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Abstract

The excavation of a pit or tunnel induces stress disturbances in soils under different stress paths. The cyclic deformation
behaviour of soft clay would be affected by the induced stress disturbances. A series of undrained cyclic triaxial tests were
performed on a normally consolidated kaolin clay. The stress disturbance was simulated by changing the radial and axial
stresses between loading cycles under different stress paths. The effects of stress disturbance schemes on the axial strain
and excess pore water pressure accumulation in the clay were presented and discussed. The results indicate that for the
samples experiencing stress disturbance with no change in static deviatoric stress, during the subsequent bundle of loading
cycles, the axial strain and excess pore water pressure accumulate slightly in the early few cycles and then roughly follow
the accumulation tendency similar to that of the sample under continuous cyclic loading. If the static deviatoric stress
reduces, after including stress disturbance, axial strain and excess pore water pressure accumulate slightly in the early few
cycles and keep almost constant afterwards, regardless of stress disturbance schemes. The accumulation rates of axial strain
and excess pore water pressure during the subsequent loading cycles increase if positive static deviatoric stress is induced,
and the greater the induced additional static deviatoric stress, the greater the strain accumulation. The axial strain accu-
mulation is governed by static deviatoric stress ratio (¢/p"), and independent to stress disturbance schemes. Based on the
variation of axial strain accumulation under different stress disturbance schemes, two examples are presented to explain the
impact of nearby excavations to the long-term deformation of existing tunnels under cyclic loading.

Keywords Cyclic triaxial tests - Long-term settlement of tunnels - Soft clay - Stress disturbance

1 Introduction

Big cities in coastal areas are under the pressure of traffic
congestion. More and more pits and tunnels will be
inevitably constructed nearby existing roads, railways and
tunnels which are subjected to long-term repeated loading.
The construction activities will change the stress states in
soils along different stress paths and affect the cyclic
deformation behaviour of soils, especially soft clays.
Understanding the cyclic deformation behaviour of soft
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clay with stress disturbances between loading cycles is
critical for estimating repeated loading-induced long-term
settlement of existing structures adjacent to new
excavations.

Large unexpected long-term settlement of roads or
tunnels in soft clay has been observed after opening to
traffic [3, 25, 33, 35]. Previous studies have illustrated that
traffic loading is one of the reasons for the large settlement
[2, 6, 21, 22]. For example, Chai and Miura [3] analysed
the long-term settlement of Saga Airport Road in highly
compressible Ariake clay. The author sclaimed that the
traffic loading-induced settlement can reach about 225 mm
within four years after opening to traffic. Ren et al. [24]
reported that the settlement of Shanghai metro line 1
developed about 60 mm during the first 8 months of
operation in 1995, but very limited settlement was
observed before that. Ge et al. [9] investigated the settle-
ment of Shanghai metro line 9 and claimed that the traffic
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loading-induced settlement would be over two-thirds of the
total post-construction settlement. Yang and Cui [34]
evaluated the traffic loading-induced settlement of a rail-
way in soft clay and reported that under the train speed of
about 400 km/h, the settlement developed in the track is
about 35 mm within 10,000 train passes.

To evaluate the long-term settlement of road or tunnel
subjected to repeated loading, cyclic tests are normally
required to determine the deformation behaviour of soft
clays. It has been well recognised that the undrained cyclic
deformation characteristics of soils highly depend on the
stress state and the amplitude of cyclic stress
[2, 12, 15, 21, 30, 31]. Qian et al. [23] performed a series of
undrained cyclic tests on Shanghai clay under various
effective mean consolidation stresses and cyclic stress
ratios (the ratio of cyclic stress to effective mean consoli-
dation stress). The authors claimed that the undrained strain
accumulation can be described using shakedown theory.
For soils subjected to small cyclic stress ratio, axial strain
accumulation is attributed to the adjustment in
microstructure, and increment of plastic strain per each
cycle tends to be negligible as loading cycles continue.
Yang and Cui [34] studied the cyclic deformation beha-
viour of soft clay under intermittent cyclic loading and
found that the accumulated plastic strain increases expo-
nentially with the increase of cyclic stress ratio. Hyodo
et al. [14] and Chen et al. [4] claimed that applying greater
static deviatoric stress results in greater axial strain accu-
mulation as the stress state in the sample gets closer to the
failure envelope of the soil. To consider the effects of stress
rotation in traffic loading on the deformation behaviour of
soft clay, Wang et al. [31] carried out a series of cyclic
torsional shearing tests on Wenzhou clay using a hollow
cylinder apparatus. The authors reported that the stress—
strain curves of the clay are governed by the amplitude of
cyclic stress and initial confining pressure. The finding was
supported by Qian et al. [23] with a series of cyclic tor-
sional shearing tests on Shanghai clay.

