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ABSTRACT: The foundation soil masses under buildings and structures are always in complex initial stress
states. Although numerous studies have been conducted on the influences of the complex initial stress state
parameters on loess dynamic properties, the influences of those parameters are rarely compared. This study
focuses on the comparison of the influences of those parameters (i.e. the angle of initial principal stress α0, the
coefficient of initial intermediate principal stress b0, the initial deviatoric stress ratio η0 and the initial average
principal stress pm0) on loess dynamic properties in China through laboratory testing. The results show that the
effects of pm0 on the maximum dynamic shear modulus G0 and the maximum dynamic shear stress τdmax are
similar to the effects of the confining stresses. G0 and τdmax decrease with the increment of α0. G0 increases
while τdmax decreases with the increment of η0. Among the three parameters (α0, b0 and η0), α0 causes the largest
differences of G0, whilst η0 causes the largest differences of τdmax. Therefore, α0 and η0 should be given priority
to the dynamic response analysis and anti-seismic design of the projects in loess areas.

1 INTRODUCTION

As a kind of special soil with unique structural prop-
erties (Gao 1988), loess is widely distributed in the
central and western areas of China, where earthquakes
happen frequently and fiercely (Lin & Liang 1980,
Yuan & Wang 2009). Loess dynamic characteristic
parameters are the essential parameters to the founda-
tional dynamic response analysis and the anti-seismic
design in those areas. Therefore, obtaining accurate
and reasonable designing parameters will highly influ-
ence the safety and economy of the project structures
in loess areas (Zhou & Chen 2005).

In order to investigate the influencing factors and
their effects on loess dynamic properties, numerous
studies on water contents, confining pressures, struc-
tural properties and regional distributions have been
carried out (Luo &Tian 2005, Wang et al. 2010). How-
ever, the foundation soil masses of practical projects
are always in complex initial stress states, for exam-
ple, the directions of initial principal stress rotations,
the values of initial intermediate principal stresses
may change as well as the values of initial devia-
toric stresses (Ishihara & Towhata 1983, Oger et al.
1998, Blanc et al. 2011). Therefore, it is important to

investigate the effects of complex initial stress state
parameters (the angle of initial principal stress α0,
the coefficient of initial intermediate principal stress
b0, the initial deviatoric stress ratio η0 and the ini-
tial average principal stress pm0) on loess dynamic
properties.

Wang et al. (2012, 2013) investigated the influences
of initial angles of principal stresses and initial devia-
toric stress ratios on loess dynamic properties, and they
pointed out that the capacities of resisting shear defor-
mations of loess were decreasing with the increase
of the initial angles of principal stresses or with the
increase of the initial deviatoric stress ratios. Wang
et al. (2011) also studied the influences of complex
initial stress state parameters on the dynamic shear
modulus and dynamic shear strain relations. However,
the influences of different complex initial stress state
parameters on loess dynamic characteristics are var-
ious, which have not been fully investigated in the
previous studies. Therefore, this study aims to com-
pare the effects of different complex initial stress state
parameters on loess dynamic properties and to provide
more accurate and reasonable guiding references for
the safety and economyof the project in the engineering
design in loess areas.
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Figure 1. Remodeled DTC-199 torsional cyclic load triaxial
apparatus.

2 MATERIALS AND METHODS

2.1 Testing apparatus and soil samples

The experiments were carried out using the remod-
eled DTC-199 torsional cyclic load triaxial apparatus,
as shown in Figure 1. Detailed information about the
apparatus has been illustrated in the previous paper
(Wang et al. 2012). The soil samples were taken from
a typical loess area in Shaanxi Province, China. The
natural water content was 19% and the dry density
was 1.52 g/cm3. Other physical indexes and particle
size distribution of the soil can be found in Wang et al.
(2012). The testing specimens were all undisturbed
hollow cylindrical specimens, which were prepared
from natural loess samples using special trimming
equipments. Detailed specimen preparation process
has been illustrated in the previous paper (Wang et al.
2012). The dimensions of the specimens were: height
100 mm, external diameter 70 mm and internal diam-
eter 30 mm. Laboratory tests with identical specimen
sizes as in this study have been conducted on satu-
rated soft clay and silt, respectively (Luan et al. 2010,
Guo et al. 2012). In order to reduce the individual dif-
ferences of the undisturbed specimens, the weights of
the specimens should be 568 ± 8 g. Hence, the corre-
sponding dry densities of the specimens were in the
range of 1.50–1.54 g/cm3.

