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Abstract The predominately, wind-derived deposits
forming the Loess Plateau in China are known as Wucheng
loess (Q;), Lishi loess (Q,), and Manlan loess (Q3). Only
Q3 loess has been intensely studied in densely populated
areas, revealing that the structural strength of these aeolian
sediments is directly related to their variations (anisotropy)
in compressibility, water content, and, particularly, vertical
jointing. Knowing the stability level of Q3 aeolian sediment
is important in tunnel constructions through other types of
loess. The research reported here has been mainly centered
on obtaining the values of consolidation, unconfined
compressive strength (UCS), direct and triaxial shear tests,
Poisson’s ratio, and modulus of deformation of the Q, loess
in the Baijiapo Tunnel on the Lanyu Railway, Lanzhou,
China. Included among the numerous results of these
comprehensive laboratory tests are: the mean index of
liquidity is 0.19; and the maximum modulus of compres-
sion in the vertical direction is 1.17. Furthermore, vertical
and horizontal samples showed brittle fracture; the ratios of
UCS and modulus of deformation in the vertical to the
horizontal directions are 1.34 and 2.45, respectively. The
wide range of various values of Lishi loess properties are
closely related to variation in the density of the vertical
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jointing system. A new method for calculating compre-
hensive shear parameters is proposed and the related
parameters for the Baijiapo Tunnel are recommended.
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Introduction

Loess and loess-like soils are widely distributed in North
China. From a geotechnical point of view, collapsibility,
sensitivity to water content, structural strength and vertical
joints are the most significant characteristics of loess. Much
has been published on these topics in China where cultural
development and distribution of the population is intricately
linked with the spatial extent of the loess deposits, e.g.,
collapsibility and its distribution, shear strength properties
under different water content (Lin and Liang 1980; Feng
and Zheng 1982; Qian et al. 1985; Lin and Wang 1988; Tan
1988; Gao 1996; Liu 1997; Sun 2005; Li and Miao 2006).
The structural characteristics and the effect of water
chemistry on the shear strength of loess have recently
become a new focus (Shao and Deng 2008; Zhang et al.
2013, 2014). However, loess research has mainly focused
on the geotechnical problems in foundations and slopes, in
particular, those in the younger and the superficial part of
loess deposits Q3 and Q4 (Malan and Holocene loess).
Collapsibility is one of the most important properties of
loess in the study of the engineering behaviors of Malan
loess (Upper Pleistocene) which is generally <30 m thick
(Lin and Liang 1980; Gao 1996). For those deep-seated
tunnels excavated in Lishi loess (upper part of the Lower
Pleistocene and the Middle Pleistocene) and Wucheng loess
(most of the Lower Pleistocene) where the thickness ranges
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from 50 to 170 m (Feng and Zheng 1982), collapsibility is
not of major concern to geotechnical engineers (Xie 2001).
The main geological and geotechnical properties of differ-
ent types of loess can be found in much literature (e.g., Lin
and Wang 1988; Tan 1988). These deposits generally occur
at depth where their geotechnical significance is more
important to know in the construction of tunnels. Compared
with the abundant studies on loess collapsibility, water
sensitivity, structural strength and constitutive relation-
ships, little attention has been directed to the anisotropic
behaviour of loess and the older loess deposits, Q, and Q;
(Lishi and Wucheng, respectively). Some of the related
studies are briefly discussed here.

Anisotropy of shear strength

Shear strength test results of loess samples taken from
conveyance canals and railway slopes near Baoji, Shan’xi
Province of China indicated the cohesion perpendicular to
the macropores was 1.25 times larger than that parallel to
the macropores. The shear strength in the vertical direction
is greater than in the horizontal direction, the 45° direction
having the middle value. This anisotropy in shear strength
under different normal stresses seemed to be more signif-
icant in loess with lower water content and normal stresses.
It was suggested the anisotropy loess shear strength should
be taken into account in engineering design (Qian et al.
1985).

However, shear strength determined via direct shear
tests revealed quite small differences in different direc-
tions of all kinds of loess samples taken from slopes in
different areas. Thus, the use of shear strength parameters
obtained from conventional sampling and testing was
considered acceptable by Qiao and Li (1990). This might
be true for loess on slopes due to the complicated sec-
ondary disturbances such as tectonic movements, erosion,
weathering and vegetation coverage. It is difficult to
analyze the results given by Qiao and Li (1990) since the
details of the soil sampling and testing were not provided
in their book.

Mi et al. (2006) studied the influence of water content
and shear direction on the cohesion and internal friction
angle of Malan loess in Lanzhou by using triaxial tests.
They concluded that the decrease of cohesion with an
increase of water content from 8.99 to 17.25 % by arti-
ficial wetting was much more significant than that of the
internal friction angle. Samples in the vertical direction
had the highest cohesion followed by those in a 45°
direction and then the horizontal samples. The ratios of
the internal friction angle in the vertical direction to that
in the horizontal direction ranged from 0.93 to 0.94, i.e.,
no apparent increasing or decreasing trend. However, the
ratios of cohesion in the vertical direction to those in the
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horizontal direction ranged from 1.10 to 1.37, indicating
much bigger differences (Mi et al. 2006). The anisotropy
of cohesion was much bigger for loess with higher water
content. The anisotropy of the internal friction angle was
smaller than that of cohesion and showed no variations
with water content. Since the confining pressures were 50,
100, 150 and 200 kPa, the stress—strain curves showed no
peak values and the loess failed only under large stress
strains (15 %). The above results can only reflect the
structural or cohesion strength of loess rather than friction
strength.

Comparative research on the shear behaviours of Qg
loess in the vertical and horizontal directions in Lanzhou
City, Gansu Province, China, also indicated some differ-
ences in the two directions via direct shear and triaxial
shear testing. Samples having a density of 1.46 g/cm® and a
water content of 5.5 % were taken at a depth of approxi-
mately 5.5 m below the ground surface. The differences
between the vertical and horizontal directions were more
distinct, with the average ratios of vertical parameters to
horizontal parameters being 1.3. The anisotropy of Q4 loess
seemed to be more noticeable under lower normal stresses
or confined stresses such as 75 and 150 kPa (Liang et al.
2011).

Anisotropy of UCS

Lin (1961) compared the unconfined compressive strength
(UCS) between vertical and horizontal samples of Malan
loess in Lanzhou. The samples were taken from depths of
1.5 to 13.5 m; variations in density and water content were
1.39-1.49 g/cm® and 6.8-8.6 %, respectively. UCS in the
vertical and horizontal directions was 45-100 and
41-71 kPa, respectively, which resulted in ratios of UCS in
the vertical direction to UCS in the horizontal direction of
1.05-1.51, with a mean of 1.31 and a coefficient of vari-
ation of 0.08. The ratios had no increasing or decreasing
trends with increasing depth, though the UCSs in both
directions seemed to be increasing with depth (Lin 1961).