As suggested by Shen et al. [25] and Ou et al. [18], in
addition to cyclic loading, the disturbance from nearby
construction is also a possible reason for such unexpected
greater settlement of metro tunnels or railways. This is
because the construction activities change the stress states
in soils under different stress paths [10, 17, 26-28, 36] and
affect the cyclic deformation characteristics of soils within
the influenced zones. This means that the effects of
including various stress disturbances between loading
cycles should be considered in analysing the soil’s defor-
mation behaviour under subsequent cyclic loadings.

For existing studies on cyclic tests, however, the cell
pressure and initial static deviatoric stresses were kept
unchanged during cyclic loading process; therefore, the
stress disturbance-induced soil deformation under cyclic
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loading has not been considered. There are very limited
studies on the effects of including stress disturbance
between loading cycles on the long-term deformation
behaviour of soft clay. Liu et al. [16] considered the effects
of unloading lateral stress between loading cycles on the
deformation of a kaolin clay. The authors reported that
including lateral unloading increases the strain accumula-
tion and the greater the reduction in lateral stress, the
greater the strain accumulation during the subsequent
loading cycles. However, the work is limited to lateral
unloading, whilst the stress state in soil may be disturbed in
different stress paths, i.e. the static deviatoric stress would
decrease, increase or remain unchanged during stress dis-
turbance. The effects of stress disturbance under different
stress paths on the deformation behaviour of soft clay
under cyclic loading need to be further investigated.

To identify the effects of including various stress dis-
turbances between loading cycles on the long-term defor-
mation behaviour of soft clay, this paper reports the results
of a series of undrained cyclic triaxial tests on a normally
consolidated kaolin clay. The stress disturbance is simu-
lated by changing radial and axial stresses with different
magnitudes between loading cycles. The axial strain and
excess pore water pressure (EPWP) accumulations are
presented and discussed under different stress disturbance
schemes, to consider the effects of decreasing, increasing
or maintaining static deviatoric stress between loading
cycles. The results are used to demonstrate the possible
impact of the excavation of a new pit or tunnel on traf-
fic loading-induced settlement of existing tunnels consid-
ering the relative locations of the existing tunnels to the
new projects.

2 Sample preparation and test program
2.1 Sample preparation

The material used in the test is a kaolin clay with a specific
gravity of 2.6. The plastic limit and liquid limit are about
35% and 75%, respectively, with a plasticity index (PI) of
about 40%. Kaolin slurry with the water content of about
two times of liquid limit was put into a Perspex tube with
an internal diameter of 50 mm to prepare cylindrical
samples. After being one-dimensionally consolidated under
the vertical surcharge of about 100 kPa, the samples were
extruded from the tube. The heights of the samples range
from 59 to 71 mm. According to Wichtmann et al. [32], the
dimensions of samples would have limited effects on the
response of clay under cyclic triaxial loading. Samples of
different heights have also been used by Jamali et al. [15],
therefore the samples were not trimmed to the same height
after pre-consolidation. The samples were then saturated in
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the triaxial cell under a back pressure of 300 kPa and
effective confining pressure of 20 kPa to reach a Skemp-
ton’s B value of at least 0.98. The samples were isotropi-
cally consolidated under the effective confining pressure of
100 kPa, followed by anisotropic consolidation to the
deviatoric stress of 25 kPa. As recommended by Liu et al.
[16], a few pieces of filter paper strips were put along the
sides of samples to accelerate the saturation and consoli-
dation process. Consolidation duration was kept long
enough to allow the full dissipation of excess pore water
pressures in all samples. In addition, possible creep was
allowed in samples. The axial strain at the end of consol-
idation is 0.006-0.013% per hour (except DD2 which is
with the strain rate of 0.018% per hour due to less con-
solidation duration). This means that all samples have
completed primary consolidation and have similar consol-
idation results.

