Dynamic Shear Modulus of Crushable Sand
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Abstract

In the analysis of dynamic problem, determination of maximun shear modulus is essen-
tial for the estimation of shear stress at any strain level. Although many models for silica
sands were presented, the direct accomodation of those models to crushable sand would be
difficult because of crushability during torsion. In this research dynamic behaviour of
crushable sand at small strain is evaluated and model for the maximum shear modulus of
tested sand is presented. The shear modulus of loose crushable sand shows similar results
to silica sand. However, as the density of crushable sand increases the shear modulus
decreases because of crushability by increasing surface contact area. And modulus number
is expressed in terms of state parameter by Been and Jefferies (1985).

1. Introduction

In order to analyze the dynamic response of the ground or of the soil —structure system,
dynamic properties such as damping capacity and shear moduli should be evaluated.

During last two decades many studies have been undertaken to determine shear moduli
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and damping for cohesionless and cohesive soils. Maximum shear mdoulus is essential for
the estimation of shear stress at any strain level. Many researchers presented models for
expression of maximum shear modulus of silica sands (non — crushable) as a function of
void ratio and effective confining stress. However the models cannot express that of
curshable sand because of the different behavior from non — crushable sands during torsion.
Therefore it is necessary to know behavioral characteristics of crushable sand during tor-
sion.

Properties of sand cannot be expressed in terms of relative density alone; a description
of stress level must be included. Since Schofield and Wroth (1968) introduced the ‘critical
state’ concept for an ideal cohesive and cohesionless soil, it has been used to accomodate
for real test results. Recently Been Jefferies (1985) proposed state paramter, which offers
some potential for the interpretation of many types of drained test of cohesionless soils.

2. Test Equipment and Type of Soil Tested
2.1 Resonant Column Test

Whatever a method is used to analyze the response of soils to dynamic problems, knowl-

top plate
— Tabel 1 Index properties of the sands.
p—
spring Name of sand Mol Antwerpian
0 sand sand
LVDT
Median grain size, mm Dso 0.195 0.23
electromagnetic
driving coils Uniformity coefficient D60/ D10 1.60 1.48
Degree of curvature 1.02 119

2 plexi glass
= Cc = (D30)* /D10 D60)

] — chanber
soil specimen Effective grain size, mm D10 0.13 0.13
h’s hard : 7. K
hattan plate Moh’s hardness : quartz . 7.0 7.0
W glauconite 2.0
PYP
transducer Specific gravity, Gs 2.65 2.807
Roundness : quartz particles subangular | subangular
glauconite particles - rounded
Maximum void ratio, emax 0918 1.018
Minimum void ratio, emin 0.585 0.665
Max. dry density, kN /m?®7d, max 16.387 16.529
Fig. Resonant column test apparatus. Min. dry density, kN/m" ['d, min 13553 13608
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edge of the stress —strain relationships for the soil at small deformation level is required.
In this research the resonant column test apparatus (called Drnevich apparatus) was
implemented (Fig 1). This device goes out from soild cylindrical specimens fixed at the
base with excitation forces applied to the top of the specimen.

The apparatus has the capability of applying both longitudinal and torsional excitations.
The Young’s modulus can be obtained from the longitudinal response and the dynamic
shear modulus from the torsional response. Only the torsional mode was used in this test
series. The mechanical parts of the appartus consist essentially of the electromagnetic vi-
bration excitation, the force transmission system to the base of the specimen, and the con-
fining cell.

2.2 Soil Types Involved in This Research

2.2.1 Mol Sand

Mol sand is composed of quartz minerals. The Mol sand tested in this research is a uni-
form, fine quartzitic sand with a median grain size of 0.195mm (Fig. 2). The physical
characteristics and the curve of grain size distribution of Mol sand are given in Table 1.

2.2.2 Antwerpian Sand

Antwerpian sand is consisted of about 53% of glauconite and 47% of quartz minerals.
According to McRae(1972), glauconite(clay mineral of the illite tvpe) is a hydrated silicate
of Potassium, Magnesium, Aluminium, and ferro and ferri iron [KMg (FeAl) (SiOs)s
“3H20]. The glauconite paraticles are much more crushable than quartz. Glauconite is
usually green in color, although the shade may vary from dark green to a pale greenish —
yellow. The grain size distribution of Antwerpian sand is shown in Fig. 2 and the physical
characteristics of clean Antwerpian sand used for this research are listed in Table 1.