The UCSs of loess sampled from the vertical, 45° and
horizontal directions, exhibited nearly the same trend of
shear strength anisotropy (Qian et al. 1985), i.e., the UCS
of the loess in the vertical direction was the greatest, fol-
lowed by the 45° direction and then the horizontal direc-
tion. A similar ratio of 1.2 between UCS in the vertical
direction and UCS in the horizontal direction was found by
the Highway Design Institute of Shan’xi Province, China
(Qiao and Li 1990).

Anisotropy of deformation parameters

Milovic (1988) studied the effects of sampling and water
content on the deformation characteristics of loess from
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Yugoslavia. He found that the degrees of transverse
anisotropy defined by the ratio of modulus of deformation
in the vertical direction to that in the horizontal direction
ranged between 1.30 and 1.60 using unconfined compres-
sion tests (Milovic 1988).

The vertical coefficient of elastic resistance and modulus
of deformation determined via in situ plate load tests were
much higher than the corresponding horizontal parameters
for loess in the tunnels on the PDRZX near Tongguan,
Shan’xi Province in China. For example, the vertical coef-
ficient of elastic resistance of Q, loess varied from 160 to
190 MPa/m, while the horizontal coefficient of elastic
resistance was between 60 and 80 MPa/m. For the modulus
of deformation, the vertical and horizontal values were
70-100 and 30-40 MPa, respectively. These indicated that
the ratios of elastic resistance and modulus of deformation
in a vertical direction to those in a horizontal direction were
more than 2.0, and similar to the Q3 loess (Fang et al. 2009).
The ratios of modulus of deformation in a vertical direction
to that in a horizontal direction were also found to be more
than 2.0 for the Q4 loess in Lanzhou (Liang et al. 2011).

Remarks

The above reviews indicate that anisotropy may be one of
the most significant characteristics of loess, as determined
from the limited research on Qs;and Q, loess. Although there
had been several discussions about the influence of water
content or structural strength on shear strength of Q, loess
(Xie et al. 2006; He 2008; Fang et al. 2008, 2011), and on
the deformation behaviours and creep characteristics (Wu
et al. 2012; Tang et al. 2014), they were mostly limited to
the loess samples taken from slopes or shallow grounds,
except one group of tests (Zhong 2008; Zhong et al. 2011).
The research had limited focus on the anisotropy of Q,
loess. This might be attributed to the difficulty in collecting
samples of the deep-seated loess. In this research, a series of
laboratory tests were conducted on Q, loess samples
obtained from a deep-seated tunnel in Lanzhou. It is hoped
that the comprehensive test results presented in the fol-
lowing sections can lead to a much better understanding of
the anisotropy of Q, loess, and thus become a useful ref-
erence for geotechnical and tunneling engineers.

Sampling and methods

Sampling

The Baijiapo Tunnel is a key part of the double-line Lanyu
Railway connecting Lanzhou, the capital of northwest

China’s Gansu Province, to the manufacturing hub of
Chongqing in the south, with a design speed of 200 km/h.

All the samples used in this research were taken from the
Baijiapo Tunnel located in the eastern suburbs of Lanzhou,
Gansu Province, China. The tunnel was built in loess of
different geological age (mainly Q, loess) on the high ter-
race of the Huanghe River, as shown in Fig. 1. The maxi-
mum burial depth and total length of the tunnel are 300 and
3,098 m, respectively. The samples were collected from an
excavation face located 1,526 m away from the portal,
where the burial depth of the tunnel is approximately 235 m.
Because the Q, loess was very dense and hard, it was diffi-
cult to cut the Q, loess into a proper shape and size on the
site. So the vertical orientation was marked on Q, loess
samples and then the marked loess block was immediately
enclosed by a plastic membrane and placed in a plastic box
filled with loess grains with in situ moisture content. After
the loess blocks were taken back to the laboratory, the
samples were elaborately trimmed into the required size
according to the natural occurrence of loess both in vertical
(or gravity direction) and horizontal directions.

Physical properties of Q, loess

The index properties of the Q, loess are: 31.07 % for liquid
limit, 14.14 % for plastic limit, 16.9 for plasticity index
(PI) and 2.74 for specific gravity. Based the Unified Soil
Classification System (USCS), Q, loess can be classified as
a clay of medium plasticity (Das 2006). Other properties of
Q> loess are summarized in Table 1. The coefficients of
variation of the main physical parameters are quite small
except for the liquidity index, which is usually considered
to be related to the mechanical behaviours of soil. Q, loess
in the Baijiapo Tunnel has a very high density and a
medium water content, but much lower void ratios and a
higher degree of saturation in comparison with Q, loess
from other areas, as showed in Table 2 (Wang and Lin
1990; Zhong 2008; He 2008).

The difference in physical properties might have
something to do with the sampling site and burial depth.
The samples of Shanxi Lishi Q, loess were taken from a
tunnel excavation working face at the burial depth of only
40 m (Zhong 2008). And the samples from Yan’an, which
were collected from the steep slope surface of a loess
landslide (He 2008), have very low water content and
degree of saturation. It is obvious that the loess from the
deeper sites compared with shallow samples, had been
consolidated under high overburden pressures, and it also
had little water exchange with its surrounding environment.
Therefore, the burial depth has a significant effect on both
the physical and mechanical properties of loess.

The particle size distribution of Q, loess in the Baijiapo
Tunnel is presented in Fig. 2 and Table 3. The results show
that the percentage of Baijiapo Q, loess particles with a
diameter <0.005 mm is larger than that of the Yan’an and
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Fig. 1 The locations and topography of the Baijiapo Tunnel

Table 1 The physical parameters of Q, loess in the Baijiapo Tunnel

Parameters Density Water content Dry density Void ratio Degree of saturation Index of liquidity
p(gem’) o (%) pa(gem’) e S: (%) I

Mean, * 2.07 17.3 1.76 0.556 85.3 0.19

Max 2.11 19.8 1.82 0.606 95.1 0.34

Min 1.98 15.0 1.71 0.508 69.4 0.05

Standard deviation, S 0.03 1.14 0.03 0.023 6.0 0.07

Coefficient of variation, c, 0.02 0.07 0.01 0.04 0.07 0.36

Sample size, n 71 71 71 71 71 71

Where X is the arithmetic mean value, X = %Z:’;l x;; x; and n are the measured value and sample size, respectively; ¢, is the coefficient of

variation, ¢y = £; § is the standard deviation (SD), s = /-4 >0 (xi — x)?

