by the distortion of the received
signal or by the near-field effects, but it
requires good quality of the signals.
Another way is to calculate the arriv-
al time on the basis of the time (time do-
main) or frequency (frequency domain)
axis. The cross-correlation (CC) be-
tween the transmitted and the received
wave is based on the presumption that
the transmitted shear wave retains its
wave shape, i.e. frequency even when
it is passed into the soil. In this method,
the CC of transmitted and the received
wave is first evaluated and the position
at the maximum amplitude is taken as
the propagation time. However, there
are times when frequencies of transmit-
ted and received waves do not agree and
the second peak or the next one at the
received wave, rather than the first one,
becomes larger in amplitude. Further-
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more, as this method calculates arrival
time using the time base axis, it is often
saidto be identical to the TD. The second
method calculates the cross spectrum of
the transmitted and the received waves
producing the relations of the amplitude
and phase angle with frequency axis.
The arrival time is then calculated from
the inclination of the phase spectrum.
As it uses the frequency characteristics
of input and output waves, it is often
called the frequency domain technique
(FD) (Yamashita et al. 2007). In both
method, an experienced researcher with
a proper knowledge how to interpret the
correlated result is needed and there is
a subjective aspect to this testing tech-
nique.

In Figure 6 and Table 4 the results of
determination of the shear wave veloci-
ty from bender element test using differ-
ent analysis method at different arrival
points performed on the sample S10 at
the mean effective stress of 930 kPa and
the input signal frequency of 5 kHz are

=—fin = 5 kHz (input)
----fin=5kHz, Ry=2.08
O A (First deflection)
© B (First bump maximum)
A C (Zero crossing)
© D (Major first peak)
3 Peak-to-pegk
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FIGURE 6. Different method of the travel time identification (sample S10, mean effective stress equal

to 930 kPa, input signal frequency equal to 5 kHz)
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TABLE 4. Determination of the shear wave velocity using different analysis method (sample S10, mean
effective stress equal to 930 kPa, input signal frequency equal to 5 kHz; the arrival time in point A, B,
C, D and TD, FD was read automatically by the GDS software)

Analysis method / arrival point Tra\(/r(Te]ISt)ime Shear V\z?r\:fs)v elocity (ﬁ://ss)
A 0.280 479.8 156.1
B (first bump maximum) 0.370 363.1 39.4
C (zero crossing) 0.405 331.7 8.0
D 0.460 292.1 -31.7
Peak-to-peak 0.415 323.70 0
Cross-correlation (TD) 0.405 319.90 -39
Frequency domain (FD) 0.405 319.90 -3.9

shown. The tests results from different
methods have been compared to the re-
sults from the visual picking method,
which is so far the simplest, the most
direct and the least time-consuming
method.

In Figure 7 the relationship between
the shear wave velocity and the mean
effective stress from different analysis
method i.e. peak-to-peak, the previous
different arrival points namely point A
(the first deflection), point B (the first
inflection — first bump maximum),
point C (the first zero after inflection
— zero crossing) and point D (the sec-
ond inflection) and TD (cross-correla-
tion — time domain) and FD (frequency
domain) obtained at the input signal
frequency of 1.25, 2 and 5 kHz is pre-
sented. The results show the largest dif-
ferences in the values of the shear wave
velocity at the input signal frequency
of 1.25 kHz (Fig. 7a), which indicate
an uncertainty of the measurements at
low input frequency, regardless of the

mean effective stress level during the
next consolidation stage. The example
of input signal frequency of 10 kHz
(Fig.7d), show that the results obtained
from point B and C method are irregu-
larly distributed and the results from A
method could not be determined; this
indicates a significant disturbance of
the received signal. The smallest differ-
ences in values of the shear wave ve-
locity were obtained at the higher input
frequency in peak-to-peak, point C, the
TD and the FD methods independently
from the mean effective stress level.
Sometimes received signal makes it
impossible to identify the arrival time
of shear wave velocity.

