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Small-strain constrained elastic modulus of clean quartz sand
with various grain size distribution

T. Wichtmann? Th. Triantafyllidis™

Abstract: Approx. 120 resonant column (RC) tests with additional P-wave velocity measurements using piezoelectric
elements have been performed on 19 clean quartz sands with piecewise linear, gap-graded, S-shaped or other smoothly
shaped grain size distribution curves. For each material different pressures and densities were tested. It is demonstrated
that the extended empirical equations for the small-strain constrained elastic modulus proposed by the authors in an
earlier paper work well also for most of the more complex grain size distribution curves tested in the present study.
These equations considering the influence of the uniformity coefficient of the grain size distribution curve were developed
based on data from tests on linear gradations. A further improvement of the prediction for the more complex grain size
distributions can be achieved if the correlation equations are applied with a specially defined average inclination of the
grain size distribution curve. Such improvement is demonstrated not only for the small-strain constrained elastic modulus,
but also for small-strain shear modulus, modulus degradation and Poisson’s ratio.
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1 Introduction

Similar to the small strain shear modulus Gyax (Iwasaki &
Tatsuoka [8], Wichtmann & Triantafyllidis [9]), the small-
strain constrained elastic modulus My, of clean quartz
sand is strongly dependent on the uniformity coefficient
Cy = deo/d1p of the grain size distribution curve (Wicht-
mann & Triantafyllidis [10]). For constant values of void
ratio and pressure, Gax and M., decrease with increas-
ing C,,, while they are rather independent of mean grain
size dsg. The common empirical formulas for the small-
strain stiffness were developed based on tests on rather
uniform sands. It has been demonstrated that these equa-
tions should not be applied to well-graded granular mate-
rials since they may strongly overestimate the stiffness of
well-graded soils [9,10].

In order to consider the influence of the uniformity co-
efficient in an empirical formula for M,ax, the authors [10]
have proposed the following set of equations, based on the
well-known empirical formula of Hardin [5,7]:

(a —e)? ( p >"
Mmax = A-— atm 1
Ite Dot Pat (1)
a = 2.16 exp(—0.055 C,) (2)
n = 0.344 C,***° (3)
A = 3655+ 26.7 C,>* (4)

with void ratio e, mean effective confining pressure p and
atmospheric pressure p,¢;, = 100 kPa. The correlations (2)
to (4) are based on 163 resonant column (RC) tests with
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P-wave measurements performed on 25 grain size distri-
bution curves with linear shape in a diagram with semi-
logarithmic scale. The testing methodology was the same
as that applied in the present study (see next section). As
an alternative to Egs. (1) to (4), a relationship between
M ax and relative density D, has been established in [10]:

Munax = 2316 (1+1.07 Dy{%]/100) pauna' ™% 5% (5)

with D, = (émax — €)/(€max — €min) calculated with the
minimum and maximum void ratios emin and ema.x from
standard tests (determined according to DIN 18126 in case
of the present study).

The present paper investigates whether the extended em-
pirical equations (1) to (5) can be also applied to more
complex grain size distribution curves. For this purpose ex-
perimental data collected for piecewise linear, gap-graded,
S-shaped and other smoothly shaped grain size distribution
curves are analyzed.

2 Tested material, test device and testing proce-
dure
The specially omposed grain size distribution curves tested
in the present study are collected in Figure 1. They are also
shown separately in the first and third column of diagrams
in Figures 5 and 6. The original material is a natural quartz
sand with subangular grains originating from a sand pit
near Dorsten, Germany. Some of the grain size distribution
curves (materials PL1 - PL7) have a piecewise linear shape
with varying inclinations and inflection points. Others are
gap-graded (materials GG1 - GG8) with varying span of
missing grain sizes. S-shaped and other smoothly shaped
grain size distribution curves (materials S2 - S6) were also
tested. The values of mean grain size dsg, uniformity co-
efficient C,, and curvature index C. = (d30)?/(d10dso) of
the tested grain size distribution curves are given in Table
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Fig. 1: Specially composed grain size distribution curves tested in the present study
Material dso Cy | Cua Ce Eo top mass
mm] | (] | | [ electrodynamic
PL1 0.35 1.5 1.95 | 0.92 — exciters
PL2 0.2 1.5 2.16 0.96 piezoe|ectric NN e acceleratlon
PL3 02 | 25 | 32 | 06 elements 1z transducers
PL4 20 | 100 | 7.7 | 0.92 for P-wave . .
PL5 11 | 45 | 42 | 145 measurements — Plexiglas cylinder
PL6 2.0 5.6 5.6 | 3.43 soil specimen
PL7 2.0 15.6 9.8 3.3 pressure cell
GG1 0.35 1.5 1.64 | 0.92 base mass
GG2 [ 035 | 15 | 242 [ 0.92 " ball bearin
GG3 | 1.1 | 47 | 37 | 029 9
GG4 1.1 1.5 1.29 | 0.92
GG 0.2 1.5 3.0 0.96 Fig. 2: Scheme of the Resonant Column device used for the
GG6 2.0 15.6 6.6 0.1
present study