Xi’an Q, loesses. The average clay-size fraction (% finer
than 2 pm by weight) is 23.6 %. Thus, the activity (A) of
Baijiapo Q, loess is 1.30 according to the following
empirical equation developed:

PI
A = PSF (1)

where PI and PSF are plasticity index and the percentage
finer than 2 pm by weight, respectively. Therefore, Q,
loess can be classified as active clay (Chen et al. 1994).
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Tests and methods

The tests used to compare the anisotropy of Q, loess in the
Baijiapo Tunnel were a 1-h quick consolidation test
(0QC), an unconfined compressive test (UCT), a direct
shear test (QDS), and an unconsolidated and undrained
triaxial shear (UUTS) test. Sample sizes and other details
are summarized in Table 4. The above-listed testing
methods were selected to study the anisotropy of Q, loess
from a tunnel engineering point of view as follows.
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Table 2 The mean physical parameters of Q, loess from other locations

Sampling site Density Water Void Degree of Liquidity Plasticity Index of Source
content ratio saturation limit limit liquidity
p (gem’) o (%) e S (%) oy, (%) wp (%) I
Lanzhou and Jingyuan 1.62 4.9 0.742 17.8 26.4 17.5 —1.15 Wang and Lin (1990)
Shanxi Lishi 1.76 16.28 0.790 55.8 25.1 16.7 —0.05 Zhong (2008)
Yan’an 1.82 10.23 0.641 433 27.6 17.0 —0.615 He (2008)
Fig. 2 Particle size distribution S
curve of Q, loess in the Baijiapo — 100 —e—No.1
Tunnel gn 80 —B—No2
i 60 —A—No.3
5 40 No4
Z 2 —%—No.5
§ 0 —8—No.6
£ 1000 100 10 1 0.1

Table 3 The particle size distribution of Q, loess in the Baijiapo
Tunnel and other locations

Diameter (mm) >0.05 0.05-0.005 <0.005 Source

Baijiapo Tunnel, 8.8 55.6 35.6 -
Lanzhou

Yan’an 15 67 18 He

Xi’an 4 67 29 (2008)

Table 4 Test and sample parameters

Methods Sample Sample Loading Number of sample
diameter  length/ velocity sets
(mm) height (mm/min) - -
(mm) Horizontal ~Vertical
0oQC 61.8 20 - 3 3
UucCs 61.8 125 1.25 4 9
QDS 61.8 20 0.8-1.2 3 4
UUTS 61.8 125 1.25 3 3
1. The compressibility of loess is a very useful parameter

that can be used to analyze the structural strength
under lateral confined conditions (Hu et al. 2004). The
consolidation compressive test was chosen because the
test period of the standard consolidation compression
test was too long. Thus, the OQC compression test was
adopted based on the following considerations: (a) con-
solidation settlement of the soil sample in a consoli-
dation cell occurs in a very short time—about 90 % is
reached in the first 1 h; (b) settlement under each
consolidation pressure in OQC compression tests are
directly proportional to those in 24-h standard com-
pressive consolidation tests; (c) the OQC test can be

Diameter (um)

used as a quick and effective method for the classi-
fication of soil compressibility when a settlement
calculation with a high accuracy is not required (Zhang
1995).

Although an UCT is considered appropriate for
classification (Ramamurthy 2004), it is arguable if it
can be used to evaluate the mechanical properties of
soil. This is because the stress conditions of most soils
under a natural environment are different from those
after sampling and testing due to stress relaxation.
From a geological viewpoint, there are at least three
factors distinguishing soil from rock, namely cemen-
tation of particles, joints and primary stress. Generally
speaking, most soils are weakly cemented compared
with rocks and can be treated as a continuum since few
joints or discontinuities exists. Most soils are only
under self-weight stress, while most rocks are under
both self-weight stress and tectonic stress, where the
latter might be more significant than the former. Based
on the three distinctive properties between soils and
rocks, it can be inferred that soils are more sensitive to
stress relaxation. Nevertheless, for rocks under tectonic
stress, the stress relaxation after excavation is also
dramatic and can be compared with that for soils under
primary stress. Since the Q, loess in the Baijiapo
Tunnel behaves like a ‘weak rock’ from the viewpoint
of high density, low void ratio, hard blocks and joints,
the UCT test was chosen to determine not only the
compressive strength of Baijiapo Q, loess under an
unconfined state, but also the deformation parameters.
Although there are several inherent disadvantages of
direct shear testing, it is still widely used to obtain
shear strength parameters in routine geotechnical
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practice around the world because it is inexpensive,
fast and simple. To be specific, for tunnel engineering,
a quick direct shear test (QDS), and a UUTS test are
considered more suitable for characterizing the
mechanical behaviour of geo-material during tunneling
(Ling et al. 1996). Therefore, both QDS and UUTS
tests were adopted to get a better insight into the
strength property of undisturbed Q, loess in the
Baijiapo Tunnel.

4. Loess soil with an average density equal to 2.07 g/cm’
was sampled at a depth of 235 m, where the intact Q,
loess before excavation and sampling is under vertical
gravitational stress of about 4.865 MPa. It might be
more reasonable to use the triaxial apparatus with a
higher confined pressure like that used in rock
mechanics, but due to the limited measurement range
of the triaxial apparatus, a confined pressure of
400 kPa is large enough for evaluating the shear
strength of Q, loess in this paper. Besides, the range of
confined pressures in this paper is commonly used both
in research and in engineering design in China,
whether the soil samples are taken near ground surface
or in deep tunnels and boreholes (e.g., Feng and Zheng
1982; Zhong et al. 2011; Fang et al. 2008).

It should be pointed out that the sampling operations and
tests mentioned above were carried out strictly in accor-
dance with the Chinese Standard for Soil Test Method-GB/
T 50123 (The National Standards of the People’s Republic
of China 1999), which is similar to international standards
(e.g., Kalinski 2005).

Results
Compressibility

The results of the consolidation compressive tests are
presented in Figs. 3,4 and 5. As shown in Fig. 3, the lateral
confined compressive deformation of both horizontally
oriented (H1-H3) and vertically oriented (V1-V3) Q, loess
samples were quite small, even under a consolidation
pressure of 600 kPa. The change in void ratio was also
relatively small (Fig. 3). This yielded medium compress-
ibility with a modulus of compression (E;) ranging from 4
to 12 MPa, and an index of compression (a) ranging from
0.1 to 0.4 MPa~' (Fig. 4). It should be pointed out that, in
Fig. 4, the data points under a specific compressive pres-
sure represent the corresponding coefficient of compression
or modulus of compression at the intervals of this pressure
and that which was neighboring previously, e.g., a or E at
a compression pressure of 100 kPa were actually the values
corresponding to the pressures ranging from 50 to 100 kPa.
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Fig. 5 V/H versus consolidation pressure—samples H1, H2, V1 and
V2

Although the compressive strain and void ratio increased
steadily with the compressive pressures (Fig. 3), no clear
increasing or decreasing trends in the coefficient of com-
pression or modulus of compression can be observed in
Fig. 4, which might be attributed to the abnormally lower
void ratio. The vertical samples seemed to have a bigger
coefficient of compression or smaller modulus of com-
pression at each consolidation pressure than those of the
horizontal samples, which indicated that the compress-
ibility on the vertical direction of Q, loess were 10-20 %
larger than that on the horizontal direction under a con-
solidation pressures of 300 kPa (approximately 5 % when
the consolidation pressures were larger than 300 kPa). In
other words, little anisotropy existed under higher pres-
sures (Fig. 5). Note that @ shown in Fig. 5 is the mean
values of all six samples.