2.2 Test program

The tests were performed using an advanced Dynamic
Triaxial Testing System manufactured by GDS Instruments
Ltd., UK. This system is capable of performing both axial
force and displacement-controlled cyclic loading tests, with
the frequency up to 5 Hz. More details about this system
can be found in the work of Qian et al. [21].

After being consolidated, the samples were subjected to
5000 sinusoidal loading cycles under the loading frequency
of 0.5 Hz and peak—peak amplitude of 20 kPa. In general,
frequency has limited effects on the cyclic behaviour of
soft clay under undrained condition [13, 23]. According to
Yang et al. [35], the traffic loading frequency of Shanghai
metro ranges from 0.2 to 3 Hz when train speed increases
from 20 to 80 km/h. The loading frequency of 0.5 Hz used
in this study falls in the above range. Yang et al. [35]
calculated Shanghai metro traffic loading in soils at about
11.5 m blow ground surface and found that the vertical
cyclic stress is about 14 kPa and shear stress is about
4.5 kPa. Considering in triaxial cell the difficulty in sim-
ulating stress rotation which could enlarge strain accumu-
lation [23], the vertical cyclic stress of 20 kPa is adopted,
which is greater than the value calculated by Yang et al.
[35]. This results in a cyclic stress ratio (the amplitude of
cyclic stress to effective mean stress) of about 0.18, which
falls in the range of 0.07 to 0.4 as used by Qian et al. [23] in
investigating the deformation behaviour of Shanghai clay
subjected to traffic loading. The cyclic loading was applied
in axial direction under one-way loading pattern and no
tensile stress was induced to the samples. Subsequently, the
axial and radial stresses were changed in different stress
paths to simulate different stress disturbances caused by
construction activities, followed by the second bundle of
5000 loading cycles. Static stress disturbance was achieved

by increasing or decreasing axial load and cell pressure.
The test schemes are summarised in Table 1, in which the
effective mean stress p’ and deviatoric stress g are defined
as:

;L ‘7/1 + 20/3

. (1)

and

q= ‘7/1 - 0'/3 (2)
where " and o3’ are the effective major and minor prin-
cipal stresses, respectively. In the table, the tests are named
based on the change of static deviatoric stress after
including stress disturbance. UD, DD and AD refer to no
change, increase and decrease in static deviatoric stress,
respectively.

As recommended by Liu et al. [16], after including the
stress disturbances into the samples, the static deviatoric
stresses were held for about 10 min to allow the stabi-
lization of induced EPWP before applying subsequent
bundle of loading cycles. Due to the low permeability of
kaolin clay, the drainage valves were closed during all
loading stages to simulate an undrained condition. Similar
undrained condition has been widely adopted in analysing
the construction process of pits or tunnels in soft clay
[5, 7]. To simulate the long-term drainage process during
construction and cyclic loading durations, a coupled drai-
nage and cyclic loading condition should be considered. In
this study, however, only undrained condition is
considered.

Undrained monotonic triaxial tests were performed on
isotropically consolidated samples (g = 0 kPa) under dif-
ferent effective confining pressures to obtain the strength
parameters of the kaolin clay. The effective friction angle
(¢p.) was determined to be about 24.5°, resulting in a slope
of about 0.96 for the critical state line (CSL) in the p'-¢q
space.

3 Results and discussion

This section presents and discusses the axial strain and
EPWP accumulations in the clay samples subjected to
various stress disturbances between loading cycles. Table 2
illustrates the axial strain and EPWP developed in each
loading stage. For consistency, the axial strains due to
monotonic stress disturbances are excluded from the
accumulated strains in all the analyses as recommended by
Liu et al. [16].

According to Huang et al. [10] and Verruijt [27], the
construction of a pit or tunnel will change the stress states
in soils along different stress paths, i.e. the static deviatoric
stress would decrease (for the soil directly above or below
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Table 1 Undrained cyclic triaxial tests series

D o, (kPa) o3’ (kPa) qlp’ Aocs (kPa) Ao, (kPa) Ag
UD1 125 100 0.23 - - -
UD2 125 100 0.23 - 20 - 20 0
DDI 125 100 0.23 — 10 —20 - 10
DD2 125 100 0.23 + 10 - 10 - 20
DD3 125 100 0.23 + 10 0 - 10
ADI1 125 100 0.23 —15 - 10

