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ABSTRACT

This report summarizes the results of international parallel test on the measurement of the elastic shear modulus at
very small strains, Ga, using bender elements which was carried out from 2003 to 2005 by technical committee, TC29
(Stress-strain and Strength Testing of Geomaterials) of the International Society of Soil Mechanics and Geotechnical
Engineering. The purpose was to evaluate the consistency of the bender element test results obtained by applying the
exactly similar test material as well as the test method besides identifying the various existing hardware and software
being used in this test. It was decided that the domestic TC29 group of Japanese Geotechnical Society (TC29-JGS) was
expected to lead this international co-operation. By 2005, reports of the test results were obtained from 23 institutions
from 11 countries. This report has been prepared by TC29-JGS taking a leading role from the beginning. A standard
test method is proposed here in order to obtain more accurate data from the bender element test by examining various
test methods adopted at different institutions worldwide and the effects of various factors on the test results.

Key words: bender element, international parallel test, laboratory test, secondary wave velocity, shear modulus, small

strain, test procedure (IGC: D6/D7)

INTRODUCTION

Parameters (shear modulus G and damping /) required
for the dynamic response of geomaterials due to dynamic
loads, such as traffic loads, earthquakes and machine
vibrations, are being evaluated by using laboratory tests
and from in-situ seismic tests. It is now commonly known
that stress-strain behaviour of geomaterials is non-linear
and G value decreases but damping ratio increases with
the increase in strain level. In order to evaluate this non-
linearity, stress-strain responses due to monotonic or cy-
clic loadings are evaluated by using triaxial or torsional
shear testing machines, commonly known as static load-
ing methods. On the other hand, applying wave motions
in the test specimens and observing their behaviour at
resonance including free oscillation time, such as
resonant column apparatus, are other kinds of evaluation
methods, called as vibration test methods. Besides them,
some methods, such as ultrasonic pulse test, bender ele-
ment (BE) test etc., which calculate G, at very small
strains based on the wave velocity, are called as pulse
transmission techniques.

Among these testing methods described in previous
paragraphs, the static loading and vibration methods are

standardized in each nation (e.g., JGS, BS and ASTM),
and are being used worldwide. However, the testing
procedures are not unified. In addition, the effects of the
sampling method, the preparation method and the test
procedure on the test results are unclear. Therefore, shar-
ing the information internationally with the application
of test results into practice, and preparing international
guidelines were needed. TC29 was formed under such a
background in 1994.

In the last ten years, TC29 has been active with the aim
of improving laboratory shear testing apparatus and test
methods, generalization of the mechanical properties of
different types of geomaterials and their engineering ap-
plications. In doing that, four international conferences,
IS-Hokkaido (1994), Geotechnique Symposium (1997),
IS-Torino (1999) and IS-Lyon (2003), have been spon-
sored until recently along with the publication of
proceedings and a summary book (Tatsuoka et al., 2001).

One of the prime missions of TC29 is to optimize and
internationalize the laboratory test apparatus and test
methods being used in characterizing deformation behav-
iour of geomaterials. TC29 has already conducted two in-
ternational parallel tests in the past by using the same soil
and the same test method (Toki et al., 1995; Yamashita et
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al., 2001).

The BE test has become quite popular in the last ten
years due to its simplicity, low cost and non-destructive
nature. The test is not only limited to the leading coun-
tries for laboratory tests, but has extended globally via
foreign graduates from these countries. However, the
process of defining the travel distance of shear wave, time
of travel, the input wave type, input frequency, hardware
and software for removing the noise and many other fac-
tors differ in each laboratory. Most often, these factors
are decided on personal judgments rather than guided by
procedures. To take up this issue seriously, TC29 has
started international parallel test on BE in 2003 as one of
its main activities.

Under the aforementioned background, the purpose of
international parallel test on the BE was: i) to grasp the
present condition of hardware/software being utilized in
the BE test, ii) to strictly evaluate the consistency of test
results from this test by using the same material and test
procedures, and iii) to produce the original concept and
international test guidelines for measuring shear modu-
lus, Gua.x of different geomaterials. Having abundant
backup data and track record, it was decided that the
domestic TC29 committee of Japan, TC29-JGS takes the
leading role for its execution.

INTERNATIONAL PARALLEL TEST

Test Specifications

Test specifications (see APPENDIX) were published
on September 2003 at the 3rd Symposium on the Defor-
mation Behaviour of Geomaterials (IS-Lyon’03), which
was held in Lyon, France. Regarding the test material,
Toyoura sand was purchased at once by TC29-JGS and
distributed to the participating institutions including a
nozzle for sample preparation. Here, the reasons for
selecting the Toyoura sand as test material and air-pluvia-
tion method as the test method were: i) the past parallel
tests using laboratory test equipment were conducted
with this material (Tatsuoka et al., 1986; Toki et al.,
1986; Miura et al., 1994), ii) the same sand was used for
the parallel tests performed to evaluate the deformation
behaviour (Toki et al., 1995), and iii) the previous inter-
national simultaneous test by TC-29 (Yamashita et al.,
2001) also used the same test material. In addition, the
large amount of accumulated test data on Toyoura sand
in Japan as well as in many other countries worldwide
ascertained ample opportunities to compare the results
with past records.

The reason for selecting air pluviation technique for
sample preparation was also due to the past record of
being used in international parallel tests. In principle,
JGS 0542-2000 (JGS, 2000) were followed for specimen
preparation as well as for testing.

It was decided to test the specimen at relative densities
of 50% and 80%. However, in order to obtain a relative
density, it was necessary to calculate the maximum and
minimum density (pdqmax and pgmin) and the results could
differ among the participated institutions. To overcome
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Fig. 1. Grain size of Toyoura sand

this difficulty, members of TC29-JGS had performed the
tests beforehand to evaluate pgmax and pgmin and the
average value of required dry density was supplied to the
institutions. Figure 1 shows the obtained results and the
gradation of sand used for testing.

Participating Laboratories

The international parallel test was formally started by
dispatching Toyoura sand and the nozzle for test to the
participating institutions before March, 2004. Finally,
report of the test result was prepared in September, 2005
based upon the submissions from 23 institutions
worldwide. Table 1 shows the list of the participating in-
stitutions. The participating institutions consisted of 15
from Asia (Japan-11, China-1 and Korea-1), 9 from Eu-
rope (France-2, Italy-2, Finland-1, Netherlands-1, Por-
tugal-1, Romania-1 and UK-1) and one from North
America (Canada-1). By comparing the participated in-
ternational institutions in the present and previous
parallel test organized by TC29 (Yamashita et al., 2001),
which was just 19 institutions from 6 countries (Japan-
11, Greece-1, Italy-4, Korea-1, Portugal-1 and Spain-1),
it is quite understandable that BE test is spreading
worldwide and being quite popular.

Test Apparatus and Test Conditions

Table 2 enlists the details on test apparatus, specimen
size and number of tests at different participating labora-
tories. It is to be noted here that Lab. No. in this table
does not match with Table 1. The number of different
types of test equipments, triaxial testing device (TX) —
17, consolidation (OM) and direct shear test equipment
(DS) that use stiff metal container — 5, resonant column
apparatus (RC) —2 (including one torsional shearing
(TS) apparatus), shows that triaxial device was primarily
used. Regarding the specimen size in triaxial test, di-
ameters of 50 mm and 70 mm totalled almost 80%. There
were two cases where diameter above 100 mm was used.
When examined for the ratio H/D, it was above 1.0 and
equalled 2.0 in triaxial and resonant column method
tests. In contrast, H/D was relatively small in consolida-
tion and direct shear test equipments, where the speci-
mens were put inside stiff metal containers.
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Table 1. Participating laboratories
No. Names: Affiliation Country
Dr. D. Wijewickreme: University of British
1l Columbia Canada
2 |Dr. Y.-g. Zhou: Zhejiang University China
Dr. T. Lansivaara: Tampere University of .
3 Technology Finland
Dr. C. Dano: Research Institute in Civil and
4 Mechanical Engineering France
5 |Dr. H. Geoffroy and Dr. A. Ezaoui: ENTPE France
6 Prof. D. C. F. Lo Presti and Dr. D. Androne: Ital
Technical University of Turin ¥y
7 Dr. R. Castellanza and Dr. C. Zambelli: Technical |Italy
University of Milan
8 |Mr. N. Takehara: Tokyo Soil Research Co., Ltd. |Japan
Prof. J. Kuwano and Dr. Tay: Tokyo Institute of
9 Technology Japan
10 |Dr. T. Ogino: Akita University Japan
11 |Dr. Y. Nakata: Yamaguchi University Japan
12 |Mr. T. Fujiwara: Geo-Resurch Institute Japan
13 |Mr. K. Nishida: Hokkaido University Japan
14 |Mr. M.K. Mostafa: Osaka City University Japan
Prof. J. Koseki: Institute of Industrial Science,
15 University of Tokyo Japan
Dr. T. Kawaguchi: Hakodate National College of
16 Technology Japan
17 |Dr. S. Yamashita: Kitami Institute of Technology |Japan
18 Dr. Y. Mohri and Dr. T. Lohani: National Research Japan
Institute of Agricultural Engineering p
Prof. D.-S. Kim: Korea Advanced Institure of
19 Science and Technology Korea
20 |Dr. E. d. Haan: GeoDelft Netherlands
21 |Dr. C. Ferreira: University of Porto Portugal
Dr. A. Cristian: National Center for Seismic Risk .
22 Reduction Romania
23 |Dr. A. Takahashi: Imperial College London UK