The coefficient of compression a;_, and the modulus of
compression Eg;_, under consolidation pressures between
100 and 200 kPa are summarized in Table 5. It seems that
the variations of the parameters, mainly due to differences in
density and water content, did not create differences
between vertical samples and horizontal samples. In con-
trast, the average values shown in Fig. 4 clearly indicate a
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Table 5 Physical parameters and compression evaluation of Q, loess in the Baijiapo Tunnel

Sample Density Water content Void ratio Degree of Coefficient of Modulus of
saturation compression compression
p (g/em?) (%) € Si (%) ar» (MPa™") E» (MPa)
H1 2.07 17.4 0.552 86.2 0.192 8.0
H2 2.07 17.5 0.552 86.9 0.200 7.7
H3 2.03 16.3 0.567 78.6 0.233 6.6
V1 2.08 17.3 0.547 86.9 0.198 7.8
V2 2.10 17.7 0.539 90.0 0.261 5.8
V3 2.11 17.2 0.520 90.6 0.226 6.6
difference between vertically oriented samples and hori- py = &x, Vinax 5)
zontally oriented samples. Both the vertical and horizontal T 8y Vi

samples can be classified as being of medium compress-
ibility since a,_, values fall in the range of 0.1-0.5 MPa ™' or
E;_»’s ranging between 5 and 20 MPa (Chen et al. 1994).
The mean a;_, of vertical samples, V1 and V2, is 17 %
larger than that of horizontal samples, H1 and H2, while the
mean Eg;_; is 14 % smaller than the horizontal samples.

Unconfined compressive strength

Since the Q, loess in the Baijiapo Tunnel behaves like a
‘weak rock’ from the viewpoint of high density, low void
ratio, hard blocks and joints, the UCT test was chosen to
determine not only the compressive strength of Baijiapo Q,
loess in an unconfined state, but also the deformation
parameters. The deformation parameters were determined
as described below.

Both axial and transverse deformations were measured
during the unconfined compression test. As shown in
Fig. 3, the axial strain is defined as the ratio of length
change to the original length of the cylinder sample, i.e.,
&, = Al/l, and the transverse strain is defined as the ratio of
diameter change to original diameter, i.e., &, = Ad/d. The
average modulus of deformation and average Poisson’s
ratio are defined as follows:

050

Esy = (2)
€y50
€x50

Vs = — (3)
€y50

where o5 is the stress point of one half of the UCS, and
&ys0 and &,s0 are the axial and transverse strains corre-
sponding to the g5, respectively.

The volumetric strain during compression is determined
by Eq. (3) (Liu and Tang 1999):

gy = &y — 28 4)

The Poisson’s ratio at the maximum volumetric strain,
Vvmax, 18 determined according to:

where &, vmax and &, vmax are the transverse and axial strain
corresponding to the stress point of the maximum volu-
metric strain, respectively.

The results of UCS tests are presented in Table 6 and
Figs. 6 and 7. According to the Chinese Code for Soil Test
for Railway Engineering-TB 10102/J 338-2004 (The
National Standards of the People’s Republic of China 1999),
the samples can be classified as one group or one type only
when the maximum difference is <0.03 g/lcm® in density
and 2 % in water content. Therefore, the samples presented
in Table 6 can be divided into two groups. The first group
has five samples, H1, H4, V7, V8 and V9 with a mean
density of 2.06 g/cm® and a mean water content of 17.4 %.
The second group also has five samples (i.e., H3, V2, V3, V6
and V10) whose mean density and mean water content are
2.10 g/cm® and 16.3 %, respectively. Thus the mean UCS
and modulus of deformation (Esq) of vertical samples and
horizontal samples can be determined for the above two
groups. The calculated coefficients of anisotropy in UCS and
E5( are presented in Table 7, where the UCS of vertical
samples is about 25 % higher than that of horizontal sam-
ples, while Es, of vertical samples is much bigger than that
of the horizontal samples with ratios more than 2.0. For all
the samples, the vertical samples had much higher (up to
34 %) UCSs than that of horizontal samples. The ratios of
the vertical sample Eso to the horizontal sample Eso are
approximately on the same order of magnitude compared
with other studies. For example, the deformation modulus of
Q> loess was about 30—40 MPa in the horizontal direction,
and 60-80 MPa in the vertical direction, as determined via
plate loading tests, in the test tunnels at a burial depth of
120-160 m in Tongguan, Shan’xi Province (Fang et al.
2009). The physical properties of the above Q, loess samples
are: 1.95 g/cm3 for density, 15.0 % for water content, 0.584
for void ratio and 68.8 % for degree of saturation, which are
very close to the Q, samples tested in this research. Such a
big difference in the modulus of deformation in the vertical
and horizontal directions may be attributed to the
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Table 6 Results of unconfined compressive strength tests

Samples  p (gfem®) @ (%) pa(glem’) e Se(%)  UCS (kPa)  Eso(MPa) &1 (%) piso &y (%)
H1 2.06 18.4 1.74 0.579 87.1 431.3 17.4 2.16 0.24 —0.778
H2 2.02 17 1.72 0.591 78.8 404.9 23.8 1.72 0.25 0.162
H3 2.11 16.6 1.81 0.518 87.9 643.6 31.3 2.05 0.40 —0.365
H4 2.06 17.1 1.76 0.558 83.9 568.0 26.2 1.97 0.13 0.534
\"2! 2.11 18.8 1.78 0.541 95.1 621.0 42.1 1.56 0.35 —0.761
V2 2.09 15.2 1.82 0.509 81.8 785.1 80.8 0.99 0.18 —0.325
V3 2.09 17.2 1.79 0.533 88.3 798.4 60.8 1.22 0.37 —0.579
V4 2.10 18.6 1.77 0.546 93.6 532.4 45.3 1.36 0.28 —0.901
V6 2.10 16.4 1.81 0.516 86.9 743.7 77.2 0.95 - -
V7 2.05 17.1 1.75 0.562 83.2 632.7 51.3 1.43 - -
V8 2.05 17.3 1.74 0.571 83.0 657.2 66.9 1.43 - -
V9 2.06 17.0 1.76 0.553 84.2 591.6 53.2 1.27 - -
V10 2.11 16.14 1.82 0.508 87.0 822.0 66.9 1.44
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Fig. 6 Axial stress—axial strain curves of Q, loess. a Vertically Fig. 7 Axial stress—volume strain curves of Q, loess. a Vertically

oriented samples, b horizontally oriented samples

combination of relatively higher ratios of UCS but much
lower compressive strain in the vertical direction as com-
pared to those in the horizontal direction.