GGT7 2.0 155 | 14.6 | 6.12
GGS8 1.0 7.8 7.1 1.19
S1 037 | 2.9 3.5 | 0.91 A sinusoidal electrical signal is generated by a function
S2 089 | 7.4 8.7 10.82 generator, amplified and applied to the electrodynamic ex-
S3 0.37 | 3.2 6.8 | 0.81 citers. The frequency of excitation is varied until the reso-
S4 0.8 6.1 5.4 | 0.99 nant frequency fr of the system composed of the two end
S5 3.3 | 185 | 152 | 0.96 masses and the specimen has been found. By definition,
56 018 | 35 | 41 | 0.56 this is the case when M (¢) and 6(t) have a phase-shift of

Table 1: Mean grain size dso, uniformity coefficient C,,, average
inclination C, 4 and curvature index C. of the tested grain size
distribution curves

1. M.« data was not available for the materials GG7 and
S5, for which Gp,ax data has been analyzed by the authors
in [12].

A scheme of the resonant column (RC) device used for
the present study is shown in Fig. 2. It is of the “free - free”
type, meaning both the top and the base mass are freely
rotatable. The cuboidal top mass is equipped with two elec-
trodynamic exciters each accelerating a small mass. This
acceleration and the resulting acceleration of the top mass
are measured with acceleration transducers. From these sig-
nals the torsional moment M (t) and the angle of twist 0(t)
at the top of the sample can be calculated. The sample is
enclosed in a pressure cell. The state of stress is almost
isotropic. A small stress anisotropy results from the weight
of the top mass (m =~ 9 kg), such that the vertical stress
o1 is slightly higher than the lateral one o3. However, for
higher cell pressures this anisotropy is of secondary impor-
tance. Furthermore, test results of Yu & Richart [14] reveal
that a stress anisotropy becomes significant only near fail-
ure.

/2 in time t. The secant shear modulus

(M) 0 (6)

a

is calculated from the resonant frequency, the height h and
the density o of the specimen. The parameter a is obtained
from Eq. (7):

G

J? J J .
Jo JL Jo Jr @
In Eq. (7) J is the polar mass moment of inertia of the
specimen and Jy = 1.176 kg m? and J;, = 0.0663 kg m?
are the respective values of the base mass and the top mass
(Fig. 2a).

Different shear strain amplitudes can be tested by vary-
ing the amplitude of the torsional excitation. All tested
specimens had a full cross section and measured d = 10
cm in diameter and h = 20 cm in height. The variation of
the shear strain amplitude with radius r is considered by
calculating a mean value over the sample volume:

% /’y(r,x) dv
%

This mean value is simply denoted by ~ in the analysis of
the test results in this paper. The shear strain amplitudes

tan (a)

a tan(a) —

= (8)

¥
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Fig. 4: Small-strain constrained elastic modulus Mmax as a function of void ratio for different confining pressures (upper row of
diagrams) and as a function of confining pressure for different initial relative densities (lower row of diagrams). The data is shown for
a piecewise linear (PL1), a gap-graded (GG2) and an S-shaped (S1) grain size distribution curve.
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Fig. 3: Example of transmitted and received signals, interpreta-
tion of travel time t;, from [10]

that can be tested in the RC device lie in the range 5 X
1077 <y<5x1074

For P-wave measurements the specimen end plates have
been additionally equipped with piezoelectric elements.
The transducers are similar to those explained by Brignoli
et al. [4]. A single sinusoidal signal with a frequency of f
= 20 kHz was applied to the element in the base pedestal.
The travel time t; has been determined from the first ar-
rival of the signal received at the top cap. Typical signals
are presented in Figure 3.