On categorizing according to saturation condition,
there were total of 60 tests on dry specimen and 45 with
saturated specimen, thus making 105 in total. The rela-
tively large number of tests on dry specimen could be due
to simple test condition without necessitating saturation.
However, there is another difficulty in accurate specimen
volume change measurement when tested dry because it
either needs double cell type arrangement or needs lateral
strain measurements. In the tests performed, it was most-
ly found that volume change of dry specimen was simply
taken as three times that the axial strain. The tests on dry
specimens may also cause the difficulty in identifying the
shear wave arrival time due to a near-field-effect (NFE)
that goes up when the distance between the bender pairs
decreases. It is reported that NFE are mainly influenced
by P-wave signals that reach the receiving end before true
shear wave signal (e.g., Brignoli et al., 1996; Arroyo et
al., 2006), so that waveforms due to P-wave components
may mask the true S-wave arrival. In particular, as the
propagation velocity of the P-wave is much slower and
the difference in propagation velocity of the P-wave and
S-wave is smaller in dry specimen than saturated speci-
men, there is a high possibility that NFE is higher in dry
specimens.

Regarding the stress condition at consolidation,
isotropic stress state was followed in 55 test cases, which
is more than half of the total. Tests under K, conditions
were performed in consolidation or direct shear appara-
tus using a stiff container. There was one case that used
triaxial apparatus (No. 5) but K, condition was not ob-
tained by controlling the lateral stress so that no lateral
strain was developed. In this test, a hard cylindrical Per-
spex glass was used to restrain the side displacement,
which was principally similar to an oedometer or a direct
shear device, and was put in the OM category.

Specifications of Bender Elements

Table 2 also plots the specifications of BEs that were
used in the tests. The dimensions and signs are as shown
in Fig. 2. Information on the thickness of epoxy coating
t. and the total thickness ¢ are inscribed wherever availa-
ble. Where there are no reports or unclear, columns are
left blank.

Figure 3 shows a typical example of a BE set up. Here,
the BE is a bimorph electric actuator that polarizes in the
direction of thickness. Two ceramic elements are bonded
together with a flexible shim of metal such as nickel acting
as an electrode. In general, the material of the piezo-elec-
tric device was Lead Zirconium Titanate (Pb(Ti.Zr)Os;),
called PZT. When electric voltage is applied on a bi-
morph piezo-electric element, one of the layer shrinks
and the other extends due to piezoelectric effect, ultimate-
ly producing a bend in a whole element. On the other
hand, when deformation is applied, the piezoelectric
transducer generates a voltage. By using this property of
the BE, either of the elements installed in a cap or
pedestal are applied with electric voltage to generate shear
waves and the element at the other end receives the signal
enabling the measurement of shear wave velocity in the
soil element.

In all the tests performed here, BE transducers were en-
tirely made of PZT wherever the reporting was done. On
observing the size, the length L, of 12-20 mm, the width
W of 10-12 mm and the thickness ¢ of 0.5-1.0 mm was
used. Thickness of waterproofing insulation, such as
epoxy coating . seemed to be 0.5 mm in general.

There are two different ways of electric wirings to acti-
vate such piezo-electric devices to transmit or receive a
shear wave, namely parallel type and series type. In a
parallel type connection, polarization direction in both
layers of a bimorph specimen becomes identical whereas,
in a series type, polarization direction is opposite. The
result is such that the parallel type vibration provides
higher amplitude than the series type vis-a-vis the same
applied voltage and is used for transmission. On the other
hand, the generated voltage becomes larger in a series
type connection than the parallel type vis-a-vis the same
vibration, and is used at the receiving end.

As shown in Table 2, institutions using parallel type
benders at transmitting end and series type benders at the
receiving end were the most. By using series type connec-
tion in parallel benders and parallel type connection in
series benders, all the bender body can be compressed or
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Table 2. Test apparatus, test conditions, size and mounting of BE

Specimen size Dry Saturated Dimension of BE Electrical connections
Lab. .
No.|APPES| D | H | nle o5l k=1 k=0s]k| bt | W f(mm) Lo (mm) e 2L/H e ansmitterReceiver
(mm), (mm) (mm)/ (mm) Transmitter‘Receiver Transmitter‘Receiver (mm)| %
1 TX 100 | 200 [2.00| 4 10 1.0 2.5 2.5
2 TX 50 | 100 |2.00 2 2 12 1.5 4.5 9
30 TX | 8] s0211] 3| 3 [ s e |18 | 32 [ 36 8.5 | PZT
4 OM 75| 40 |0.53 2 2020 |10 0.5 3.0 15 PZT
50 | 1.0 2 40 .
5 | OM(TX) | 50 12.5 0.51 10 Parallel | Series
9 | 1.8 3 22.2
6 TX 66 | 70 [1.06] 1 — |10 0.5 5.0 0.5 | 14.3 | PZT | Parallel | Series
7 TX 75 | 150 |2.00 1 2 13 110 0.5 7.0 9.3 Parallel | Series
8 X 76 | 150 [1.97| 3 11 1.2 1.2 1.6
9 | RC/TS | 50| 100 {2.00| 2 2 12.7] 8 0.6 3.705 0.25| 7.4 | PZT Series | Series
10 DS 75 | 100 |1.33 2 13 |10 0.5 7.27 6.98 20.4 | PZT Series | Series
11 TX 50 | 100 |2.00 2 2 12 1.2 1.4 4.1 4.4 8.5
12 RC 50 | 110 [2.20| 2 2 3 2 12.7 |10 0.5 4.9 3.3 7.5 Parallel | Series
13 TX 70 | 140 [2.00| 2 2 20 |10 0.5 2.0 29 | PZT
14 TX 50 | 100 |2.00 1 12.7 10 0.5 4.575 0.25] 9.2
oM 62| 55(0.89 2 14.5
15 31.8 |12.7 0.38 4.0 0.7 PZT | Parallel |Parallel
TX 39| 85|2.18 2 9.4
16 TX 50 | 100 [2.00| 2 2 2 20 |5 1.0 8.8 9.4 10.25|18.2 | PZT | Parallel |Parallel
2 15 |10 0.5 2.0 10.23 12.63 | 0.5 | 47.6 | PZT | Parallel | Series
2 15 |10 0.5 2.0 10.23 17.62 0.5 | 58 PZT | Parallel | Series
17 DS 48 | 60 | 1.25 2 15 |10 0.5 10.23 12.75 | 0.5 | 47.9 | PZT | Parallel | Series
2 15 |10 0.5 10.23 17.15 | 0.5 | 57 PZT | Parallel | Series
2 15 |10 0.5 10.23 8.45 | 0.5 | 38.9 | PZT | Parallel | Series
18 TX 70 | 140 [2.00| 3 20 |10 3.0 2.0 2.9
19 TX 50 | 100 |2.00 1 12.7| 1.65 0.6 1.95 3.9
20 TX 50 | 100 [2.00| 2 1 20 |10 0.65 3.0 6 PZT | Parallel |Parallel
21 X 53| 115 {217 3 2 2 2 }g 10 0.5 10.5 10.48 | 0.5 | 17.9 | PZT | Parallel | Series
70 | 1.00 2 17.5
22 X 70 | 100 |1.40 2 20 |10 0.5 5.93 6.30 |1 0.5 | 12.3 | PZT Series | Series
150 |2.14 2 8.2
23 TX 200 | 390 |1.95| 2 2 12 |10 0.5 7.0 50 [0.5 | 3.1 | PZT | Parallel | Series
29| 12 |19/ 26 | 15 |4
Total (number of tests) 60 45
105

* Lab. No. does not coincide with Table 1.
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Fig. 2. Dimensions of BE

extended together, thus enabling it to measure P-wave ve-
locity (Lings and Greening, 2001). As discussed later, P-
wave velocity was measured by one of the institutions by

using this principle.
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In order to pass a shear wave into the specimen through
the BE and receive it from other end, it is necessary that
the BE penetrate into the specimen from either end.
There is no clear conclusion about the ideal penetration
length. When the penetration is too long, it can disturb
the specimen excessively. On the other hand, when it is
too short, strength of shear wave may be too weak either
in transmission or at reception. In addition, it is possible
that NFE is also affected by such changes in penetration
length.