Modulus of deformation and Poisson’s ratio

The average failure strain of all nine vertically oriented
samples was 1.29 %, much less than 1.98 %, an average
value of the horizontally oriented samples. This indicates
that the Q, loess had a brittle failure mechanism in both
directions but would fail at a much lower strain in the
vertical direction. This degree of failure strain is very close
to that obtained by other researchers (e.g., Xie et al. 2006;
He 2008). The average volumetric strains at peak strength
are also obviously different in two directions with
—0.112 % (samples H1-H4) for horizontally oriented
samples and —0.642 % (samples V1-V4) for vertically
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oriented samples, b horizontally oriented samples

oriented samples, which suggests the volumetric contrac-
tion of vertically oriented samples was bigger than that of
horizontal samples, though smaller volume dilation
occurred for vertical samples than that of horizontal sam-
ples before the maximum volume strain (Fig. 7).

The Poisson’s ratio in the vertical direction is lower than
that in the horizontal direction; for example, 0.40 for hor-
izontally oriented sample H3 compared to 0.35, 0.37 and
0.28 for vertically oriented samples V1, V3 and V4,
respectively. This can be attributed to a combination of less
axial strain and more volumetric contraction at the stress
failure point.

Shear strength by quick direct shear test

The results of direct shear tests of both horizontally and
vertically oriented samples are summarized in Tables 8 and
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Table 7 'Comparison of UCS Group p (g/cm3) w (%)  Vertical Horizontal V/H
and Esg in the horizontal and
vertical directions UCS (kPa)  Eso (MPa)  UCS (kPa) Eso (MPa) UCS Es
Ist 2.06 17.4 627.2 57.1 499.7 21.8 126  2.62
2nd 2.10 16.3 787.3 71.4 643.6 31.3 122 228
All 2.08 17.1 687.1 60.5 512.0 247 134 245
Table 8 Shear strength of Q, o (kPa) 1 (kPa) Mean horizontal shear 7 (kPa) Mean vertical shear V/H
loess in the Baijiapo Tunnel
Peak strength ~ Residual strength ~ Peak strength ~ Residual strength  Peak  Residual
100 255.1 134.7 284.0 143.0 1.11 1.06
200 356.7 214.9 365.7 230.0 1.03 1.07
300 419.6 276.7 437.8 284.7 1.04 1.03
350 458.5 321.0 464.9 327.7 1.01 1.02
Table 9 Shear strength parameters of the horizontal and vertical samples by QDS
Samples  p (g/em’)  © (%)  pa(glem’) e S. (%)  Cp(kPa) ¢p(°) R Cr kPa)  @r(°) R
Horizontal
DA 2.09 17.6 1.78 0.54 89.7 185.3 36.10 0.9732 66.4 34.26 0.9966
DB 2.07 18.1 1.75 0.56 87.8 178.6 38.93 0.9911 68.3 36.33 0.9926
DC 2.09 17.9 1.77 0.55 89.6 186.3 40.41 0.9809 57.2 37.48 0.9985
Mean 2.08 17.9 1.77 0.55 89.0 183.4 38.48 - 64.0 36.02 -
Vertical
DE 2.07 17.4 1.76 0.55 85.9 199.9 31.67 0.9997 73.8 34.33 0.9501
DF 2.04 16.7 1.75 0.57 80.6 201.3 39.32 0.9964 79.3 35.23 0.9888
DZ1 2.00 15.7 1.73 0.59 73.6 224.6 36.80 0.9929 74.5 36.26 0.9953
D72 1.99 153 1.72 0.59 70.9 2335 36.31 0.9847 78.0 36.46 0.9899
Mean 2.02 16.3 1.74 0.57 77.76 214.8 36.02 - 76.4 35.57 -
V/H 1.2 0.9 1.2 1.0

Cp and ¢p are the peak cohesion and peak internal friction angle, respectively; Cr and ¢y are the residual cohesion and residual internal friction

angle, respectively. R is the coefficient of correlation

9. Figure 8 shows the shear strength in the horizontal and
vertical directions. While the shear deformation increased
as the normal stress increased, the shear stiffness was
nearly the same, only slightly increased with the normal
stress. Direct shear testing showed that nearly all the
stress—displacement curves had peak strengths. All the
shear stress versus shear displacement curves developed
along a similar slope before the peak stress points, and
dropped abruptly after the peak strength. So the failure
mechanism of Q, loess under direct shear can be classified
as brittle failure regardless of sampling direction. The
ratios of the mean stiffness of vertical samples to that of
horizontal samples were about unity, which means no
difference in different directions.

The results shown in Table 8 indicate that both the peak
shear strength and the residual strength in the vertical
direction are slightly larger than those in the horizontal

direction. However, for the average shear strength param-
eters, there is a large difference between different direc-
tions. As can be seen from Table 9, the mean peak and
residual cohesions in the vertical direction are approxi-
mately 1.2 times larger than those in the horizontal direc-
tion, while the mean peak internal friction angle (¢p) and
the mean residual internal friction angle (¢g) in the vertical
direction are 0.9 and 1.0 of those in horizontal direction,
respectively. This indicates that vertical sampling would
generally yield higher peak cohesion but a lower peak
angle of internal friction compared to horizontal sampling.
For the residual shear parameters, the cohesion of vertically
oriented samples would be slightly higher than the hori-
zontally oriented samples, while the internal friction angle
remains unchanged. The findings of this research are con-
sistent with those reported by others (for example, Qian
et al. 1985; Qiao and Li 1990).

@ Springer



118 Q. Liang et al.
‘ # peak strength ® residual strength ‘ . }.}ﬁjﬂg
1.0 CRE 2 I 2 T | 4 HA-300
500 y=0.7293x + 185.29 ,({;(ﬂl ¢ 0‘5;;“ TTIITSIIeT e
£ a . . L3 « %
400 R =09732 /:p 1iiidesatuaginss |t b
< 30 o 03T 4 g
< 1y + HC.
< 200 =0.6811x+ 66.444 i / + HC.200
- 100 y=RoeL X - ﬁ/ o HC-300
R™=0.9966 "2 0.0 + HC-400
0 . . . . . L f ) ) - % VD-100
0 50 100 150 200 250 300 350 400 ( 1795 )imax J 24 E 4 3 * VD-200
$h % Vb
(a) @ Gk 05E NN Ve
. i 3
] "ESENE Ny £394% |+ VE300
‘g}, q:ﬁiiiﬂ iiiss ,”: + VE-400
: . »ebEk 53534411 4
‘ # peak srength ® residual strength ‘ -1.0 \CJ S 1IN BERrl : 3?338
il » VE-300
* VF-400
500 y=0.6168x+199.9
400 R*=0.9997 . . .
93 300 Fig. 9 The envelopes of the normalized stress and strain curves
200 y=0.683x+73.833 under different confined pressures. Note HA-100 means the sample A
100 R*=0.9501 in horizontally oriented sample A subjected to a confined pressure of
00 50 100 150 200 250 300 350 400 100 kPa, while VD-100 means the sample D in vertically oriented
sample D subjected a confined pressure of 100 kPa
b o (kPa) p ] p

Fig. 8 The direct shear strength of samples. a Regression of shear
strength parameters of horizontal sample DA; b regression of shear
strength parameters of vertical sample DE

The ratio of peak cohesion to residual cohesion of Q,
loess varied from 2.6 to 2.3 for horizontal samples and 2.5
to 3.0 for the vertical samples. The mean peak cohesions of
both vertical samples and horizontal samples was about
2.8-2.9 times larger than the residual cohesions, while the
differences in the internal friction angle in two directions
were much smaller compared with the cohesions.