2.2 Testing procedures

After installing a specimen, the external pressure pe0

and the internal pressure pi0 were exerted on the outer
and the inner vertical surfaces of the specimen by two
membranes, respectively. Meanwhile, the axial force
W0 was applied on the top surface of the specimen.
After the specimen reaching the equilibrium state (the
vertical deformation of the specimen was less than
0.01 mm/hour), the initial torsion moment MT0 was
exerted on the top surface of the specimen, which was
along the center axis of the specimen. After the speci-
men reaching the equilibrium state again, the torsional

Figure 2. Hollow cylinder specimen and its element’s stress
states.

Table 1. Experimental schemes.

α0/◦ b0/– η0/– pm0/kPa

0, 30, 45, 0.5 0.43 50, 100, 150
60, 90
45 0, 0.25, 0.5, 0.43 50, 100, 150

0.75, 1
45 0.5 0, 0.43, 50, 100, 150

0.75, 1

Note: w = 19%, ρd = 1.52 g/cm3.

cyclic load was applied on the top surface of the speci-
men and the cyclic load increased step by step until the
specimen failed or the measured scope of the appara-
tus was out of the maximum scope. During the testing
process, the data such as the dynamic shear stresses
and dynamic shear strains were recorded by the corre-
sponding data logger. The testing frequency was 1 Hz
and a sine wave was used (Zhou & Chen 2005). All the
processes were conducted under undrained conditions.

2.3 Specimen stress states and
experimental scheme

The complex initial stress states with the correspond-
ing controlling parameters (α0, b0, η0 and pm0) were
formed through applying the confining pressures on
the inner and outer vertical surfaces, axial force on
the top surface and torsion moment along the center
axis of the specimen, respectively, as shown in Fig-
ure 2. More detailed illustration about the specimen
stress states can be found in Wang et al. (2012). When
investigating the influences of the each complex ini-
tial stress state parameter (α0, b0 or η0) on undisturbed
loess dynamic properties, the other two controlling
parameters were kept constant. All the laboratory tests
were conducted under the three different initial aver-
age principal stresses: pm0 = 50, 100 and 150 kPa. The
specific experimental scheme is shown in Table 1. All
the controlling parameters were chosen according to
the references (Nakata et al. 1998, Yoshimine et al.
1998, Guo et al. 2005).
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Figure 3. Typical curves of the experimental data based on the Hardin-Drnevich hyperbolic model (α0 = 45◦, b0 = 0.5,
η0 = 0.43, pm0 = 100 kPa).

3 EXPERIMENTAL RESULTS AND
ANALYSES

The effects of the complex initial stress state param-
eters on the dynamic properties of undisturbed loess
have been investigated in previous papers (Wang et al.
2011, Wang et al. 2012, Wang & Luo 2013).This paper
aims to compare the effects of different complex initial
stress state parameters on loess dynamic properties.
The dynamic shear modulus and the damping ratio
are the most commonly used parameters to character-
ize the soil dynamic properties (Biglari et al. 2011,
Senetakis et al. 2012, Chaney 2013). However, the
dynamic shear modulus and the damping ratio change
with changing the dynamic shear strain, the maxi-
mum dynamic shear modulus and maximum dynamic
shear stress, which are also important parameters of
soil dynamic properties (Zhang et al. 2005, El Mohtar
et al. 2013), are used in this study. Those two param-
eters can be obtained from the Hardin-Drevich (H-D)
hyperbolic model (Hardin & Drnevich 1972) with the
following formulas. Good accordance of the experi-
mental data with the H-D hyperbolic model is shown
in Figure 3.

where: τd , γd are the dynamic shear stress and the
dynamic shear strain, respectively; Gd is dynamic
shear modulus; G0 is the maximum or initial dynamic
shear modulus; τdmax is the maximum dynamic shear
stress; a, b are the intercept and slope of the beeline
corresponding to Formula (2), respectively, a = 1/G0,
b = 1/τdmax.

The maximum dynamic shear modulus G0 and the
maximum dynamic shear stress τdmax can be computed
with G0 = 1/a and τdmax = 1/b, respectively.