Figure 4 shows the average penetration length L. of
benders into the specimen that was used by the participat-
ing laboratories (mean penetration length at specimen top
and bottom). The length differs largely from institution
to institution ranging from 1.2 to 14 mm, with an average
of 6.0 mm. On excluding the relatively large penetration
from Lab. No. 17, the mean value of penetration comes
out to be 4.7 mm. Figure 5 shows the variation of 2L./H,
depicting the proportion of penetration as compared to
the specimen height H. For the tests conducted, the range
varied from 1.6 to 58% with a mean value of 17.5%. The
mean value of penetration ratio in triaxial test apparatus
and resonance method test comes out to be 8.6%. It
became larger and reached 36% in consolidation and
shear test equipment whose specimen height is relatively
low.

Identification of Travel Time

Table 3 shows the type of input wave and identification
method of shear wave arrival time used by different insti-
tutions. In the test, shear wave velocity Vs is calculated
from the simple measurement of propagation distance A4s
and propagation time A¢. It is thus a very simple test.

Regarding the propagation distance, with the exception
of two institutions, which designated a distance between
the central part of benders and the whole specimen height
of sample as 4s, all other 21 institutions considered the
tip-to-tip distance between bender pairs as A4s. Thus it is
considered that there is consensus on the definition of 45
as the tip-to-tip distance between bender pairs. On the
one hand, there was no such international consensus for
the identification of arrival time of the received wave. It
differed at different tested institutions and is the main is-
sue of discussion in BE test.

Currently, there are three different approaches to iden-
tifying the arrival time. The first one is by actually observ-
ing the transmission and received wave signal and finding
their difference as a propagation time in the soil specimen
as shown in Fig. 6(a) (e.g., Dyvik Madshus, 1985; Jovicié
et al., 1996). As this method uses a time base axis in order
to identify the propagation time, this is often called as
time domain technique (T.D.). With this method, when
the distance between the bender pairs is short, the
received waves are often affected by NFE disturbances
that are believed to be the influence of P-wave signals that
reach before the actual shear waves. In addition, addi-
tional effects by other electric noises and reflections etc.,
often makes the reading of arrival time quite difficult. To
separate the NFE and noise, signal arrival is often ob-
served by passing waves of different frequencies. In addi-
tion, measuring the time difference between the first peak
of the transmission wave and the corresponding peak of
received wave is yet another technique.

The second method is to calculate the cross correlation
(C.C.) between transmitted and received wave as shown
in Fig. 6(b) (e.g., Mancuso et al., 1989; Viggiani and At-
kinson, 1995). This is based on the presumption that the
transmitted shear wave retains its wave shape, i.e., fre-
quency, even when it is passed into the soil. In this
method, C.C. of transmitted and the received wave is first
evaluated and the position at the maximum amplitude is
taken as propagation time. However, there are times
when frequencies of transmitted and received waves do
not agree and the second peak or later at the received
wave, rather than the first one, becomes larger in ampli-
tude. In such a condition, there needs an experienced per-
son with a proper knowledge to interpret the correlated
result and is a problematic aspect of this testing tech-
nique. Furthermore, as this method calculates the arrival
time using the time base axis, it is often said to be identi-
cal to T.D. The third method calculates the cross spec-
trum of the transmitting and receiving waves producing
the relations of amplitude and phase angle with fre-
quency axis as shown in Fig. 6(c). The arrival time is then
calculated from the inclination of phase spectrum. As it
uses the frequency characteristics of input and output
waves, it is often called as frequency domain technique
(F.D.) (e.g., Blewett et al., 1999; Greening and Nash,
2004).

During the early days when BE was used, shear wave
velocity was calculated based on the travel time of a
square wave signal and considering the time to the first
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Table 3. Input wave and identification method of travel time
LNa(]i. Apparatus :;11:;: Ing:u\t, \% Frelgﬁincy T.D.Identiﬁcaéi:;l. of Travel T:l; . As ?ﬁ::r?izlse
1 TX sin pulse 5 5-10 Ss tip-to-tip 10
rect. pulse 5 5-10
2 X rect. pulse 15-25 5(10) S-S mid.-to-mid. 0.1-0.5
3 X sin pulse 10 4-10 @) %?ég;%g‘é;s rr:ss;?(?rrllss: tip-to-tip —
4 oM sin pulse 10 15(20, 30) P-P tip-to-tip 1-10
s | omrxy | TPt |10 s st | o tip-to-tip 10
sin sweep 10 1.5-20 ABETS
6 X rect. pulse 10 — S-S tip-to-tip 12
7 TX sin pulse 20 4 S-S tip-to-tip 2
8 TX sin pulse 5 10 @) tip-to-tip 10
sin pulse 10 11-15 . .
9 RC/TS S-S tip-to-tip 0.5
rect. pulse 10 0.6-15
10 DS rect. pulse 10 0.027 P-P tip-to-tip 0.25
11 TX sin pulse 10-30 5-15 S-S @) tip-to-tip 2
12 RC sin pulse 10 15 ? tip-to-tip —
13 X sin pulse 10 10-20 S-S tip-to-tip 2
14 X sin pulse 10 15 ? base-to-base —
oM sin pulse 10 55(60) . . 0.04
15 - S-S tip-to-tip
X sin pulse 10 10(—20) 0.1-0.2
16 TX sin pulse 10 1.5(—=10) S-S tip-to-tip 1-5
17 DS Sin .p;ﬁ:e 10 0.1-10 | Plural points tip-to-tip 2.5
sin pulse 10 2-8 S-S
18 X sin cont. 10 5-27 n-point (Lissajous) tip-to-tip 0.4-12
sin sweep 10 5-19 ABETS
19 TX sin pulse — — S-S tip-to-tip 0.4
20 _— sin pulse 10 2.7-33 plural points tip-to-tip 1
rect. pulse 10 0.005 with S-S
21 TX sin pulse 20 5-20 ' '
rect. pulse 20 0.1 S-S tip-to-tip 0.1
22 TX sin pulse 10-50 5-20 S-S tip-to-tip 0.5-1
23 X PRBS 25 4 o} tip-to-tip 15

peak of the received wave as a propagation time (e.g.,
Dyvik and Madshus, 1985). But, considering the fact that
a square wave is simply a summation of number of sine
waves of various frequencies, it was considered to use
sine wave input that has a single frequency. Because of
the difficulty in identifying the arrival time due to the in-
fluence of aforementioned NFE, C.C. method was
proposed as a better alternative by some researchers (e.g.,
Viggiani and Atkinson, 1995). Identification of signal ar-
rivals with frequency domains is discussed in Greening
and Nash (2004).

As shown in Table 3, regarding the identification
method used in defining propagation time for this study,
there are laboratories which used multiple methods but
T.D. technique was most commonly used. Regarding the
input wave shape in T.D. method, 10 laboratories used
only the sine wave, 3 laboratories used only the rectangu-
lar wave and 5 laboratories used both types. Thus 15 out
of 18 laboratories were using sine wave input for their
study.

For C.C. method, the use of sine wave input is univer-

sal because of the need to calculate C.C. function of the
transmitted and the received waves. A laboratory em-
ployed PRBS (Pseudo Random Binary Sequence) wave.
In the case of F.D. method, in order to obtain the fre-
quency characteristic of the transmitted and received
wave, either the sweep or the continuous signal of sine
wave was applied. Besides, there were two institutes
which did not report identification method.