Shear strength by unconsolidated and undrained triaxial
shear

The normalized stress and strain curves of the samples in
horizontal and vertical directions under different confined
pressures are plotted in Fig. 9. It shows that the differences
of failure strains at the normalized peak stress was very
small (2.1 and 1.9 % for horizontal and vertical samples,
respectively), which means that the anisotropy of the tri-
axial shear behaviourss of the Q, loess in this study mainly
depends on the axial stress while the failure strains are at
the same levels. The upper limit of the envelopes denotes
strain-hardening under higher confined pressures, while the
bottom limit of the envelopes indicates strain-softening
under lower confined pressures. The average gradients of
the stress and strain curves (for both the horizontal and
vertical samples) below the normalized peak stress seemed
to be a constant (0.5 %). The deformation behaviours
under triaxial compression was much different from that
under unconfined compression (presented in Table 6;
Fig. 6), which may be attributed to the structural strength
of the over-consolidated Q, loess when the samples is
under zero or low confined pressures.

The results of unconsolidated and undrained triaxial
tests are plotted in Fig. 10. As Table 10 shows, the dif-
ference between the horizontal and vertical strengths of Q,
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Fig. 10 Triaxial shear strength of samples. a Regression of shear
strength parameters of horizontal sample TC; b regression of shear
strength parameters of vertical sample TF

loess reduces with increasing confining pressure. This
might be attributed to the damage or loss of inherent
structural strength, which may be related to geological age
and deposition environment. The values for frictional
resistance (¢ of about 29°-30°) are, indeed, indicative of
granular, non-cohesive loess material with a complete loss
of structural strength.

Although the mean peak strength and residual strength
in the horizontal and vertical directions did not show much
difference under different confining pressures, except at a
confining pressures of 100 kPa (see Table 10), both the
peak cohesions and residual cohesions of the vertically
oriented samples were approximately 1.4 times larger than
that of the horizontally oriented samplings (refer to
Table 11). While the mean peak internal friction angle of
the vertically oriented samples was about 4.5° or 13 %
lower than that of the horizontally oriented samples, the
difference for the mean residual internal friction angle was
only 1.5° or 5 %, which indicates that the differences
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Table 10 Mean strengths of the Confining pressure Horizontal sampling Vertical sampling V/H
horizontal and vertical sampling
at different confining pressures a3 (kPa) pp (kPa) pr (kPa) pp (kPa) pr (kPa) Peak Residual
determined via UUTS tests
100 858.73 540.2 956.2 612.1 1.11 1.13
200 1,227.1 800.2 1,295.9 855.9 1.06 1.07
300 1,407.6 1,046.2 1,401.5 1,071.2 1.00 1.02
400 1,698.1 1,277.1 1,583.4 1,282.9 0.93 1.00
Table 11 Shear strength parameters of the horizontal and vertical samples determined via UUTS tests
Samples  p (glem’) @ (%)  pg(glem’) e S (%)  Cp(kPa) @p(°) R Cr kPa)  o@r(®) R
Horizontal
TA 2.07 17.2 1.77 0.550 85.8 144.1 37.86 0.9922 67.1 34.60 0.9999
TB 2.06 17.5 1.75 0.564 85.1 169.0 36.85 0.9977 78.3 33.87 0.999
TC 2.09 16.8 1.79 0.533 86.3 164.0 30.40 0.9997 95.9 32.06 0.9946
Mean 2.07 17.2 1.77 0.549 85.7 159.0 35.04 - 80.4 33.51 -
Vertical
TD 2.09 16.9 1.79 0.535 86.9 207.4 32.49 0.9808 115.6 32.74 0.9946
TE 2.06 19.6 1.72 0.589 91.0 274.7 26.87 0.9582 111.7 30.07 0.9992
TF 2.08 18.7 1.75 0.563 90.8 197.1 32.20 0.9864 101.3 32.84 0.9975
Mean 2.08 18.39 1.75 0.56 89.56 226.4 30.52 - 109.5 31.89 -
V/H 1.43 0.87 - 1.36 0.95 -

between the residual strength in horizontal and vertical
directions may be ignored (Table 11). It needs be pointed
out that similar results were obtained from the direct shear
tests conducted in this research. Therefore, the anisotropy
of Q, loess was quite obvious for peak strength parameters,
especially for the peak cohesions.

The ratios of peak cohesion to residual cohesion of Q,
loess varied from 1.7 to 2.2 for horizontal samples and 1.8
to 2.5 for vertical samples, with a mean value of 2.0 and
2.1 for horizontal and vertical samples, respectively. These
ratios based on the UUTS tests are much smaller than those
obtained from the QDS tests. This difference can be
attributed to the inherent shortcomings of the direct shear
test, including shear failure occurring on a designated plane
that may not be the weakest one and changes in the area of
the shear surface during shearing.

Summary of the anisotropy of Q, loess

It is well known that the mechanical behaviours of loess are
very sensitive to its density, water content, percentage of
clayey grains, and microstructure (Feng and Zheng 1982;
Qian et al. 1985; Liu 1997; Xie 2001), which causes var-
iation in its mechanical parameters. This is supported by
the testing results presented in this paper, for example, the
0.2 % difference in water content between samples V7 and
V8led to a 49 % difference in UCS or a 30 % difference in
E.. Such variations make it hard to clearly identify the

Table 12 Comparison of the mean values of mechanical properties
of Q, loess in the horizontal and vertical directions

Parameter Unit Horizontal ~ Vertical V/H A (%)
aj_, MPa™! 0.208 0.228 1.10 10.0
Eg_» MPa 7.43 6.73 0.91 -9.0
uUCs kPa 512.0 687.1 1.34 34.0
Eso MPa 24.7 60.5 2.35 135.0
s - 0.26 0.30 1.16 16.0
& from UCT % 1.98 1.29 0.66 —34.0
Cp by QDS kPa 183.4 214.8 1.17 17.0
Cp by UUTS kPa 159.0 226.4 1.42 42.0
@p by QDS kPa 34.48 36.02 1.04 4.0
@p by UUTS kPa 35.04 30.52 0.87 —13.0
Cr by QDS ° 64.0 76.4 1.19 19.0
Cr by UUTS ° 80.4 109.5 1.36 36.0
@r by QDS ° 36.02 35.57 0.99 —-1.0
@r by UUTS ° 33.51 31.89 0.95 -5.0

Where A = (V — H) x 100 %/H

anisotropic behavior of Q, loess, despite anisotropy exist-
ing, especially with UCS, modulus of deformation, peak
cohesion and residual cohesion. The higher cohesions of
vertically oriented samples determined via QDS tests might
be partially attributed to their relatively lower water con-
tent, but the results of UUTS tests showed very obvious
differences between the vertical and horizontal directions.
Table 12 presents the anisotropy of Q, loess from various
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points of view using the mean parameters of all the above
tests, which may statistically prove the anisotropy of the Q,
loess in the Baijiapo Tunnel.