AD2 125 100 0.23 -5 0

AD3 125 100 0.23 0 +35

AD4 125 100 0.23 - 30 - 20 10
AD5 125 100 0.23 - 20 - 10 10
AD6 125 100 0.23 + 10 + 20 10
AD7 125 100 0.23 -5 +35 10
AD8 125 100 0.23 - 10 0 10
AD9 125 100 0.23 0 10 10
ADI10 125 100 0.23 -5 + 10 15
ADI11 125 100 0.23 — 15 0 15
ADI2 125 100 0.23 0 + 15 15
ADI13 125 100 0.23 -5 + 15 20
o/, o3’ and the static deviatoric stress ratios (¢/p’) refer to the stress states in samples before applying any cyclic loading; “ — ” and “ + 7

denote the decreasing or increasing of stress, respectively; Ac; and Ac; are magnitudes of variation in axial stress (total major principal stress)
and radial stress (total minor principal stress), respectively; 4gq is the induced additional static deviatoric stress due to the stress disturbance

excavation), increase (for soil next to excavation) or
remain unchanged (for soil in some other influenced zone
or far away from excavation). Therefore, the tests results
are presented in three categories: undisturbed or no induced
static deviatoric stress (UD), decreasing static deviatoric
stress (DD) and increasing static deviatoric stress (AD) to
analyse the possible effects of nearby excavation on the
cyclic loading-induced settlement of existing structures.
The additional stress induced by the construction of a pit or
tunnel will be discussed in more details later.

3.1 Variation of strain and EPWP
3.1.1 No induced static deviatoric stress

Two scenarios were considered in the tests: a sample
(UD1) under continuous cyclic loading with no static stress
disturbance, and a sample (UD2) with static stress distur-
bances but with no change in deviatoric stress between
loading cycles.

Figure la illustrates stress—strain curve in the sample
(UD1) without any stress disturbance, i.e. under continuous
cyclic loading. The stress—strain curve loops are wide open
in the first few cycles and become narrower as loading
cycles continue. This suggests that the axial strain
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accumulation develops sharply in the early few cycles and
then tends to increase at a diminishing rate afterwards,
which is better shown in Fig. 1b. The similar accumulation
tendency is also observed with respect to EPWP. Since no
stress disturbance is induced to the sample, the axial strain
and EPWP accumulate continuously and steadily during
the whole loading period. Figure 1c reveals the effective
stress paths in the sample. As loading cycles continue, with
the accumulation of EPWP, the effective stress state moves
continuously and steadily towards CSL as no stress dis-
turbance is interspersed between loading cycles.

Figure 2a reveals the stress—strain curve of the sample
(UD2) with an isotropic unloading of 20 kPa, with no
induced static deviatoric stress in the sample during the
stress disturbance. As can be seen, the stress—strain hys-
teretic loop re-opens in the 5001 cycle, suggesting plastic
strain accumulation. Such phenomena can be better found
in Fig. 2b which illustrates the axial strain and EPWP
accumulations in the sample. The axial strain accumulation
experiences a slight increase after applying such stress
disturbance and then roughly follows the accumulation
tendency observed in the sample UD1 as shown in Fig. 1.

Since the stress disturbance is applied under an
undrained condition and the sample has a high Skempton’s
B value (greater than 0.98), as illustrated in Fig. 2b and
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Table 2 The axial strain and EPWP developed during each bundle of loading cycles and stress disturbance stage