2.3 Specimen Preparation and Test Procedure

It has long been established that different methods of reconstituting samples to the same
density produce samples with different structures and behavioural characteristics. Therefor
it is important to reproduce the same density and soil fabric according to the purpose of
the research. According to Dennis (1988), identical specimens prepared using the
undercompaction technique were more resistant to volume change when subjected to a
confining vacuum than those prepared using equal - energy technique.

In this research specimen prepartion procedure used through all the studies were moist
tamping technique using undercompaction method(Ladd, 1972). This method has an advan-
tage to make same density throughout the layers. The approximate initial dimensions of
the test specimens are 35.2mm in diameter and 78mm in height.

Clean sand is mixed with distilled water in an order of water content of 10 percent.
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Specimen preparation for the resonant column is identical to that for triaixal specimen
using undercompaction concept. Conventional triaxial membranes were used. A split mold
with vacuum connections is supplied for making specimens with sands. After constructing
a specimen, top platen sustem (the plate with magnet, accelerometer, etc.) is installed next.
Extra care was necessary to avoid sample disturbance. Torsional drive coils were next put
into place. The heavy bar with circular magnet, linear variable transducer (LVDT), and
pressure chamber were put in place. Distilled water was allowed to flow into the chamber
until it covers the specimen, so leaving an air cushion in the top of the cell. Finally all
connections to the control box and the associated equipment were made. The specimen con-
solidation procedure is identical to the one used in conventional triaxial test except that a
LVDT was used to meaure length change.

The frequency of the applied force was adjusted until the first mode resonance frequency
was obtained. When an acceleration transducer was used, the resonance frequency produces
an ellipse with axes vertical and horizontal. The phase relationship describing resonance
can be established by observing the Lissajous figure formed on an x - y oscilloscope with
the voltage proportional to the driving current (Drnevich, 1982). The frequency was
readjusted to obtain resonance and readings were recorded. This process was continued un-
til the ill - shaped Lissajous figure was appeared.

3. Literature Review
3.1 Maximum Dynamic Shear Modulus

Hardin and Richart (1963) and Hardin (1978), expressed the maximum shear modulus as
a function of void ratio and effective mean confining pressure. The shear moduli are taken
as various form depending on the stress, void ratio level and sand type.

- dry Ottawa sand, ¢” > 96 kPa
Gooc {217 =€) (35 < & < 0.8)
1+e ' )

- dry Ottawa sand ¢’ > 96 kPa

Goor L3 =8 (035 < e < 08)
- dry quartz

Gooc {293 =807 (96 < ¢ < 13)

- dry fine quartz sand, ¢” > 96 kPa

(1.902 - e)? )
Gocx————*—1 e (0.7 < e < 1.0)

The differences among the types of function are shown in Fig. 3
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void ratio on mzximum shear modulus.

In 1978 Hardin revised the form of equation formerly proposed by Hardin and Drnevich
(1972). to

Go = { S (OCR)%/(0.3 + 0.7e?) pd"(go)" (1)
where

S = stiffness coefficient (no units)

P. = atmopsheric pressure, units the same as G

n = power of stress

Eq.(1) applies for all systems of units because it is dimensionally correct and by
introducing pa the parameters is dimensionless. Furthermore Eq.(1) applies also for soils
that may have large void ratios.

For clean sands, it has been found that Go is essentially influenced by three main
factors : (1) the confining stress: (2) the strain amplitude ; and (3) the initial void ratio.

Analytical expressions have been presented for the shear modulus of clean sands as
(Hardin and Black, 1968) :

for round - grained sands,

6908 (217 — e)? 05
Go = s Go (2)

and for angular grained sands,
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Go — 3230 (1233 = e)? s

(3)

In Egs. (2) and (3), Go and oo have units of kN /m?2. Both equations were originally
established to correspond to shear strains ¥ fo 10~ or less. Iwasaki and Tatsuoka (1977)
have determined experimentally that

Go — 900 (%1_{? e_ e)? Go O (4)

from tests on clean sands (0.61 < e < 0.86 and 0.2 < ¢.” < 5kg/cm?) at shear strain
amplitudes of 10~°

3.2 State Parameter ¥ by Been and Jefferies

State parameter ¥ (Fig. 4), which is defined as the void ratio difference between the in-
itial p’-e state and steady state conditions at the same mean effective stress p’, can be
used to describe much of the behavior of granular materials over a wide range of stresses
and densities. This parameter is embodied in the concept of critical soil mechanics. ¥
represents an adaptation of the parameter Vi (specific volume) formerly proposed by
Schofield and Wroth {(1968). The curve connecting the points when the specimen is in the
loosest possible states is often called the virgin compression line, because it is strictly the
line connecting equilibrium state. The first stress invariant 11 is proposed to be a suitable
stress measure for incerporation into the state parameter.