Discussion
Characteristics of Q, loess in the Baijiapo Tunnel

Comparison of the results of this study with those from
other areas in China (Table 13) reveals that water content,
UCS and the internal friction angle of Q, loess in the
Baijiapo Tunnel fall into the normal range reported by
other researchers, but Q, loess from the Baijiapo Tunnel
has much higher percentage of fine grains <0.005 mm,
with a higher density and cohesion, and lower void ratio.
For example, the residual cohesion of Q, loess in the
Baijiapo Tunnel was even larger than the peak cohesion of
Q> loess from other areas, and the peak cohesion of Q,
loess was at least twice that listed in Table 13. Since there
was limited description of sampling and test methods
related to the results presented in Table 12, it is not easy to
estimate the relationships between the physical properties
and mechanical behaviours, though many researches had
proved the importance of water content, density and per-
centage of clayey particles as they relate to strength and
deformation behaviours of loess (e.g., Qian et al. 1985;
Wang and Lin 1990; Li and Miao 2006).

Joints or fissures in loess and their effects
on mechanical properties

Sun (1997) might be the first in China to study joints or
fissures in loess, as early as in 1958 when he was investi-
gating the loess slopes in Northwestern China. His con-
clusions on joints in loess include: (1) the joints developed
in Q; and Q; loess were mainly structural or tectonic joints,
while column joints were mainly developed in Q5 (Manlan)
loess. All the joints in loess were uniquely uniformly dis-
tributed; (2) the structural joints in Q; and Q, loess might be
vertical or at about 30° to the vertical, giving an X-shaped
pattern in the horizontal view, indicating the shear or
compressive-shear mechanism; (3) there would be a dif-
ferent predominant occurrence of structural joints in Q; and
Q> loess in different areas, which has nothing to do with the
local topography, and this controls the development and
distribution of a gully or ground fissure; (4) gully distribu-
tion in loess also has a regular pattern with several pre-
dominant occurrences and uniformly distributed spacing,
around 400-500 m, which might have resulted from karst
development in the structural joints in loess (Sun 1997).
Wang (1996) investigated tens of thousands of in situ
joints in loess in many areas in China and classified joints
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Table 13 Parameter ranges of Q, loess from other areas in China

Source

op ()

Cp (kPa)

UCS (kPa)

€0

w (%)

p (g/em®)

Area

The st Design Institute of China

35.50-38.33

64.5-135.0
91.5-128.0

79.8

310-653
562-590

0.670-0.865

10.1-14.3
15.0-22.7

16.28
15.0

1.63-1.67

Guyuan, Ningxia

Ministry of Railway (1975)
Zhong (2008), Zhong et al. (2011)

Fang et al. (2009)

33.42-41.50

25.55

0.647-0.708
0.790
0.615

1.90-1.96

1.76
1.92

Yongshou, Shan’xi
Lishi, Shan’xi

30.1

53.2

Tongguan, Shan’xi

Wang and Lin (1990)

24.85 + 6.33
35 £ 6.69

91.6 £ 334

342.9 £ 202.0
560.0 £ 186.6

12.9 £ 4.55 0.884 £+ 0.074
0.763 £+ 0.052

1.63 + 0.087°
1.72 & 0.107

Upper Q; loess® (Q5")

144.5 £ 29.2

13.1 £ 5.04

Lower Q, loess® (Q,")

# Average values from different areas on the well-known Loess Plateau of China

® a mean of 1.63 and a standard of deviation of 0.087, similar to the others
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in loess into five types: (1) primary joints, (2) weathering
joints, (3) slumping joints, (4) collapsible joints and (5)
tectonic joints, among which the primary joints and
structural joints were universally developed and distributed
in all kinds of loess. Other three types of joints were dis-
tributed in very limited ranges and can be observed only in
the surface of a slope, steep gully and/or ground. The
primary joints in loess might be developed during loess
deposition and subsequent consolidation, and could not
break its single loess layer. The tectonic joints in loess
were mainly formed up to 3 m long during the tectonic
process in a fixed direction, and cutting through not only its
loess layer but also others. These joints form the path for
underground water, cavities, wells and pseudo-karst in
loess. As to the tectonic joints in Q; and Q, loess, the joints
plane was smooth and distinct like the shear joints in rock.
The average spacing of tectonic joints in Q; and Q, loess
was normally more than 0.8 m with sparse distribution.
While the tectonic joints in Q3 loess could be characterized
as an obscure and fractured joints plane, approximately
0.5 m in spacing, densely distributed, and <1 m in exten-
sion from the top to the bottom (Wang et al. 1994; Wang
1996).

Dijkstra et al. (1994) noticed the natural shear systems
and microfissures in Q, loess and Q loess in Lanzhou, and
discussed their effects on sampling, shear strength and
variations of loess based on the results of direct shear
testing, ring shear testing and in situ direct shear testing.
They found that the natural shear systems in loess resulted
in an increase in apparent effective internal friction angle
but an decrease in effective cohesion when the normal
stress was <200 kPa. However, if the normal stress was
larger than 200 kPa, both effective internal friction values
were very close to those of intact loess or loess without
natural shear systems (Dijkstra et al. 1994). The shear
strength obtained from the in situ direct shear test was
generally lower than that obtained by laboratory testing.
Thus, laboratory tests could be a good way to describe the
structural strength, but the in situ test should be closer to
the actual conditions of loess (Dijkstra 2001). The natural
shear systems described by Dijkstra et al. (1994) and Di-
jkstra (2001) actually have the same meanings as the joints
discussed by Sun (1997), Wang et al. (1994), Wang (1996)
and Lu et al. (2005) in terms of physical nature and
mechanical effects.