Delay times in cables, amplifiers, etc. have been sub-
tracted from t;. Based on the literature the strain ampli-
tudes generated in the soil using this type of P-wave sen-
sors are assumed to be less than 107%. The constrained

elastic modulus is calculated from the P-wave velocity us-
ing Myax = o(vp)? with soil density . In [13] it has been
demonstrated that the Gy..c-values obtained from S-wave
velocity measurements by means of piezoelectric elements
are close to the Gax-values measured with the RC device.
Therefore, the G.x values obtained with the RC function
of the test device and the M,,,, values derived from the
P-wave measurements can be directly compared in order
to calculate Poisson’s ratio.

The lateral deformations and the settlement of the sam-
ples due to the increase of confining pressure or the appli-
cation of shear strain cycles with higher amplitude v were
measured with non-contact displacement transducers.

All specimens were prepared by air pluviation and tested
in the air-dry condition. For each material several spec-
imens with different initial relative densities D,o were
tested. The mean effective confining pressure p was in-
creased step-wise from p = 50 to 400 kPa. At each pressure
p the small strain shear modulus G,.x and the P-wave ve-
locity vp were measured after a resting period of 5 minutes,
in order to obtain a similar ”aging” (Afifi & Woods [2], Afifi
& Richart [1], Baxter [3]) of the samples. Finally, the curves
G(v) and D(v) were measured at p = 400 kPa. In three
additional tests on medium dense specimens the modulus
degradation and the damping ratio were also measured at
p = 50, 100 and 200 kPa for each material.

3 Test results for small-strain constrained elastic
modulus

Typical test results for a piecewise linear (PL1), a gap-

graded (GG2) and an S-shaped (S1) grain size distribution

curve are shown in Figure 4. The upper row of diagrams in

Figure 4 gives the small-strain constrained elastic modulus

Max as a function of void ratio for different confining pres-
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Fig. 5: Small-strain constrained elastic modulus Mmax(€) for piecewise linear and gap-graded grain size distribution curves: Comparison
of test data for pressures p = 100 and 400 kPa with data predicted by Eqgs. (1) to (4) using either C,, (thick solid curves) or Cy, 4
(dashed curves) as input for the correlations. The thin solid curves are the best-fit curves of Eq. (1) for the data at pressure p = 100
or 400 kPa, respectively.



Wichtmann & Triantafyllidis

Soil Dyn. Earthqu. Eng., Vol. 55, No. 12, pp. 130-139, 2013

1000 T T
Sand Gravel
_ i _ _ : = Sand S1 [
<100 fine [med \coagz fing [med = 800 \\N\) F—‘
= 80 ,g \ S ool P T00kp, DTS
5 X = 600
g 60 Y| sand st 3 400 -M
dgy=037mm _| E [p= =
5 Pigs ™ = 100 kP —
& 20 (Cyp=35 — 200
ic 0 1L L L 0
006 02 06 2 6 20 045 050 055 060 065
Grain size [mm] Void ratio e [-]
Sand Gravel \
O\T 100 fine | med. |coarse| fine ]gggzy 1200 "'~~<>,_ Sand S2
c 80 o
5 il & 800 —
@ 60 #711 s P,
E ff sand 52 = "S‘L-AM
g 40 | da=0somm | E 4o =
oA S|
i 0 A 0
006 02 06 2 6 20 0.30 035 040 045 050
Grain size [mm] Void ratio e [-]
Sand Gravel !
~ fine | med. [coarse| fine | med, 1200 > Sand 83 |,
100 / , <
= 80 ’! ’5’ sz('r/ = = —|
£ itz Il & 800 RS
3 60 d = N B
= ) 1 Sand S3 = r ToEe
2 40 St 1T dso = 0.37 mm g | TTTeeeR T r——
_S & coan EE 400 =3
g 20 (Cua=68)
ic 0 Lo O
006 02 06 2 6 20 0.35 040 045 050 055
Grain size [mm] Void ratio e [-]