In Figures 8-11 the laboratory test
results for the bender element tests,
namely the relationship between the
shear wave velocity, mean effective
stress and void ratio, are displayed. The
shear wave velocity varies from 150
to 420 m/s for sample S1-S8 from the
first test site and from 100 to 320 m/s
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for sample S9-S13 from Stegny test
site within the mean effective stress
range between 15 and 1,000 kPa. An
increase in the mean effective stress
during the next consolidation stage de-
creases the void ratio and as a result
increases the shear wave velocity. In
Figure 10 a visible difference between
the shear wave velocity for soils de-
rived from the first (samples S1-S8)
and the second (S9-S13) tests sites can
be noticed due to different contents of
clay fraction in the soil specimens. For
the first group of the specimens the in-
crease of shear wave velocity is faster
and it achieves higher values than for
the second group. The highest increase
in the shear wave velocity is observed
for sample S8 from the first test site and
the lowest is observed for sample S12
from Stegny site. A similar relationship
can be observed in Figures 12-14; the
increase of the shear modulus at small
strain is faster and it achieves higher
values in the first group of soil speci-

N
o
S

mens (S1-S8) in comparison with the
second group. The shear modulus Gg
presented in Figures 12-14, calculated
using the elastic theory from equation
(1) reaches the values from about 50 to
400 MPa for deposits from the first test
site and from 50 to 220 MPa for clays
from Stegny site.

Virtually horizontal lines drown be-
tween the obtained data for individual
specimens in Figures 8-14 indicate the
changes in stress, which affect the shear
wave velocity (and the shear modulus)
to a lesser degree in high plasticity soil.

The values of the shear wave ve-
locity and the shear modulus at small
strain (Gg) obtained using bender ele-
ments techniques are lower than those
obtained from the field tests (Markow-
ska-Lech et al. 2016). To sum up, the
soil stiffness values obtained in the field
tests are expected to be higher than the
values obtained from the laboratory
tests due to the possible disturbance of
the soil specimens.
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CONCLUSIONS

The following conclusions can be drawn

from presented experimental results:

— The input frequency range given by
Rq > 1 readable output is likely, the
upper range may be decided from the
visibility of the received signal; in the
tested specimens, higher input did not
always produce the best signal.

— In every method for identification of
the arrival time of the shear wave, an
experienced researcher with a proper
knowledge how to interpret the cor-
related result is necessary; there is a
subjective aspect to this testing tech-
nique; there is available an automatic
system for the travel time estimation
process, but it still requires technician
control.

— The mean effective stress and the
void ratio significantly affect the
shear wave velocity in the tested
soils; there is a linear relationships
between the mean effective stress
and the shear wave velocity at a very
small strain.

— Despite a high correlation between
the shear wave velocity and the mean
effective stress and the void ratio for
tested soils, the investigation must be
continued to establish the influence
of stress history on the shear modu-
lus, in particular in highly overcon-
solidated cohesive soils.
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Streszczenie:  Sztywnos¢  gruntdw  spoistych
w zakresie mafych odkszta/cen z badan wyko-
rzystujgcych piezoelementy typu bender. Mo-
dut odksztatcenia postaciowego G jest jednym
z kluczowych parametrow w modelach sprezy-
sto-plastycznych gruntu ze wzmocnieniem ko-
niecznym w numerycznych analizach zagadnien
wspoétpracy konstrukcji z gruntem. Parametr ten
moze by¢ wyznaczany na podstawie predkosci
fal mechanicznych rozchodzacych sie w gruncie,
mierzonych w badaniach laboratoryjnych i tere-
nowych. Pomimo popularnosci tych badan pro-
blemem pozostaje interpretacja wynikoéw pomiaru
czasu przejscia fali przez probke gruntu, wynika-
jaca z duzej liczby czynnikdw wptywajacych na
sztywno$¢ gruntu oraz na sam pomiar. Propozy-
cje rozwigzan, ktére mozna znalez¢ w literaturze,
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moga stuzy¢ jedynie jako wskazowki do interpre-
tacji konkretnego przypadku pomiaru. W artykule
przedstawione zostaty wyniki oraz interpretacja
badan wykonanych na naturalnych gruntach spo-
istych z wykorzystaniem aparatu tréjosiowego
wyposazonego w piezoelementy typu bender.

Stowa kluczowe: sztywnos$¢ gruntu w zakresie
matych odksztatcen, piezoelementy typu bender,
grunty spoiste
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