ID 1 — 5000 cycles Stress disturbance After stress disturbance 5001 — 10,000 cycles
ei_so0 EPWP, g/ (%) EPWP® o oz o/ o p qkPa) g/ eswi-1000 EPWP,
(%) (kPa) p (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) Pt (%) (kPa)
UDl  0.30 16.1 027 - - 425 300 109.0 840 923 250 0.27 0.032 0.4
UuD2 0.31 15.0 027 —0.035 —199 405 280 1102 852 935 250 0.27 0.036 4.9
DDl 0.26 15.0 027 —0.082 —16.8 405 290 106.6 925 972 140 0.14 0.02 5.1
DD2 0.33 17.5 028 —0215 -—24 415 310 99.1 939 956 52 0.05 0.01 6.5
DD3  0.27 15.8 027 —0.067 1.5 425 310 108.5 932 983 152 0.16 0.02 4.8
AD1  0.22 13.7 026 —0.006 — 134 415 285 1149 847 948 302 032 0.19 6.8
AD2  0.23 14.7 0.27 0.003 —49 425 295 115.1 849 950 302 032 0.19 7.2
AD3 0.22 15.2 0.27 0.009 — 04 430 300 1172 869 97.0 303 031 0.19 8.1
AD4  0.26 134 026 —0.009 —24.6 405 270 116.7 815 932 352 0.38 0.89 14.3
AD5 0.29 15.6 0.27 0.007 — 162 415 280 1149 798 915 35.1 0.38 1.05 16.1
AD6  0.30 16.4 0.27 0.007 9.6 445 310 1204  85.1 969 352 036 0.59 144
AD7  0.24 13.6 0.26 0.018 - 33 430 295 1206 853 970 353 0.36 0.63 14.2
AD8  0.20 14.3 0.27 0.012 — 64 425 290 118.7 836 953 351 037 0.57 12.3
AD9  0.23 13.3 0.26 0.024 1.3 435 300 121.0 856 974 354 0.36 0.93 17.2
AD10 0.30 15.5 0.27 0.050 — 04 435 295 1225 822 956 402 042 197 23.9
ADI1 0.28 14.4 0.27 0.040 - 9.6 425 285 1204 803 93.6 40.1 043 271 26.5
ADI2 0.23 14.9 0.27 0.039 35 440 300 1222 819 953 402 042 194 25.0
ADI13 0.27 13.8 0.26 0.201 2.3 440 295 1255 804 954 451 047 >5 > 40

e1-s000 and &soo1_10,000 refer to the axial strains during the first bundle of 5000 cycles (1-5000) and the second bundle of 5000 cycles
(5001-10,000), respectively; EPWP; and EPWP, are the excess pore water pressures developed during the first bundle of 5000 cycles and the

second bundle of 5000 cycles, respectively; 5 and EPWP® refer to the axial strain and excess pore water pressure induced by applying stress

sa

disturbance; g¢/p

and ¢/p’" correspond to the stress states before including stress disturbance (or after the first bundle of 5000 cycles) and those

after including stress disturbance (at the beginning of the 5001* cycle), respectively; o, and o are total major principal stress (axial stress) and

minor principal stress (confining stress), respectively

Table 2, the pore water pressure in the sample decreases by
about 19.9 kPa which is almost the same with the reduction
of cell pressure (20 kPa). During the subsequent bundle of
loading cycles, similar to axial strain accumulation, EPWP
develops slightly in the first few cycles and then roughly
follows the accumulation tendency in the sample UD1.
The equivalent reduction in pore water pressure means
that including isotropic stress disturbance leads no change
of stress state in the sample. For example, as indicated in
Table 2, the static deviatoric stress ratio (¢/p’) in the sample
UD2 at the beginning of 5001% cycle is about 0.27 which is
almost the same with that at the end of the 5000™ cycle.
This can also be found in Fig. 2¢ which shows the effective
stress paths during cyclic loading stages before and after
applying stress disturbance. The stress state is almost
unchanged due to applying such stress disturbance. During
the subsequent bundle of loading cycles, the stress state in
the sample moves steadily towards the CSL, which is
similar to that observed in Fig. lc. Such phenomenon
suggests that the slight increase of axial strain accumula-
tion in the early few cycles after including the stress dis-
turbance would not be attributed to the increase of static

deviatoric stress ratio in soil. The increment may be
because of the soil’s ability in memorizing the previous
loading history. Due to the application of the stress dis-
turbance, part of the memory in the sample on cyclic
behaviour has been erased and the stable state developed in
the previous cyclic loading stage is disturbed. Therefore,
further cycles are required to reach a new stable state which
involves the excess accumulation of strains during the
loading cycles after the stress disturbance.