Sand [ Gravel . ‘ i
<100 fine | med. [coarsel fine | med. 1000 | Sand S4 | |
o D —
= . 800 N
.g 60 i =, 600 P

an %
& 40 dso = 0.80 mm Eg 400 ]
5 C,=61
220 ‘ ‘ (Cyn=54) 200
L 068702 06 2 6 20 0
. e 0.35 040 045 0.50 0.55 0.60

Grain size [mm] Void ratio e [-]

Sand Gravel P L
<100 fine | med.|coarsgl fine | med. 800 = Sand S6 |
8 TS
oo IR T Sy
S \ [T %
© 60 Sand S6 -2 i ]
i 40U dsp=0.18 mm _ % 400

— £
3 C,=35 = 200
o 20 Cya=41) -
£ \ '
£ o IR
0.06 0.2 0.6 2 6 20

0
0.45 050 055 0.60 0.65 0.70

Grain size [mm] Void ratio e [-]

Fig. 6: Small-strain constrained elastic modulus Mmax(€) for smoothly shaped grain size distribution curves: Comparison of test data
for pressures p = 100 and 400 kPa with data predicted by Egs. (1) to (4) using either C,, (thick solid curves) or C, 4 (dashed curves)
as input for the correlations. The thin solid curves are the best-fit curves of Eq. (1) for the data at pressure p = 100 or 400 kPa,

respectively.

sures, while the diagrams in the lower row contain M.«
data for various initial relative densities versus confining
pressure. Figure 4 confirms the expected decrease of M .x
with increasing void ratio and the power-law relationship
Minax ~ p™ between small-strain constrained elastic modu-
lus and effective confining pressure p. The increase of M,ax
with decreasing void ratio and increasing pressure is also
obvious in the second and fourth column of diagrams in
Figures 5 and 6, where M,.x(e) data for pressures p = 100
and 400 kPa is provided for all tested materials.

In Figure 7 the small-strain constrained elastic modulus
Max at a void ratio e = 0.55 is plotted versus the uni-
formity coefficient C, for mean pressures p = 100 and 400
kPa. These M, ax-values have been interpolated or carefully
extrapolated based on the data shown in Figures 5 and 6.
Only materials with M,,x data near e = 0.55 have been
considered in Figure 7. The data from the current tests
(filled circles in Figure 7) are compared with results ob-
tained by the authors [10] for linear grain size distribution
curves (open symbols in Figure 7). Similar as in the tests
on the linear grain size distribution curves, a significant de-
crease of M.« with increasing C',, was also observed in the
present test series.

The small-strain constrained elastic moduli Myax(e)
predicted by Egs. (1) to (4) for p = 100 and 400 kPa have
been added as thick solid curves in the second and fourth
column of diagrams in Figures 5 and 6. These curves were
generated using C,, as input for the correlations (2) to (4).
The equivalent linear grain size distribution curves, which
have the same dio- and C\,-values as the tested grain size
distribution curves, are shown as thick solid lines in the

Tests on linear grain size distr. curves
(Wichtmann & Triantafyllidis, 2010):
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Fig. 7: Small strain constrained elastic modulus Mmax for a void
ratio e = 0.55 and pressures p = 100 and 400 kPa as a function of
uniformity coefficient C',,; Comparison of data from the present
test series (filled circles) with data measured for linear grain size
distribution curves (open symbols, [10])

first and third column of diagrams in Figures 5 and 6. For
most of the more complex grain size distribution curves, the
experimental data is well approximated by Egs. (1) to (4).
The measured moduli of some materials (e.g. PL1, PL2,
PL4, GG2, GG4, GG8, S4 and S6) are slightly overesti-
mated by Egs. (1) to (4) while the moduli of other materials
(e.g. S3) are slightly underestimated. A relatively large un-
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Fig. 8: Small strain constrained elastic modulus Mmax as a function of void ratio e for p = 400 kPa. Each diagram collects the Mmax(€)
data for certain C\, a values. The data for the linear grain size distribution curves L2 to L28 (taken from [10]) are in good accordance
with the data for the more complex grain size distribution curves tested in the present study. The solid curves in the diagrams have

been generated with Egs. (1) to (4).

derestimation of the experimental My,., data (up to factor
1.7) was observed for the two materials PL7 and GG6.