The above discussion indicates that the differences
between Q, loess in the Baijiapo Tunnel and Q, loess from
other areas in China could be attributed to the different
joint types and distribution, i.e., the joints in the Baijiapo
Q; loess are mainly the sparsely distributed primary and
tectonic joints, while the joints in other Q, loess listed in
Table 13 were a combination of different types of joints
(e.g., primary and tectonic joints with slumping joints or

weathering joints) due to their locations on a superficial
slope, in a gully or in shallow, buried ground, where the
loess might encounter much more water and stress distur-
bances. On the other hand, the primary and tectonic joints
in Q, loess deep-seated in the Baijiapo Tunnel act as the
drainage path for underground water, thus resulting in
uneven distribution in water content and density in each
loess block, though the stress relaxation effect on loess
after excavation is unclear. Hence, the anisotropic
mechanical properties of Q, loess discussed above can also
be caused by the three key factors: (a) consolidation con-
ditions due to deep burial depth, (b) joints and (c) stress
relaxation after excavation.

The importance of studying Q, loess anisotropy
in tunnel engineering

The parameters for calculating and designing tunnels in
loess are usually obtained by testing loess samples from
boreholes drilled vertically (i.e., perpendicular to the
ground surface), which means only vertically oriented
samples are taken into account in most studies. The use of
the test results of vertical samples may lead to an under-
estimate of the pressures on support structures. Although
the impact of ignoring the anisotropy of Q, loess on tunnel
design may be reduced by using a higher factor of safety or
a conservative, but uneconomic, design method, the
anisotropy of mechanical behaviours as well as tectonic
joints of deep-seated Q, or Q; loess may cause unstable
loess blocks and related uneven load on linings, crown
collapse, or fracture of tunnel sidewalls in loess (Wang
1996; Sun 1997). Based on the results presented in this
paper, the parameter values calculated based on test results
using conventional vertical sampling need to be justified.
From the results of Q, loess testing in this research, it is
recommended that Poisson’ ratio and the peak and residual
cohesion should be reduced by 10-30 %, and the modulus
of deformation and the coefficient of elastic resistance
reduced by at least 50 %. Modification of other parameters,
such as density and internal friction angle, are not required.
The difference of the failure strains under low confined
pressures between vertical and horizontal directions should
also be taken into account in designing and constructing
support structures for tunnels in loess.

Comprehensive shear strength parameters of Q, loess

As numerous studies consistently show, the density and
water content of loess (and nearly all clayey soils) are the
two key factors influencing strength. Even small differ-
ences in density and water content will cause significant
differences in its shear strength. Therefore, it is required
that the relative differences in density and water content
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Fig. 11 New method for calculating the shear strength parameters.
a Horizontally oriented samples; b vertically oriented sample; ¢ all
samples

should be <0.03 g/cm® and 2 %, respectively (Standard for
Soil Test Method GB/T50123-1999). However, samples
produced from a single loess block might have different
characteristics, reflecting variable depositional conditions,
sampling disturbance and directions, which would make it
difficult to determine suitable parameters for theoretical
calculations and engineering designing. Because the
anisotropy and dispersion of loess are both inherent and
inevitable, how to adequately make use of the limited intact
samples and their test results will always be a challenge.
Normally, this problem is solved by using the average
values of each set of tests. As for the shear strength
parameters of loess, the average values of cohesion and
internal friction angle from a single set of tests only rep-
resents the strength characteristics of a limited area around
the samples. For larger sampling scopes, due to the dif-
ferences in density and water content, the cumulative shear
strength is derived from all the soil blocks under various
pressures. Thus, a new method to determine the compre-
hensive shear strength parameters can be suggested, as
Fig. 11 shows, i.e., combine all the results of the different
confined pressures and their corresponding axial stresses
from all the horizontally oriented and the vertically ori-
ented sample testing. The parameters obtained by the new
method and conventional method of average values are
listed in Tables 14 and 15. It can be seen from these tables
that, except for the peak cohesions between the two
methods, the other three parameters are close with little
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Table 14 Shear strength parameters from the proposed method

Samples Cp (kPa) op (°) Cr (kPa) or ()
Y 220.9 30.95 104.8 32.33
H 123.0 37.87 79.7 33.58
Total 164.0 35.02 91.3 33.03

Table 15 Shear strength parameters from the conventional method

Samples Cp (kPa) op (°) Cr (kPa) or (°)
\Y% 226.4 30.52 109.5 31.89
H 159.0 35.04 80.4 3351
Total 192.7 32.78 95.0 32.70

differences (within 10 %). Furthermore, this new method
gives a larger internal friction angle but smaller cohesion
for horizontally oriented samples (i.e., —22.6 % for H and
—14.9 % for total). This study suggests that the parameters
presented in Table 14 in bold face letters can be
recommended.

Conclusions

The anisotropic behaviour of deep-seated Q, loess in the
Baijiapo Tunnel on the Lanyu Railway in China was
investigated by a series of laboratory tests including OQC
compression, unconfined compression, QDS and triaxial
shear tests. Comparative study on the Q, loess with other
Q> loess reported in the literature revealed several inter-
esting characteristics as follows:

1. A much finer clay-size fraction, a higher density (and
related dry density) and degree of saturation, and a
lower void ratio were seldom found in other literature.
The mean index of liquidity was 0.19 with most
samples lower than 0.25. This made it very hard for
in situ sampling and laboratory test preparation.

2. Q, loess can be classified as having medium com-

pressibility, according to its coefficient of compression
and modulus of compression. The anisotropy of
compressibility under consolidation pressures below
300 kPa was greater than that above 300 kPa. The
ratios of the coefficient of compression and modulus of
compression in the vertical direction compared to
those in the horizontal direction were no more than
1.17.

3. Samples in vertical and horizontal directions demon-

stated a brittle failure mechanism with small strains.
The ratio (averages of all the samples) of UCS and
modulus of deformation in the vertical direction to
those in horizontal direction were 1.34 and 2.45,
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respectively. This large difference reflects much lower
resultant strains in the vertical directions, as do the
16-23 % Poisson’s ratios in the vertical direction,
which are also larger than those in the horizontal
direction.

4. All the failure modes of samples in both directions
were brittle shear or strain-softening with outstanding
peak strength, no matter how high the normal stress or
confined pressure. Although the anisotropy of peak or
residual shear strength in both shear tests showed a
difference of <15 %, the peak and residual cohesions
in the vertical direction were much bigger than those in
the horizontal direction, i.e., 36 and 42 %, respec-
tively, by triaxial testing, and 17 and 19 %, respec-
tively, by direct shear testing. Anisotropy of the
internal friction angle was small compared with those
of peak cohesions. The mean ratio of peak cohesion to
residual cohesion was 2.1. The peak and residual
cohesion, as well as void ratio, of the Q, loess in the
Baijiapo Tunnel exceeded the statistical scope of much
of the existing research.

5. The design parameters obtained from the laboratory
tests using conventional (i.e., vertically oriented)
samples should be justified. Based on the laboratory
test results presented in this paper, it is suggested that,
for the vertically oriented samples, the cohesion and
Poisson’ ratio should be reduced by 10-30 %, and
modulus of deformation and coefficient of elastic
resistance be reduced by at least 50 %. No changes are
needed for density and internal friction angle.
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