Regarding the voltage for the input signal, the in-
stitutes which used +10 V were the most. A few of the
laboratories used voltage amplifier to magnify the input
voltage and it was as high as £50 V at the maximum.
Relating the frequency for the test cases using sinusoidal
input wave and considering T.D. method, 5 institutes
used single frequency input wave under the same consoli-
dation conditions but 9 others varied the input frequency.

Regarding the identification method of propagation
time on T.D. method of defining arrival time, the time
difference between the starting point of the transmitted
wave and the corresponding point in received wave (start-
to-start: S-S) has been considered as the propagation time
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by 13 institutes whereas, the time difference between the
peak point of the transmission wave and the corre-
sponding peak in the received wave (peak-to-peak: P-P)
is considered by two institutes. Besides, there were
records by three other institutes which observed the defi-
nition of arrival time by considering different points in
the received wave.

It is to be noted that the accurate arrival point is not
understood correctly from the received wave if the sam-
pling interval is too large. Table 3 also shows the sam-
pling interval of the wave data reported by different in-
stitutes. For example, in the case of dry sand having
propagation velocity Vs of 250 m/s (80% relative density,
i.e., pa=1.553 g/cm’® and G=97 MPa) and propagation
distance As of 100 mm, propagation time A¢=0.1/250
sec=400 us. To read the arrival time in the order of 1%
accuracy, the sampling interval should be at least 4 us as
shown in Fig. 7. When the frequency of received portion
of wave becomes as high as 10 kHz, as an example, read-
ing 100 points per wave needs the accuracy of 1 us.
Although actual sampling interval also depends upon the
travel distance of shear wave signal, it is expected that the
interval lies within a few micro seconds. Among the inter-
vals shown in Table 3 and Fig. 7, there are cases which
used 10 us or more time interval. There is a need for the
participated laboratories to increase the sampling speed,
in order to increase the precision in identifying the true
received signal.
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Fig. 7. Effect of sampling interval on accuracy of arrival time

In this way, although various methods were adopted
for the identification of propagation time by different in-
stitutions, time difference between the start of the trans-
mitted and received waves (start-to-start, S-S) was mostly
used by using single cycle of sinusoidal wave and con-
sidering the influence of NFE by passing waves of differ-
ent frequencies.

TEST RESULTS

Relations between G and e

Figures 8 to 10 show the relation between shear modu-
lus G and void ratio e for isotropically consolidated speci-
mens (K=a{/0,=1.0), anisotropically consolidated
specimen with K=0.5 and K -consolidated specimen at
the vertical stress g, of 200 kPa. In the figures, results of
saturated specimens as well as dry specimens are shown
collectively. A solid line in each plot shows the relation-
ship of G=14100f(e)a;** (kPa) (G=900f(e)c,’* (kgf/
cm?)) at the shearing strain of 107° and at different con-
finements, where f(e)=(2.17—e)*/(1+¢e), (Iwasaki and
Tatsuoka, 1977). The relation was obtained from the test
performed in a resonant column apparatus by using a
clean sand of very small Uc, similar to the Toyoura sand.

The result (Fig. 8) for the specimen at isotropic con-
solidation (K=1.0) shows that an increase in isotropic
stress narrows down the amount of scatter in the data.
Furthermore, the scatter in test data is larger for dry
specimens than the saturated ones. Figure 9, showing the
plot for anisotropically consolidated (K=0.5) specimen,
also shows the very similar trend of the decrease in scatter
at higher stress and when saturated as discussed above for
an isotropic case. On the other hand, Fig. 10 that plots
the results for Kp-consolidated specimens shows a very
large variation in the value of G for dry specimens.

The above discussion, based on the plots of entire data,
shows that data scatter varies depending upon the test
condition, especially, when the specimen is dry and for K,
-consolidated specimens that are performed in a stiff
metal containers and comparatively smaller travel length.
The following could be some of the several reasons for
these variations.

As explained previously, the arrival time identification
method differed at each of the laboratories who per-
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formed the tests. For example, in a T.D. method that
measures the arrival position of the shear wave from the
received signal, various groups assumed different points
in the received wave as the true arrival position and calcu-
lated the G values accordingly. In this way, calculated G
value was different even for the identical specimens pre-
pared in the same laboratory. In addition, one can expect
very large effect of time definition in the result of G value
when the travel path through the soil specimen is smaller,
such as for Kj-consolidation tests and direct shear ap-
paratus. Moreover, since the effects of NFE are larger in
dry specimens as mentioned earlier, it is considered that
the scatter was more significant for the dry specimens

Voltage

Fig. 11.

An example of arrival point

than the saturated ones. Furthermore, even when the S-S
definition has been considered as the arrival time, the ex-
act location considered for the wave arrival in a received
wave differed among the testing group. When asked with
an example of received wave, such as in Fig. 11, the read-
ing point varied from A, B, and C depending upon the
participating teams.

In such circumstances, it can be well envisaged that the
scatter, such as observed in Figs. 8 to 10, is not actually
the real scatter of the BE test. In order to show the actual
waveform variation, the data from laboratories, which
performed the experiments by using single pulse sine
wave as an input and have submitted time history of both
input and received waves, are extracted below for an illus-
tration.

Wave Data

Figure 12 shows the examples of the received
waveform obtained from the single cycle sine or rectangu-
lar waves input for isotropically consolidated specimens
at the confinement of 200 kPa. In this figure, the time
based lateral axis of the wave has been normalized with
the respective tip-to-tip distance of benders for compari-
son. The horizontal axis thus becomes the inverse of
shear wave velocity. The received waveforms are
representative samples of different participating teams.
The vertical arrow sign (1) in the wave indicates the point
which was considered as the shear wave arrival time by
them. It can be noticed that the arrival point falls inside a
relatively narrow band, excluding the result from Lab.
No. 16. The reason for such a large difference in the
result of Lab. 16 could be due to relatively smaller fre-
quency of 1.5 kHz and low resolution of measuring eq-
uipment used in data reception.

Figure 13 shows the same data as plotted in Fig. 12. In
the plots, the horizontal axis in Fig. 12 is further normal-
ized with a parameter (p./f (€))*°, where p,=wet density,
f(@=2.17—e)*/(1+e). In other words, the inverse of
the square of the function plotted in horizontal axis takes
the form of G/f(e) (kPa). As shown in Figs. 12 and 13,
the void ratio of the prepared samples differs among
different laboratories. It is therefore, considered that in-
troduction of void ratio function would eliminate the er-
ror introduced by the void ratio difference. Comparative-
ly narrower scatter band width Fig. 13 confirms this as-
sumption. This means that if the wave reading is taken by
following S-S method, the accuracy within the band
width is ascertained. If converted into G/f (e) value, the
expected ranges are from about 90 to 130 MPa.



BENDER ELEMENT TEST 639

Input wave Dry, Dense, ¢',=200kPa, K=1.0

8 sin10KHz } =0.6711
51 No.01 i
Input wave __Sat, Dense, o',=200kPa, K=1.0 ] S L L
20F rect! " e=0.69] z'sinlbkllz | e=0.6811
0 L
pegE Y ] speE . . MY, L .
r T T T T T - C T T T T T T L — m|
1.5Esin15kHz o=0.6693 (‘) sinl1kHz =0.695
1ENo.09 3 1| No.09
C —_— 2 S 4
! sinlz)klll ¢=0.674 £ ‘smlSkH/ =(.670]
>0 el T 2r
E = >N013
T : z 2
5 (‘] =0675] 3 o.(s) sinl| 5kk.'§ e=0.6921
3L \V '3,0,5-N0.1|6 WL‘—
g - e e
‘D & 00— T T T T T =
g ”0?) sin15kHz | =0.696
soobNeel8 . L TV Y]
sfreem T T TN T T T e=0.697]
0
,é 75»N0"7TO ) ) i )
4 sin1Skiz ! e=0.7213 f)’sinQOkHz I e=0.657
_2:No.2|2 \\/W 72,N0.211 i
0 0002 0004 0.006  0.008 0 0.002  0.004  0.006  0.008
VAs (= 1/V,) (sec/m) VAs (= 1/V) (sec/m)
(@) (b)

Fig. 12. Examples of wave data (K=1.0, a; =200 kPa, D,=80%); (a) saturated specimen and (b) dry specimen