An improvement of the M.« prediction, in particular
for the materials PL7 and GG6, can be achieved if the cor-
relations (2) to (4) are applied with an average inclination
Cy, 4 of the grain size distribution curve. The definition of
Cu, 4 is explained in Figure 9, using the grain size distribu-
tion curve of sand PL2 as an example. While the equivalent
linear gradation has the same dyy value as the tested grain
size distribution curve, its inclination C,, 4 is chosen such
way that the areas enclosed between the tested and the
equivalent linear curve, above and below the tested curve,
are equal in the semi-logarithmic scale (A; = Ay in Fig-
ure 9). The equivalent linear gradations with inclination
Cy, 4 are shown as dashed thick lines in the first and third
column of diagrams in Figures 5 and 6. The C,, 4-values
are collected in Table 1 and are also specified in Figures 5
and 6. For most tested materials, in particular for PL7 and
GG6, the differences between the measured and the pre-
dicted Mpax-values are less if C,, 4 is used instead of C,.
This becomes also clear from Table 2 where the percentage
of predicted M.« data differing either < 10% or < 20%
from the measured M,,.x data is provided. For compari-
son, in Table 2 similar data is given for the linear grain size
distribution curves tested by the authors [10].

Another proof for the good prediction quality of the ex-
tended empirical equations is provided in Figure 8. Each di-
agram in Figure 8 collects the M.« (e) data at p = 400 kPa
for certain C,, 4 values, measured for the linear or the more
complex grain size distribution curves (for the linear curves
Cy = Cy, 4 holds). The experimental data for both types
of gradations is well approximated by the curves M .x(€)

Sand Gravel
fine med. | coarse | fine med.
100 o ‘
T A
%X 80 AR 2 T
= A — ’ - tested grain size
S 60 ! 4 distribution curve
e | | |
q;) ll‘[\‘ equiv. linear curve with
2 40 4 inc‘linatic‘)n Cun =‘2.16 1
E 20 !l ™~ equiv. linear curve with
i i inclination C, = 1.50
0 N l

0.06 0.2 0.6 2 6

Grain size [mm]

20

Fig. 9: Grain size distribution curve of sand PL2 and equivalent
linear grain size distribution curves with inclinations C., or Cy,, 4,
respectively

Egs. (1)-(4) Egs. (1)-(4) Eq. (5)
with C, with Cy 4
<10% <20% | <10% <20% | <10% < 20%
This study 72 89 76 96 60 80
Linear [10] 75 97 75 97 43 70

Table 2: Percentage values of predicted Mmax data differing ei-
ther < 10% or < 20 % from the experimental data. These values
are mean values over all tested materials with either linear (sec-
ond row) or more complex (first row) grain size distribution.
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Fig. 10: Small strain shear modulus Gmax(e) for stepwise linear (first row), gap-graded (second row) and smoothly shaped (third
row) grain size distribution curves. The experimental data is compared to Gmax data predicted by Egs. (9) to (12). The correlations
have been applied either with C,, (thick solid curves) or C., 4 (thick dashed curves). (Figure 2 from [12] supplemented by the dashed

curves)

predicted by Egs. (1) to (4) applied with C,, 4 (solid curves
in Figure 8).

In agreement with the results for linear grain size dis-
tribution curves [10], the values in the last two columns of
Table 2 demonstrate that the prediction by Eq. (5) using
relative density D, as input is much less accurate than that
of Egs. (1) to (4) with either C\, or C,, 4.

4 Reanalysis of small-strain shear modulus and
modulus degradation data in terms of average
inclination of grain size distribution curve

In [12] the authors presented the data of small-strain shear

modulus Gax and modulus degradation ratio G(7)/Gmax

measured for the grain size distribution curves shown in

Figure 1. Since an improved My, ,x prediction was found

for the more complex grain size distribution curves if the

correlations (2) to (4) were applied with the average in-
clination C, 4 instead of the conventional C,,, a possible
improvement by using C, 4 was also inspected for Gmax

and G()/Gmax, re-analyzing the data from [12].

Figure 10 presents the experimental Gp.x(e) data at
pressures p = 100 and 400 kPa for some of the tested sands.