As illustrated in Table 2, the axial strain accumulation
developed in the second bundle of 5000 cycles
(5001-10,000) in the sample UD2 is about 0.036%, which
is similar with that observed in the sample UD1 (0.032%).
This means that the axial strain accumulation is hardly
affected by stress disturbance if there is no change in static
deviatoric stress under undrained condition. Such a phe-
nomenon may suggest that when estimating the long-term
settlement of existing structures subjected to cyclic load-
ing, it is acceptable to ignore the stress disturbance if the
stress disturbance induces no additional static deviatoric
stress in soil.
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Fig. 1 a The stress—strain curve, b the axial strain and EPWP
accumulation and c effective stress paths in the sample (UD1) under
continuous cyclic loading

3.1.2 Decrease static deviatoric stress
Figure 3a illustrates the stress—strain curve observed in the

sample (DD1) with the reductions of 20 kPa in major
principal stress and 10 kPa in minor principal stress,
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Fig. 2 a The stress—strain curve, b the axial strain and EPWP
accumulation and c¢ effective stress paths in the sample (UD2)
experiencing stress disturbance with no change in static deviatoric
stress

resulting in the drop of 10 kPa in static deviatoric stress. As
can be seen, the stress—strain loop in the sample opens up
slightly in the first few cycles after the stress disturbance
and closes up quickly afterwards, suggesting that further
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Fig. 3 a The stress—strain curve and b the effective stress paths in the
sample (DD1) subjected to a reduction of static deviatoric stress
between loading cycles

loading cycles do not lead to greater accumulation of axial
strain. This is better shown in Fig. 4a in which after
including the stress disturbance, the axial strain accumu-
lates slightly in the early few cycles and then keeps almost
unchanged afterwards, even there is a large drop of EPWP.
The reason for such phenomenon can be explained in
Fig. 3b which reveals the effective stress paths in the
sample. After including such stress disturbance, the stress
state moves away from CSL, for example, the static devi-
atoric stress ratio (¢/p’) decreases from 0.27 at the end of
the 5000™ cycle to 0.14 at the beginning of the 5001
cycle. This leads to the reduction of peak deviatoric stress
(cyclic stress plus initial deviatoric stress) after applying
stress disturbance; therefore, much less strain has been
accumulated in the subsequent bundle of loading cycles.
Such elimination of axial strain accumulation after a small
number of cycles may suggest that compared with that in
the samples under continuous cyclic loading, plastic
deformation in the samples experiencing static deviatoric
stress reduction between loading cycles would be less if
loading cycles are large enough.

Figure 4b, c reveals the axial strain and EPWP accu-
mulations in the samples DD2 and DD3, respectively. In

the two samples, the lateral stress increased by 10 kPa, and
the axial stress in the sample DD2 decreased by about
10 kPa and that in the sample DD3 did not change. This
results in the decrements of static deviatoric stress by
20 kPa (sample DD2) and 10 kPa (sample DD3), respec-
tively. The pore water pressures in the samples increase
slightly after the stress disturbance as shown in the fig-
ures and Table 2. Similar to that in the sample DDI, the
axial strains in the two samples increase slightly in the first
few cycles and then keep almost constant as cyclic loading
continues. This means that as illustrated in Table 2, very
limited axial strains accumulate in the samples in the fol-
lowing cyclic loading stage after reducing the static devi-
atoric stress. The elimination of axial strain accumulation
after including such stress disturbance indicates that it may
be acceptable to ignore such unloading effect when ana-
lysing the repeated loading-induced long-term settlement
of existing structures.

3.1.3 Increase static deviatoric stress

Figure 5a illustrates the stress—strain curve of the sample
AD7. The sample experienced the reduction of 5 kPa in
lateral stress and increase of 5 kPa in axial stress, resulting
in the increment of static deviatoric stress by 10 kPa. As
can be seen, before including the stress disturbance, the
stress—strain curve loop becomes narrower, suggesting that
axial strain accumulation rate decreases as cyclic loading
continues. After increasing the static deviatoric stress,
however, the stress—strain curve loops open up greatly and
are even greater than the size of the loop in the first loading
cycle. The plastic axial strain developed in the 5001% cycle
is about 0.017%, and it is about 0.012% during the 1%
cycle, as shown in Fig. 6a. This suggests that the axial
strain accumulation in the sample is enlarged due to the
stress disturbance. This is because as illustrated in Fig. 5b,
the stress state gets closer to CSL after including such
stress disturbance, for example, the static deviatoric stress
ratio (¢/p’) increases from 0.26 at the end of the 5000™
cycle to 0.36 at the beginning of 5001* cycle, which is also
shown in Table 2.