State parameter for A
Va=ey—ey
[P

Slope - )\
[/ N SR,

Void ratio

SSL

e=e,-Aogly

Mean normal stress I,(log scale)

Fig. 4 Definition fo state parameter by Been and Jeffries
(1985).
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3.2.1 Determination of the Steady State Line

The steady state line (Fig. 4) is defined as the locus of all points in void ratio — stress
space at which a soil mass deforms under conditios of constant effective stress, void ratio
and velocity. According to Been et al. (1991), for sands there appears to be little distinc-
tion hetween the critical and steady state and the differences appear to lie in the methods
of measurement. Critical state generally was determined from drained, strain - rate con-
trolled 1ests on dilatant samples while the steady state is measured in undrained test,
usuahy on loose samples.

3.2.2 Sand Behavior in terms of State Parameter

Samples with negative state parameter will always have a negative state at phase trans-
formation and samples with high positive state parameter will have a positive state at
phase transformation.

For sands with negative parameter, thare is a clean peak in deviator stress which
becomes less marked with decreasing negative state parameter, until there is generally no
peak for samples with positive state parameter.

The volumetric strain bebavior is similarly dependent on state parameter. Strong di-
lation is avparent for high negative states with little dilation or even contraction observed

where state parameter is positive.
4. Test Results and Analysis
4.1 Shear Modulus as a Function of Shear Strain

Fig. 5 for the resonant column (RC) testes in this research shows the effects of strain
amplitude, effective mean principal stress on the shear modulus of Antwerpian sand. It can
be observed that shear moduli are strain dependent. As widely known and anticipated, the
shear modulus increases with increasing confining pressure throughout the range of the
shear strain amplitudes studied. As already shown in references by Chung et. al (1984),
Georgiannou (1991) and others, the shear modulus variation in the small strain range (<
1074)is very small. According to Dobry et al. (1980) and Van Impe (1980), below an “elas-
tic threshold (<107%) " shear strain the soil behavior is approximately isotropic and linear
elastic. As shown in Fig. 5, below a shear strain of about 10~° the shear modulus is almost
constant and equlal to maximum shear modulus Gmex. This “elastic threshold”shear strain is
in agreement with the data reported by Hardin and Drnevich (1972), Chung et al. (1984),
Georgiannou (1991) and others from RC tests. Those data show that for a value of shear
strain of 0.25*10 *the difference in shear modulus is within about 2 to 5 percent of the
Gmax. Above the “elastic threshold” shear strain the soil behavior is non - linear elastic un-
til a “plastic threshold” strain (= 5 — 10*%107°), the soil behaves as an elastoplastic ma-
terial.
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On the other hand the shear moduli decrease rapidly with increasing shear strain in the
range higher than 107! of shear strain. Below a strain amplitude of approximately 107 the
behavior of the sands tested would be approximately linear elastic.
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Fig. 5 Shear modulus versus shear strain for Antwerpian sands from resonant column test.

4.2 Estimation of the Maximum Shear Modulus on Sands in Resonant Column Test

In this research 6 series of multistage tests for initially loose, medium, dense sands were
carried out in the stress range of 25 kPa to 600 kPa. In general, the maximum shear modu-
lus (defined as shear strain < 107") was determined in the resonance frequency range of
20 to 40 Hz. Once initial shakedown in small amplitude of strain was completed (to evalu-
ate the system response), the shear modulus and damping were determined by applying a
torsional excitation force (2.2 to 3.0 mV) of very low magnitude to the specimen that
produced average shear strain amplitudes of less than 107° The test started at the low
confining pressure of 20 — 30 kPa and repeated for intermediate confining pressure up to
maximum confining pressure of 600 kPa with considering the change in void ratio by
elevating confining pressure. The shear modulus, average shear strain, and damping ratio D
of each specimen were calculated from the test results using equations given by Drnevich
et al. (1978).