The prediction by the equation (Hardin [5,7])

T () e

with the correlations (10) to (12) proposed by the authors
in [9]

p
Patm

Gmax A

(9)

a 1.94 exp(—0.066 C,) (10)

0.40 C,,%18
1563 + 3.13 ¢, 2%

(11)
(12)

n

A

has been added as thick solid curves in Figure 10. Egs.
(10) to (12) have been evaluated with C,, for generating
these curves. The prediction by Eqs. (9) to (12) using Cy, 4
instead of C, is provided as thick dashed curves in Figure
10. For most of the tested materials, the prediction with
Cy, 4 lies closer to the experimental data than the curves
generated with C\,. In particular, an improvement of the
Gmax prediction can be achieved for sands PL7, GG8 and
S5, which either contain a large amount of gravel (about
60 % in the case of S5) or are primarily composed of two
components with significantly different grain size (fine sand
and fine gravel in case of PL7 and GG6).

A quantitative analysis of the differences between mea-
sured and predicted Gpax data is provided in Table 3, where
the percentage values of predicted Gp,.x data differing ei-
ther < 10% or < 20% from the measured data are given.
The differences between measured and predicted data are
less if Cy, 4 is applied in the prediction instead of . For
comparison, the values for the linear grain size distribution
curves tested by the authors [9] are also provided in Table
3.

Another proof for the good prediction quality of Eqs. (9)
to (12) with the average inclination C,, 4 is provided in Fig-
ure 11 where the G« (€) data for p = 400 kPa is presented
in a similar manner as the My,.x(e) data in Figure 8. Each
diagram in Figure 11 collects the shear moduli measured
for sands having a similar C,, 4-value. For C, 4 =~ constant,
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Fig. 11: Small strain shear modulus Gmax as a function of void ratio e for p = 400 kPa. Each diagram collects the Gmax(e) data for
certain Cy, 4 values. The data for the linear grain size distribution curves L2 to L28 (taken from [9]) are in good accordance with the
data for the more complex grain size distribution curves. The solid curves in the diagrams have been generated with Eqs. (9) to (12).

Egs. (9)-(12) Egs. (9)-(12)
with C, with Cy, 4

<10% <20% | <10% < 20%
This study 55 80 73 94
Linear [9] 88 99 88 99

Table 3: Percentage values of predicted Gmax data differing ei-
ther < 10% or < 20 % from the experimental data. These values
are mean values over all tested materials with either linear (sec-
ond row) or more complex (first row) grain size distribution.

the Gmax(€) data of the various tested sands is similar - ir-
respectively if the grain size distribution curve is linear or
more complex. The experimental data is well approximated
by Egs. (9) to (12) if the correlations are applied with Cy, 4
(see the solid curves in Figure 11).

The modulus degradation curves G(7y)/Gmax measured
for some of the tested materials at pressures p = 50 and
400 kPa are shown in Figure 12. The prediction by the
empirical formula proposed by Hardin & Drnevich [6]

G 1
= (13)
Gmax 1+ [1 +a exp (—%)}
with the correlation developed by the authors in [11]
a = 1.070 In(C,) (14)

has been added as thick solid curves in Figure 12, using
C, as input for the correlation. The reference shear strain
Vr = Tmax/Gmax has been evaluated using Tmax = p singp
for isotropic stress conditions, applying the following cor-

Egs. (13)+(14) | Egs. (13)+(14)
with Cy with Cy, 4

<0.05 <01 | <005 <£0.1
This study 77 96 81 98
Linear [11] 86 99 86 99

Table 4: Percentage values of predicted G/Gmax data differing
< 0.05 or < 0.1 from measured G/Gmax data. Only data with
G/Gmax < 0.9 is considered. These values are mean values over
all tested materials with either linear (second row) or more com-
plex (first row) grain size distribution.

relation for the peak friction angle ¢p proposed in [11]:

©p 34.0° exp(0.27 (D,[%)]/100)"®) (15)

If Eq. (14) is evaluated with C, 4 instead of C,, the
thick dashed curves shown in Figure 12 are obtained. For
most of the tested materials, the differences between the
G(7)/Gmax predictions using either C,, or Cy 4 are small.
However, for the materials PL7, GG6 and S5 a better ap-
proximation of the experimental data can be achieved if the
correlation (14) is applied with Cy, 4 as input. The slightly
better approximation of the experimental data with Cy 4
instead of C, becomes clear also from Table 4 where the
percentage values of predicted G(7y)/Gmax data differing ei-
ther < 0.05 or < 0.1 from the measured data is provided.
The respective values for linear gradations [11] are given
for comparison in Table 4.