Input wave l)r), l)cnsc c' 720()kPa, K=1.0

3'sin]kaz' l p n I e=0.671
TInput wave Sat., Dense, ¢ —20()de K—l 0 75_N0.(|)1 s L e N L i ]
20 Zrect.l (5) [sin10kHz i e=0.6811
0 |
—20fNo.g2 ™ T . stho® , . MV, . . .
1_5§sinll5k]—]zl ('J'smlllkljzl W T T FO_E:)_E
| TN ' g 1Y
. S 4
~ Fsin10kkez & fsiniskHe o=0.670]
> 0 o 2r
g z [No.13
2 Z 0
g 3 0.5Fsin1 Skiz Ld 692
=] ‘s Of u
E _0.5FNo.16
5 Qﬁ 500 : 1 1 I 1 1 1 1
53 E T T -
) 0 sin15kIz
_sooLNo.18
sheect N =0.697]
0 i v
-5k 0'| s L " L L L L E
2fsin20kH, 4 e=0.657]
_4fNo.22 o[ No2l _
0 0.002 0004  0.006 0008 0 0002 0004 0006 0008
YAS((p/fe))*” (= 1/(G/f(e)™) (1kPa") YA (p/fe)”” (= 1(G/e)™) (1/kPa™)
(a) (b)

Fig. 13. Examples of normalized wave data (K=1.0, o, =200 kPa, D,=80%); (a) saturated specimen and (b) dry specimen

In summing up the above discussions, if the S-S factors for such variations:

method is considered for arrival time definition, the ac- i) Method of arrival time identification differed with
curacy in getting G by using BE test falls in a narrow each laboratory.
range, indifferent of whether the tests are performed in i) Even for the same identification method, reading
dry or saturated condition. points differed with laboratory.

iii) Some laboratories even considered multiple points
Effect of Arrival Time Identification Method in the received wave as arrival time and calculated

If the data reported from all the laboratories were plot- multiple values of G.

ted, a large variation in G value was noticed as discussed On the other hand, when the actual received wave was

above. The following reasons are believed to be the main  compared as discussed in the above section, large varia-
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tions did not exist. Therefore, comparison of the test

results was done as hereunder, based on the difference in

the arrival time identification method.

Figure 14 plots the relationship of G vs. e at 200 kPa
for isotropically consolidated specimens by using the data
submitted from testing laboratories. The solid line in the
figure shows the relationship of G=14100f(e)o;** (kPa)
(G=900f (e)a;** (kgf/cm?)) (at y=107% and the dashed
line, G=11100f(e)a;** (kPa) (G=2850f(e)a;** (kgf/
cm?)) (at y=1077) (Iwasaki and Tatsuoka, 1977). The fol-
lowing points are noted from these figures:

i) S-S method of identification results in a relatively
smaller variation as compared with other methods.
The data points also match well with the relations
obtained independently in the past researches.

ii) P-P and C.C. methods yield slightly smaller values
of G as compared with S-S method.

iii) It seems that G values are not affected by the satura-
tion condition but larger scatter were found in the
results for dry specimens.

Figures 15 and 16 plot the G vs. e relationship reported
from different laboratories for anisotropically consolidat-
ed samples at K=0.5 and K,-consolidated samples per-
formed in stiff metal containers when vertical stress was
200 kPa. The following trends of behaviour are observed
from these figures:
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Fig. 16. Effect of identification method of travel time (K,, ;=200
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i) G values obtained from Kj-tests, where specimens
were put inside a stiff metal container, are relatively
smaller and have large scatter than other results.

ii) Results from anisotropically consolidated tests (K =
0.5 and K)j) are relatively largely scattered as com-
pared with isotropically consolidated tests.

iii) Very similar to the isotropic specimens, G values
from anisotropic tests calculated by defining the ar-
rival time with S-S method has comparatively
smaller scatter. Besides, the data points are very
close to the solid lines shown in the figure.

RE-EVALUATION OF TEST DATA

As expressed in the description above, scatter results
due to the difference in identification method and also be-
cause the actual reading point differs according to the per-
sonal judgment when T.D. method is applied. Therefore,
it is neither convincing nor appropriate to evaluate the
BE test method from only the reported test data. At this
point, the whole wave data was reread by applying the
single identification method from the digital records of
the waveforms provided by testing laboratories.

Used Identification Methods
Start-to-Start Method

From among the digital waveform data received,
laboratories which used single pulse of sine or square
wave as an input were reread by using S-S method of the
arrival time definition. The NFE and direction of the ini-
tial motion of BE against the applied voltage was consi-
dered while deciding arrival point in the received signal.

There were very few laboratories which provided the
information of the initial movement of benders on ap-
plying electric voltage. In this regard, it was presumed
that the initial motion of BE for both transmitting and
receiving side fell on the same side if such information
was not supplied.

To consider NFE, receiving signals obtained by excit-
ing the transmitter bender with sinusoidal waves of differ-
ent frequencies, needs to be compared and evaluated (if
available). When the first amplitude in reception time
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history matches the direction of initial motion, the point
where the receiving signal takes-off from the zero line (a
horizontal line of voltage output when there is no signal)
is the time of shear wave arrival. In this case if the first
amplitude in reception time history does not match the
direction of initial motion, the point on the wave when it
first traverses to the direction of initial motion and inter-
sects the no-signal line is the arrival time of shear waves
as shown in Fig. 17 (e.g., Kawaguchi et al., 2001).

Peak-to-Peak Method

Similar to the S-S method above, the data from labora-
tories that used single pulse of sine wave input were
reread by using P-P method, i.e., the time lag in between
the peak position of an input wave to the first peak of the
received wave, as the definition for arrival time. At the
time of identification, direction of the initial motion of
BE was considered similarly as that for S-S method de-
scribed earlier.

Cross Correlation Method

The shear wave arrival time was also re-evaluated from
C.C. technique by using Eq. (1) after selecting only those
data from the whole pool which used single sine wave
pulse as an input. If the first received signal has the big-
gest amplitude, the arrival time was defined at the posi-
tion where the highest peak of correlation was located.
However, when the first peak at reception was not the
highest one, the first peak in the time history of C.C.,
rather than at highest amplitude, was taken as the re-
quired arrival time. Besides, the direction of the initial
motion of BE was considered similarly as described earli-
er.

CCXy(T)=%i=wLT STX(I)- Y(t+1)dt (1)

Here, CCyy(7): cross correlation function, 7: recording
period, X (¢): time history of input wave, Y(¢): time
history of received wave, 7: delay.

Phase Cross Spectrum Method

The cross spectrum and its associated phase angle is ob-
tained by performing Fourier transformation of C.C.
function. The average inclination of absolute phase angle
at the cross spectrum, if evaluated at the prevalent fre-
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Fig. 17. Used identification method by the start-to-start technique

quency of match between input and received waves,
phase velocity of shear wave propagation time can be ob-
tained. For the details on this method, please refer Vig-
giani and Atkinson (1995). If this inclination is designat-
ed as a, shear wave propagation time, A7 is given by the
following formula.

At=0a/360 @

Re-evaluation by Start-to-Start Method

In Figs. 18 to 23, the horizontal time axis of the report-
ed wave data has been normalized with the distance be-
tween tip-to-tip of bender pairs and further normalized
with the square root of the ratio of the wet density and a
void ratio function f(e). The zero in the figure denotes the
start of input wave and the ordinate is simply the ampli-
tude of the received voltage. These 6 figures are prepared
based on dry and saturation conditions and testing
methods for specimen at D,=80%. The number at the
bottom left of the figure is the laboratory number and the
vertical line corresponds to the defined arrival point.
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Fig. 25. Re-evaluation results on start to start method (K=0.5, o, =
200 kPa)

While plotting the figure, if only one signal record was
found, the same was plotted irrespective of the input
wave frequency. However, if there was data of more than
single frequency, wave data in the range of 10-15 kHz
was selected for plotting.