From Fig. 6(a) to 6(f) show the measured shear moduli Go at very small shear
strains as a function of confining pressure. For the same sand with different initial
densities, the tests were performed and volume changes during tests were taken into ac-
count for calculation of void ratio. There arc some abnormal values from the regression
lines in Fig. 6(e) and Fig. 6(f) which sometimes are discovered at the low confining press-
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ure of 20 to 50 kPa. These deviating test results probably were induced by an improper
seating between top platen and the top of the specimen or by bad contact between magnet

and magnet plate.
The following type of empirical equation closely approximates the test data presented in

Fig. 6.

G

0 —

Pa

[ 8/(03 + 0.7e2)] (

dy )n
a

p

(5)

For the sands tested the constants S and n in Eq. (5) are listed in Table 2.
The power of the confining stress varies from 0.45 to 0.49 in Mol sand and from 0.37 to

0.46

Table 2. The values S and n in Eq. (5) for the sands.

Mol sand Antwerpian sard
Density s n S n s+
Loose 575.8 0.49 491.1 0.37 4488
Medium 587.4 047 4795 0.43 456.8
Dense 581.9 045 1080 0.46 396.8

Note : s> means the S value in case of n = 0.5 in Eq. (5).

Normalized shear modulus, G,/p,
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Fig. 6 Maximum shear modulus versus confining pressure for initially loose, medium and dense sands.

in Antwerpian sand. Putting the values of power to be 0.5, the S values in Eq.(5) vary
from 551 to 570 for Mol sand approximately. Likewise the shear modulus at small strain
range for Antwerpian sand, the S values vary from 410 to 490 approximately. These values
are far lower than those of Mol sand and particularly in dense Antwerpian sand.
Antwerpian sand, composed of quartz and glauconite, is increasing its silt content at
sample preparation by compaction using the undercompaction concept. The low shear
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modulus probably comes from weak resistance of glauconite to shearing and the crushing
will be still increased by torsional vibration in the densely compacted sample where the
number of contacts between the quartz and glauconite is higher than in loose Antwerpian
sand.

0.96 —T T — T

092} , '\ sSL(glouconitic) |
AY

0.88 |

0.84 |

0.80 |-

Void ratio, e

0.72 +

Fig. 7 The steady state lines for the sands tested.

4.3 The Relationship between Modulus Number and State Parameter

As mentioned previously, state parameter is defined as void ratio difference between
the initial sand state and steady state at the same mean effective stress. From the com-
parison of state parameter with maximum shear modulus in Eq. (1), we can find the com-
mon parameters, that is, void ratio and mean effective confining stress. Therefore the state
parameter can be connected to maximum shear modulus by using modulus number. The
steady state line for both sands are shown in Fig. 7.

Definining modulus number (Carriglio, 1989 : Jamiolkowski, 1991) as

Mg = Go

O"o
pa( Pa )05 (6)

The relationship between state parameter and modulus number can be expressed as (Fig.
8):
- Mol sand
Mg = 78296 — 1047.94 ¥
- Antwerpian sand
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Mc = 587.73 — 37823 ¥

where ¥ is state parameter defined by Been and Jefferies (1985).
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State parameter (¥) State parameter (¥)

(a) Mol sand (b) Antwerpian sand

Fig. 8 Modulus number versus state parameter for the tested sand.

5. Conclusions

Based on the beforementioned experimental findings and analyses from RC tests, the
following conclusions are drawn.

(1). The maximum shear modulus Go at small strain is closely predicted by Eq.(5)
and the constants in Table 2. In particular, Antwerpian sands show lower shear moduli
than Mol sand at the same void ratio and confining pressure. Furthermore in dense sand
the reduction is prominent. This is, in the author’s opinion, attributed to the glauconite
mineral which clearly must have weaker shear resistance. In particular the dense
Antwerpian sand gives similar shear moduls (Fig. 6) to medium dense Antwerpian sand and
far lower shear modulus than quartz sand at similar void ratio. This is probably due to
the higher surface contact between quartz and glauconite particles which cause a weaker re-
sistance to torsional shear by crushing of glauconite between quartzs.

(2) The maximum shear modulus determined in RC tests gives good correlation with
state parameters defined by Been and Jefferies (1985) as given in Fig. 8.
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