Based on the data in Figures 10 and 12 it can be con-
cluded that similar as in the case of My, also the Gpax
and G(7y)/Gmax predictions for more complex grain size dis-
tribution curves can be improved if the correlations derived
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Fig. 12: Shear modulus degradation curves G(v)/Gmax for stepwise-linear (first row), gap-graded (second row) and smoothly shaped
(third row) grain size distribution curves. The experimental data is compared to the G(7v)/Gmax curves predicted by Egs. (13) to
(15). The correlations have been applied either with C,, (solid curves) or Cy, 4 (dashed curves). (Figure 4 from [12] supplemented by

the dashed curves)

from tests on linear gradations are applied with an average
inclination Cy, 4 of the grain size distribution curve instead
of Cy.

5 Poisson’s ratio
Poisson’s ratio v can be calculated from

2
o «a a—2
_ — 16
v 4(1—a)+\/<4(1—a)> - 6
with @ = Myax/Gmax- The experimental v data at pres-
sures p = 100 and 400 kPa is presented in Figure 13. It

confirms the slight decrease of v with increasing confining
pressure reported in [10]. Furthermore, for most tested ma-
terials a moderate increase of Poisson’s ratio with increas-
ing void ratio was measured. In Figure 13, the prediction
of Eq. (16) with Gpax from Egs. (9) to (12) and Mpax
from Egs. (1) to (4) has been added as solid or dashed
curves, respectively. The solid curves in Figure 13 have been
obtained with C), as input for the correlations while the
dashed curves have been generated using C,, 4. The predic-
tion for both, C,, and C, 4, reflects the measured increase
of v with decreasing pressure and increasing void ratio. For
most tested sands, the predicted Poisson’s ratios are close
to the measured data if C,, is used in the correlations. How-
ever, for some of the sands, in particular PL7, GG6 and S3,
the v prediction is significantly improved if the correlations
are applied with the average inclination C, 4.

6 Conclusions

Approx. 120 resonant column (RC) tests with additional
P-wave measurements have been performed on 19 clean
quartz sands with piecewise linear, gap-graded or smoothly
shaped grain size distribution curves. For each material the
P-wave velocity was measured at different densities and
pressures. Similar as in an earlier test series on linear grain
size distribution curves [10], a significant decrease of the
constrained elastic modulus My« with increasing unifor-
mity coefficient C,, of the grain size distribution curve was
also observed for the more complex gradations tested in the
present study.

The applicability of the empirical equations (1) to (4) for
Mmax Was inspected for the more complex grain size distri-
bution curves. These correlations proposed by the authors
in [10] are based on data for linear grain size distribution
curves and consider the decrease of M., with C,, for con-
stant values of pressure and void ratio. Based on the present
test data it could be demonstrated that the new correla-
tions work well also for more complex grain size distribu-
tion curves. The prediction can be somewhat improved if
the new correlations are applied with an average inclination
Cly,a of the grain size distribution curve (see the scheme in
Figure 9) instead of C,, in particular in the case of mate-
rials that are primarily composed of two components with
significantly different grain size. For most practical cases,
however, it may suffice to use the conventional C,, as input
for the correlations.

A reanalysis of the data of small-strain shear modulus
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Fig. 13: Poisson’s ratio v at pressures p = 100 and 400 kPa for stepwise-linear (first row), gap-graded (second row) and smoothly
shaped (third row) grain size distribution curves. The experimental data is compared to the Poisson’s ratio predicted by Eq. (16)
with Gmax from Egs. (9) to (12) and Mumax from Eqs. (1) to (4). The correlations have been applied either with C,, (solid curves) or

Cu,a (dashed curves).

Gmax and modulus degradation ratio G(y)/Gmax for the
piecewise linear, gap-graded and smoothly shaped grain
size distribution curves provided in [12] revealed that the
Gmax and G(v)/Gmax predictions for some of these sands
can also be improved if the respective correlations derived
from tests on linear gradations [9,11] are applied with an
average inclination C, 4 instead of C',. The same applies
to Poisson’s ratio v which has been analyzed based on the
measured M., and G, data.

Finally, it should be stressed that the extended empirical
equations for Mpax, Gmax and G(7)/Gmax are confirmed
for clean sands with C)-values less than 16 only. There-
fore, until additional experimental data are available, they
should be only applied within this range.
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