Figures 24 to 26, respectively representing K=1.0, K=
0.5 and K,-tests, compare the G values that were evaluat-
ed by a standard technique of the S-S method. Although
a little variation in the G value still remained, the scatter
remarkably narrowed down if compared with the original
submissions from the laboratories. Encircled data points
in Figs. 24 and 25, which are located away from other
data, are from the Lab. No. 16. It is considered that such
scatter is not only due to the relatively long sampling in-
terval of received wave, but also because of a very low
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frequency of the input sine wave (1.5 kHz). For example,
in Fig. 21 for a saturated specimen, the result submitted
from the same laboratory but at higher frequency of 6
kHz resulted in the G values in par with other laborato-
ries. Therefore, when receiving voltage is small and the
resolution is rough, it is difficult to pinpoint the arrival
point accurately. For clear reception, it is either necessary
to increase the data resolution or to enlarge the received
signal by increasing transmission voltage or input wave
frequency. In Fig. 26, encircled data points of Lab. No.
4 are also located away from other data. The average void
ratio of No. 4is about 0.6, i.e., the relative density is over
100%. It may have been that the vertical stress was ap-
plied in considerable excess. Excluding the data from
Lab. Nos. 4 and 16, the re-evaluated results exhibited a
far smaller scatter than the original data submitted by the
laboratories.

If wave arrival point is properly reread, even the data
from Lab. No. 5, which locates quite away from the
other data points in Fig. 16, comes closer as shown in
Fig. 26. An example of the time history of receiving wave
from the Lab. No. 5 is shown in Fig. 20. The wave record
is not much different from other submissions. The scatter
probably appeared due to the judgment of person in
charge of interpretation. It is most likely that the initial
shear wave signals which are quite weak are considered as
a noise while judging the arrival point. The larger value
of travel period considered at the highest amplitude
points might have resulted into extremely low G values.
In this way, although some experience is necessary,
sufficiently reasonable values of G can be obtained, if the
S-S method of wave arrival technique is applied and NFE
is properly considered by paying attention to the direc-
tion of initial motion of BE, and wave patterns at differ-
ent frequencies.

Figures 27 and 28 compare the waveform data received
from the same laboratory when the input frequency was
altered. The vertical line in each figure shows the arrival
time identified by the S-S technique. The following con-
clusions may be drawn from these figures:

i) In case of dry samples, where frequencies of trans-
mitted wave and receiving wave differ remarkably,
the P-P identification method is quite difficult.
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ii) Changing the input frequency does not alter the fre-
quency of the received wave appreciably (rather, the
receiving wave is thought to be dictated by the test
equipment system).

iii) At higher frequencies, such as with D,=80% (Fig.
27), amplitude of received voltage before the initial
motion of benders becomes large.

Figure 29 shows the relationship between transmission
frequency and shear modulus G. Here, Georrectea in vertical
axis is corrected for void ratio difference, i.e., current
void ratio of the specimen and void ratio corresponding
to D,=50 or 80%, by using void ratio function f(e).
There is no clear effect of input frequency in case of the
saturated samples but for dry specimens it seems that
scatter is slightly on the higher side at lower frequencies.
In this figure, data points connected with lines are from
the same laboratory performed with multiple input fre-
quencies. In this way, it seems that the value of G in-
creases upon the increase of frequency but the influence is
comparatively smaller than other factors.
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Re-evaluation by Peak-to-Peak Method

Figure 30 plots the re-evaluated G values vs. void ratio
e when single sine wave pulse was used as input and ar-
rival time was identified by the P-P method, i.e., the time
lag between the peak points of transmitting and receiving
waves. Although some scatter in data for dry specimen
remained, the re-evaluated results had far smaller scatter
than the original data supplied by laboratories. An encir-
cled data point in the figure, which lies away from other
points, was obtained by an input of very small frequency
of 2 kHz as compared with the input frequency used by
other laboratories. As shown with examples in Figs. 27
and 28, the frequency of receiving wave does not change
in the same proportion with input frequency. It is due to
this reason that the chances of error in arrival time read-
ing go up when the frequency difference between the in-
put and receiving wave goes on increasing.

Re-evaluation by Cross-Correlation Method

Figure 31 shows G vs. e plot for isotropically consoli-
dated specimens at 200 kPa, by identifying the shear
wave arrival time with the C.C. method. The data was
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Fig. 32. Comparison of saturated and dry specimens (K=1.0, a;=
200 kPa, Lab. 21)

however, limited to the cases where single pulse sine wave
transmissions were adopted. As mentioned above, if the
first received signal had the biggest amplitude, the arrival
time was defined at the position where the highest peak of
correlation was obtained. However, when the first peak
at reception was not the highest one, the first ever peak in
the time history of C.C., rather than at highest amplitude
(CCuax), Was taken as the required arrival time.

As shown in the figure, the time corresponding to the
cross-correlated data also has smaller scatter as observed
in reread figures explained earlier. On the other hand, the
encircled data in the figure representing dry specimens
differ quite a lot. It is to be noted that the input frequency
for these cases were quite low. As expressed earlier in the
P-P method, the frequency of receiving wave does not al-
ways increase proportionately according to an input fre-
quency. The error magnitude for the C.C. method, which
assumes the frequency similarity of input and received
waves, is likely to increase when the frequency difference
between them goes up, very similarly to the P-P method.

Observing as a whole, the scatter in the dry specimen is
higher than in the saturated ones in the same way as has
occurred in previous cases. Figure 32 provides a com-
parative view of the waveform in saturated and dry sam-
ple that were submitted from the same laboratory. From
this figure, it is well noted that the amplitude of the
received wave for dry specimens is larger, it has longer
reverberation time (after effect continues for a long
period), and there is bigger noise before the real shear
wave signal than saturated cases. It is thought that the
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aforementioned effects associated with dry specimens,
that create more disturbances in the wave shape, might be
the reason behind the larger scatter in dry specimens. Fur-
thermore, the arrival time evaluated by C.C. method is
almost identical to that identified by other methods
shown in the same figure. In the figure, a little rightward
shift in the P-P identification method is not the real
difference but because the zero point in the figure is the
starting point of input wave, rather than the peak posi-
tion needed for this method. In addition, CC,. that lo-
cates the maximum amplitude point in C.C. function,
differs more largely than the other result. This clearly tells
that when largest amplitude of the receiving wave is not
the first wave, there is a high chance of having a big error
by adopting CC,.x method of definition.

Re-evaluation by Phase Cross Spectrum Method

Figure 33 has been prepared for shear modulus G by
applying the arrival time identification method of the
phase cross spectrum for isotropically consolidated satu-
rated specimens at confinement of 200 kPa. Similar to the
P-P and C.C. method, the wave data that used sine wave
input was selected from among the whole list of submit-
ted data.

In the figure, the values of G submitted by the labora-
tories are represented by circular symbol. Coincidentally,
all of the laboratories selected here used the S-S method
of identification. Plotted in the same figure are the G
values corresponding to the time defined by CC,. and
two general relations obtained for the similar material in
the past (solid and broken lines).

The results from some laboratories are almost identical
irrespective of the evaluation method (broken circle on
the left). But most of the G values obtained from the
phase cross spectrum are considerably smaller than those
evaluated by the S-S method and are quite scattered (see a
typical example, the broken circle in the right). On the
one hand, G values which are obtained from the phase
cross spectrum are almost identical to the G values ob-
tained from the maximum of C.C. function, CCpax.

Figure 34 is prepared very similarly to Fig. 33 but for
the case of dry specimens. Similar to the saturated speci-
mens, G values for dry specimens are remarkably smaller
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Fig. 34. Re-evaluation results on phase cross spectrum method (K=
1.0, ¢; =200 kPa, dry specimen)

=

z 10
e O
g 19
5 2
216
g 12
S 08
2
L\) 0
S
©

Time (msec)

Fig. 35. An example of CC (K=1.0, o; =200 kPa, saturated speci-
men, Lab. 9)

Cross Spectrum]
No.09 1

Amp./Max Amp.
[
N

£ 1440 .
j*)
)
= po E_122 1
8 —2880F 180 1000 2 1
A~ F =0.339 (msec) s ]
4320 PR ‘
0 10 20 30 40

Frequency (kHz)

Fig. 36. An example of PCS (K=1.0, g, =200 kPa, saturated speci-
men, Lab. 9)

than those evaluated by S-S method and are quite scat-
tered. Here, the G values obtained from the phase cross
spectrum also differ from the G values obtained from
CChax method.