3.1 Effects of complex initial stress state parameters
on maximum dynamic shear modulus

Figure 4 shows the changes of the maximum dynamic
shear modulus G0 with increasing the angle of initial
principal stress α0, the coefficients of initial intermedi-
ate principal stress b0 and the initial deviatoric stress
ratio η0, respectively, under different initial average
principal stresses pm0. It can be seen that α0, b0 and η0

have different effects on G0: G0 decreases with increas-
ing α0 (Figure 4a), while G0 increases with increasing
η0 (Figure 4c); G0 fluctuates with increasing b0 (Fig-
ure 4b). It can also be concluded from Figure 4 that the
increment of pm0 leads to the raise of G0. The effects
of pm0 on G0 are similar to the effects of the confin-
ing stresses on G0 (Wang et al. 2010). Therefore, this
study mainly compares the influences of the other three
complex initial stress state parameters (α0, b0 and
η0) on loess dynamic properties.

In order to compare the effects of those three
parameters (α0, b0 and η0) on G0, the differences of
the maximum and the minimum values of G0 under
various complex initial stress state parameters are sum-
marized in Figure 5. It is possible to observe that,
among those three parameters, α0 causes the largest
differences of G0 under each initial average principal
stress pm0, followed by η0, and the influence of b0 is
the smallest.

3.2 Effects of complex initial stress state
parameters on maximum dynamic shear stress

Figure 6 shows the changes of the maximum dynamic
shear stress τdmax with the increment of the angle
of initial principal stress α0, the coefficients of ini-
tial intermediate principal stress b0 and the initial
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Figure 4. Maximum dynamic shear modulus under different complex initial stress state parameters.

Figure 5. Differences of the maximum and minimum values
of G0.

deviatoric stress ratio η0, respectively, under different
initial average principal stresses pm0. τdmax decreases
with increasing α0 and η0, respectively. τdmax fluctu-
ates with increasingb0. Moreover, it is also possible
to conclude from Figure 6 that τdmax increases with
increasing pm0 although several experimental data are
against the total trend.

Similar approaches as the comparison of the effects
of those three parameters (α0, b0 and η0) on G0 have
been used to analyze the influences of those three
parameters on τdmax. The differences of the maximum
and the minimum values of τdmax under various com-
plex initial stress state parameters are summarized in
Figure 7. It is possible to observe that, among those
three parameters, η0 causes the largest differences of
τdmax under each initial average principal stress pm0,
followed by α0, and the influence of b0 is the smallest.
The above correlations are not as clear as the corre-
lations of the differences of G0, which might be due

to the slight individual differences of the undisturbed
specimens in this study.

4 CONCLUSIONS AND DISCUSSION

The results presented above have led to the following
observations:

(1) The effects of the initial average principal stresses
pm0 on the maximum dynamic shear modulus G0

and the maximum dynamic shear stress τdmax are
similar to the effects of the confining stresses on
G0 and τdmax. More attentions should be paid on
the effects of pm0 on loess dynamic properties.

(2) The influences of the angles of initial principal
stresses α0 on the maximum dynamic shear mod-
ulus G0 and the maximum dynamic shear stress
τdmax are similar. G0 and τdmax decrease with
the increment of α0. The reason for such results
can be explained by the experimental control
parameters and the stress states of the specimens
Wang & Luo (2013). When α0 = 0◦, the specimen
was compacted under the largest axial confining
stress; hence, G0 and τdmax are the largest. While
α0 = 90◦, the specimen was stretched under the
negative axial confining stress; therefore, G0 and
τdmax are relatively small compared with those
under α0 = 0◦. Figure 8 shows the heights of the
specimens under different angles of initial prin-
cipal stresses after testing. The influences of the
initial deviatoric stress ratios η0 on the maximum
dynamic shear modulus G0 and the maximum
dynamic shear stress τdmax, however, are different.
G0 increases while τdmax decreases with the incre-
ment of η0. Similar explanations for the results can
be found in Wang et al. (2012).

(3) Further investigation shows that among the three
parameters (α0, b0 and η0), α0 and η0 cause the
largest differences of G0 and τdmax. Therefore, α0
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Figure 6. Maximum dynamic shear stresses under different complex initial stress state parameters.

Figure 7. Differences of the maximum and minimum values
of τdmax.

Figure 8. Heights of the specimens under different angles
of initial principal stresses (after testing).

and η0 should be given priority to the dynamic
response analysis and anti-seismic design of the
projects in loess areas.

The above conclusions are based on the laboratory
tests conducted at Northwest A&F University and all
the specimens in this study are undisturbed, hence

slight discrepancy might be caused by the individual
differences of the samples.
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