Figures 35 and 36 show the waveform data where the
same G value was obtained by any method. If the receiv-
ing wave is examined (the second tier), the amplitude of
the first signal is the largest. It is expected that this peak
point in the receiving wave is considered while calculating
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the C.C. function at the maximum amplitude (CCp.x). As
a result, the arrival time calculated from the inclination
of phase spectrum in the frequency range where ampli-
tude of the cross spectrum is large (5-20 kHz), is almost
equal to the arrival time defined by S-S method.

Figures 37 and 38 compare the arrival time defined by
S-S method and by the phase cross spectrum. Unlike in
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Figs. 35 and 36, the results obtained from different
methods differ largely. Looking at the receiving wave (the
second tier), the amplitude of the first peak of shear wave
is not the largest. The maximum of C.C. function shown
in the same figure (the third tier) clearly shows that CC,ax
does not correspond to this first peak. As a result,
although the arrival time obtained from the maximum of
C.C. function and inclination of the phase cross spec-
trum (10 to 20 kHz) match fairly, these differ largely with
the arrival time determined by S-S method.

Recollecting the above discussions, if the value which is
obtained from S-S method or the relational expression of
G is taken as the appropriate arrival time, the value of G
obtained from the time corresponding to the inclination
of the phase cross spectrum will be appropriate only when
frequency of input wave is made equal to the frequency
of the first wave appeared in receiving wave.

COMPARISON WITH OTHER TESTS RESULTS

In the current series of parallel test, besides finding
shear wave velocity using the BE, it was also requested to
find elastic moduli from the stress-strain curve by ap-
plying either monotonic or cyclic loads with strains
0.001% or less. Table 4 shows test condition and testing
methods other than BE testing applied to determine the
Young’s modulus £ and shear modulus G.

Among the laboratories which submitted reports, 12
out of 23 provided results obtained from other than BE
method. Within those 12, nine of them obtained E values
by using cyclic loads at very small strains (CTX). Besides
this, Lab. No. 1 obtained E values by measuring P- and
S-wave velocities. Labs. No. 9 and 10 obtained G values
from resonant column (RC) or cyclic torsional test
(CTS). Lab. No. 20 fitted the piezoelectric actuator in the
top cap, applied P- and S-wave signals, measured the ac-
celeration with accelerometers fitted at the two ends of
specimen along the side and obtained G values from shear
wave velocity and E values from P-wave velocity. The G
values were then calculated from E values (E=pV3) by

Table 4. Test methods and test conditions

Test method Test condition
LNa(])j' Apparatus A Dry Saturated Remarks
: cc. | P-wave RC CTS | CTX
K= K=0.5 | K=1 | K=0.5

1 X E o Ve by BE

2 X E, G ¢} ¢} CTX (undrained), v=0.5

7 X E, G ¢} ¢} p’ const CTX

8 X E O CTX (drained)

9 RC/TS G G o @) TS, RC
12 RC G o} ¢} @) @) RC
13 X E,G o o CTX (drained)
14 X E, G e} CTX (undrained), v=0.5
20 TX G E, G E, G o o
21 X E, G @) @) ¢} ¢} CTX (draine, undrained), v=0.5
22 X E, G ¢} CTX (undrained), v=0.5
23 X E,G o @) CTX (drained), v=0.25
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assuming Poisson’s ratio v. Furthermore, although Lab.

No. 23 evaluated the E values from cyclic loadings in the

triaxial tests but as the strain level involved was quite

large, it was not included in comparison below.

Figure 39 compares G values from BE test (Guender)
against those obtained from other type of tests (Gomer)
based upon different consolidation conditions (isotropic
or anisotropic). As G values from BE test submitted by
different laboratories differed in input frequency as well
as the identification method, the following guideline was
adopted to obtain single G value:

i) If the results from multiple methods (T.D., C.C.
and F.D.) were submitted, the value from T.D.
method was selected. If T.D. data was not available,
the sequence of selection was in the order of C.C.
and F.D.

ii) If the reports were available for square or sine input
waves, sine wave was selected.

iii) If data at different frequencies were available within
the sine wave, the result obtained by input frequency
closest to 10 kHz was selected.

iv) If multiple receiving points were considered for in-
terpretation, the value calculated using S-S method
was selected.

It is found from Fig. 39 that G obtained from resonant
column test (O symbols) and torsional shear test (< sym-
bols) closely agree with the G values obtained from the
BE test. On the other hand, the G from shear wave veloc-
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Fig. 40. Last RR test results (modified from Yamashita et al., 2001)

ity measured by an accelerometer (Osymbols) and P-
waves (Asymbols) showed slightly higher values. The
measurement of S- and P-wave arrival points with an ac-
celerometer involves the decision about reading posi-
tions, similar to the BE methods described earlier. In the
tests, the measurement was taken by considering multiple
points, such as initial start-up or the peak point. The cal-
culated G values obviously differed with the reading posi-
tions and some of them are identical to the BE results. In
addition, G values from triaxial test (®symbols) fall
slightly below that of BE tests. The tendency of getting
smaller G values from the triaxial test, for which G is cal-
culated from E and v has been recognized from the past
parallel tests done so far. The difference existed in both
drained triaxial tests, for which v value calculated from
the drained tests was used and also for undrained tests,
for which v value was simply taken as 0.5.

Figure 40 shows the results of the previous round robin
test sponsored by TC29 (Yamashita et al., 2001). As com-
pared with BE test, G values obtained from undrained
triaxial test are slightly smaller. Some of the factors for
such lower values of G from triaxial test could be the
effect of bedding error while measuring the axial displace-
ment (Goto et al., 1991), lower B-value and therefore
smaller value of Poisson’s ratio (v<0.5) at undrained
condition (Yamashita et al., 1996), influence of specimen
anisotropy (Hoque and Tatsuoka, 1998), the relation be-
tween the wave length of the shear wave and particle di-
ameter (Tanaka et al., 2000; Anhdan et al., 2002) and so
on. G values, which were evaluated from the tests except
BE in this parallel test, fell inside the scatter range indi-
cated by past simultaneous tests and therefore, thought
to be more reliable.

PROPOSED BE TEST METHOD

By evaluating the BE test results from 23 institutions
from 11 countries, the following standard test procedures
for BE testing have been proposed to obtain the most ap-
propriate test results. The test process given below is for a
pulse of sine wave as input. Among the results reported
this time, the rectangular wave and continuous waves
were also adopted other than single sine wave pulse.
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However, as the case records were only a few and it was
not possible to judge their appropriateness, this report is
relevant only with the single sinusoidal wave as an input.
* No clear influence of the difference in bender size, its
structure, cantilever length and wiring method was
recognized, but the average dimension used by the

most laboratories was the width of 10 mm, thickness of

0.5 to 1.0 mm and cantilever length of 5 mm.

Before starting the test, BE pairs for transmission and
reception are made to contact directly and delay time
of the whole system as well as the polarity of initial mo-
tion need to be verified.

Frequency of transmitting wave is adjusted so that it
becomes equal to the frequency of the receiving wave.
Otherwise, multiple input frequencies are used.
Sampling interval shall be smaller than 1/100th of ex-
pected arrival time. In case of very small distance be-
tween the benders and required resolution cannot be
satisfied, the precision may be increased by using multi-
ple frequencies.

Voltage resolution shall be more that 1/100th of the
largest amplitude of the receiving wave. For example,
when largest amplitude is 5 mV, the required resolution
becomes 0.05 mV. This value is normally present in the
digital oscilloscopes being used presently. When reso-
lution cannot be satisfied, transmission voltage may be
increased.

either of the S-S or P-P or C.C. method of identifica-
tion so, no specific method is recommended. However,
when P-P method or C.C. method is used, frequency
of input wave and the receiving wave shall be almost e-
qual. In addition, when C.C. method is used and the
1st wave in the receiving end does not have the largest
amplitude, the attention shall be paid not to calculate
the arrival time at the location of the maximum ampli-
tude in C.C. function.

When a test is conducted in a consolidation apparatus
that use hard metal container or when the distance be-
tween the benders is short, the decision shall be taken
relatively by using input waves of multiple frequencies

and taking care of using wave length shorter than half

the distance between benders.

Regarding the F.D. method, reliable method for ob-
taining most appropriate data has not been concluded
at present. From the fact that the scatter in F.D.
method was quite large in the submitted data, it is quite
dangerous to identify the arrival time with only this
method.

CONCLUSIONS

The international parallel test for shear modulus evalu-
ation was conducted from 2003 to 2005 by using BEs and
Toyoura sand as a sample. Altogether, the participation
of 23 laboratories from 11 countries was confirmed. The
purpose was to clarify the existing state of evaluation
techniques for the BE test and to recommend a standard
test procedure for obtaining the most appropriate test

The same value can be obtained by making use of

results by clarifying the influence of various factors. The

following is what could be deduced from the submitted

test results:

1) On plotting the entire data reported from the various
laboratories, the scatter was found to be rather large.
In general, the scatter was large in dry specimens
than in the saturated specimens. Similarly, the results
from Ky-tests performed in consolidation apparatus
had larger scatter as compared to the isotropically
consolidated specimens. The reasons for such scatter
is not only the difference in identification method but
also that some laboratories have evaluated the G
value by assuming multiple arrival points in a
received wave.

2) Concerning the difference in arrival time identifica-
tion method, i) the scatter in S-S method is small in
comparison with other methods, ii) there is a ten-
dency that P-P and the cross-correlation methods
yield relatively small value of G than the S-S method,
and iii) it is expected that there is no difference in G
value due to saturation condition, i.e., dry or satu-
rated, but larger scatters are associated with dry
specimens.

3) When compared with the other test results, G ob-
tained from resonant column and torsional shear
tests almost agree with BE test results. On the other
hand, G values obtained from triaxial test are slightly
smaller as compared to BE test. This tendency agreed
with similar parallel tests in the past.

4) The digital data submitted by laboratories was rear-
ranged by using unified identification method. As a
result, the following points were noted:

o If arrival time is identified with S-S method, the
scatter in the value of G reduced remarkably as
compared with the originally submitted data from
each laboratory. However, there still remain large
scatter in the data for dry sample and Kj-consoli-
dation sample as compared to the saturated sam-
ples and isotropically consolidated samples. A few
of the data also deviated from the mean value. For
most cases, reading an arrival point in the received
wave was quite difficult due to a very low fre-
quency of input wave and low resolution of sam-
pling.

» The data scatter decreases even if the P-P method
is used for interpretation. Variation in wave scatter
still remains for dry sample. In addition, in the
case of the P-P method, error is easy to occur when
low frequency input wave is used.

With the C.C. method, frequency of the input

wave and the receiving wave is presumed to be e-

qual; so the extent of error is likely to increase

whenever the frequency of the input and the receiv-
ing wave differs, very similar to the P-P method. It
is well noted that slight scatter is found for dry

specimens than the saturated ones even with C.C.

method.

» The reason for larger variation in dry specimens is

thought to lie on the relatively large noise before
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true shear wave signal and the longer reverberation
time, among others.

* As one of the methods of F.D. technique, phase
cross spectrum was evaluated. In order to obtain
appropriate value of G using this method, the fol-
lowing two conditions shall be fulfilled: i) ampli-
tude of the first peak in the receiving wave showing
the shear wave arrival shall be the maximum, and
ii) the frequency of input shear wave shall be
almost equal to the frequency of the first wave at
reception.

5) On the basis of the results as described above, stan-
dard procedure for BE test has been proposed here to
obtain the appropriate test results in the present con-
dition.
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APPENDIX: STANDARD TEST SPECIFICATION
FOR INTERNATIONAL PARALLEL TEST ON THE
MEASUREMENT OF G,.. USING BENDER ELE-
MENTS BY TC-29

1 Test material and testing apparatus

- The test material is Toyoura sand.

- 5kg of Toyoura sand will be distributed to each
laboratory.

- Testing apparatus is triaxial, consolidometer,
resonant column etc. equipped with bender ele-
ments.

2 Sample preparation

- Specimens which will have D, equal to 50 and 80%
(dry densities pq equal to 1.465 and 1.553 g/cm?®) as
determined at initial stress condition (g, =25 kPa)
are prepared by the air-pluviation method; air-dried
sand is poured from a copper nozzle with a rectangu-
lar inner cross-section of 1.5 mm X 15.0 mm, while
maintaining a constant drop-height throughout the
preparation.

- The final top surface of specimen is made level and
smooth by scraping with a thin plate having a
straight edge.

- These nozzles will be produced by the Japanese
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domestic committee of TC-29, and will be distribut-
ed to the members of TC-29.

3 Specimen set-up (except for consolidometer)

- Before the mold is disassembled, a partial vacuum of
10 kPa is applied to the specimen, while the loading
piston is unclamped.

- Subsequently, the mold is dismantled, and then the
vacuum is raised to 25 kPa while ensuring that the
specimen can deform freely both in the axial and
lateral directions.

- Then, initial specimen height and diameter are meas-
ured, and the results are reported.

- The partial vacuum is replaced with a cell pressure of
25 kPa while keeping the effective stress constant
throughout the procedure.

4 Consolidation and Measurements of shear wave ve-

locity

- Sample conditions in testing are dry or fully saturat-
ed.

- In the case of saturated specimen, the specimen is
saturated using any of or a combination of appropri-
ate saturation techniques. A back pressure of 100
kPa is applied.

- Consolidation condition is isotropic or anisotropic
(K=0.5 or K, (consolidometer)), and the consolida-
tion stresses are g; =150, 100, 200 and 400 kPa (see
Fig. A-1). e.g.; in the case of K=0.5, a;,=50, 100,
200, 400 kPa (af, =25, 50, 100, 200 kPa).

4.1 Isotropic consolidation

a) Keeping the isotropic stress state in the drained con-
dition, increase the confining stress to the next
isotropic stress state (g: =50, 100, 200 or 400 kPa)
in one or two minutes as shown in Fig. A-1.

b) Consolidate 10 minutes on each stress state (open
circle marks in Fig. A-1).

¢) Measure the changes in the height and volume of
the specimen.

d) Measure the shear wave velocities using the bender
element.

e) Measure the secant stiffness from stress-strain curve
at small strains (less than 0.001%) by applying
monotonic or cyclic loading in the drained and/or
undrained conditions when possible.

f) Measure the changes in the height and volume of
the specimen after the measurement of V; and/or
stiffness.

g) Repeat the processes a) to f) until the final stress
state (o¢ =400 kPa) is reached.

4.2 Anisotropic consolidation (K=0.5)

a) In the drained condition, apply the vertical stress up
to 50 kPa (g, =25 kPa and K=0.5).

b) Consolidate 10 minutes on K=0.5 stress state (solid
circle marks in Fig. A-1).

¢) Measure the changes in the height and volume of
the specimen.

d) Measure the shear wave velocities using the bender
element.

e) Measure the secant stiffness from stress-strain curve
at small strains (less than 0.001%) by applying
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Fig. A-1. Stress path at consolidation

monotonic or cyclic loading in the drained and/or
undrained conditions when possible.

f) Measure the changes in the height and volume of
the specimen after the measurement of V; and/or
stiffness.

g) Increase the horizontal and vertical stresses step by
step until next anisotropic stress state (solid circle
marks in Fig. A-1) in one or two minutes on each
step. The increment of horizontal and vertical
stresses, Aat,, g are 25 and 50 kPa, respectively.

h) Repeat the processes b) to g) until the final stress
state (oy =400 kPa and of, =200 kPa) is reached.

4.3 K, consolidation (consolidometer)

a) In the drained condition, increase the vertical stress
to the next stress state (ay =50, 100, 200 or 400 kPa)
in one or two minutes.

b) Consolidate 10 minutes on each stress state.

¢) Measure the changes in the height of the specimen.

d) Measure the shear wave velocities using the bender
element.

€) Measure the changes in the height of the specimen
after the measurement of V.

f) Repeat the processes a) to e€) until the final stress
state (g, =400 kPa) is reached.

Report

1) Outline of the test apparatus used.

2) Details of benders employed (e.g., maker, shape,
dimension, thickness and material of Piezoelectric
Ceramics, mounting, the tip-to-tip distance, electri-
cal connections (series or parallel etc.). Schematic
figure indicated dimension of cap and/or pedestal
with bender elements.

3) Fill up the items listed in Form attached.

4) Input and received wave record in digital data or
hardcopy of screen. Sampling frequency and
whether filter used or not.

5) Determination of arrival time (V;), special treat-
ment (cross correlation, self monitoring, etc.).

6) Strain rate of monotonic loading, and/or frequency
and number of loading cycle of cyclic loading.

7) Stress and strain records on monotonic and/or cy-
clic loadings in digital data.

8) Any deviations from the procedure outlined in this
specification.