Figure 6 also illustrates the axial strain and EPWP
accumulations of two other samples (AD11 and AD14))
that have been subjected to the same reduction (5 kPa) in
lateral stress but different increases in axial stress: 10 kPa
in ADI11 and 15 kPa in AD14. This results in the increases
in static deviatoric stress by 15 kPa in AD11 and 20 kPa in
AD 14, respectively, as shown in Table 2. The figure and
the table suggest that the greater the induced additional
static deviatoric stress (Ag), the greater the axial strain and
EPWP accumulations in the subsequent bundle of loading
cycles. For example, the axial strain accumulations during
the subsequent 5000 cycles are about 0.63% (sample AD7,
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Fig. 4 The axial strain and EPWP accumulations in samples subjected to different amplitude of reduction in static deviatoric stress between

loading cycles

Ag =10 kPa) and 1.97% (sample AD11, Ag = 15 kPa),
respectively. For the sample (AD14) with the increment of
15 kPa in axial stress (Ag = 20 kPa), the axial strain
increases sharply with loading cycles and the sample fails
within 573 loading cycles. Similar trend in EPWP accu-
mulation can also be observed in Fig. 6b and Table 2. The
increments of axial strain and EPWP accumulations under
the subsequent bundle of loading cycles suggest that, if
static deviatoric stress is anticipated to increase, then its
effect should be considered in analysing the deformation of
ground under cyclic loading condition.

Similarly, under other schemes of stress disturbance, as
revealed in Table 2, the axial stain and EPWP accumula-
tions increase with the induced additional static deviatoric
stresses (Ag). The greater the Ag, the greater is the incre-
ment. This can be better found in Fig. 7a which illustrates
the axial strain accumulations developed in the second
bundle of 5000 cycles (5001-10,000) in the samples with
static deviatoric stress increasing. The axial strains are
normalized by those developed in the first bundle of 5000
cycles (1-5000). As can be seen, under various stress
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disturbances, axial strain accumulates almost exponentially
with the induced additional static deviatoric stress.

Figure 7a also shows that, the normalized axial strains
developed in the second bundle of 5000 -cycles
(5001-10,00) could be different even under the same
induced additional static deviatoric stress level (particu-
larly at great Aqg conditions) and have no clear relationship
with stress disturbance schemes. For example, under
Ag = 10 kPa, the normalized strain varies between 2 and 4
for different samples. This is because as revealed in
Table 2, even at the same Ag condition, the effective mean
stress (p') is slightly different. This leads to the slight
variation of the static deviatoric stress ratio (¢/p’) at the
beginning of the 5001* cycle even under the same
Ag condition. According to Chen et al. [4], under contin-
uous cyclic loading, axial strain and EPWP accumulation
increases with static deviatoric stress ratio as the stress
state gets closer to the failure envelope of the soil.

Figure 7b shows the dependence of normalized axial
strain accumulation on static deviatoric stress ratio. It is to
note that, in the figure, all the samples were under almost
the same stress state (g/p’ = 0.26-0.27) before applying
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sample (AD7) subjected to an increase of static deviatoric stress
between loading cycles

stress disturbance as shown in Table 2. As can be seen, the
strain accumulations developed in the subsequent cycles
have a near exponential relationship with the static devia-
toric stress ratio (¢/p’), regardless of the stress disturbance
schemes. Such exponential relationship suggests that under
the same increment of static deviatoric stress, small vari-
ation in p’ value induced by any other disturbance, such as
EPWP, could lead to notable variation in axial strain
developed in the subsequent cycles as seen in Fig. 7a. In
addition, the exponential relationship supports the claims
by Liu et al. [16] that, the enlargement of axial strain and
EPWP accumulation after including stress disturbance
between loading cycles is attributed to the increase of static
deviatoric stress ratio (¢/p’) and soil’s ability in memoriz-
ing the previous loading history, as the soil’s ability in
memorizing the previous loading history increases with the
increase of static deviatoric stress.

The reason why the stress disturbance schemes have
little effect on the relationship between the strain accu-
mulation and the static deviatoric stress ratio is that, under
undrained condition, for fully saturated samples, changing
cell pressure (isotropic loading or unloading) will not affect
effective stress in the samples. Therefore, the effects of
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Fig. 6 The axial strain (a) and EPWP (b) accumulation in the samples
subjected to different levels of increment in static deviatoric stress
(under lateral unloading of 5 kPa)

stress disturbances on the stress states of the samples would
be only attributed to the change of static deviatoric stress
ratio (g/p"). So, similar axial strain accumulation would be
expected under the same variation of static deviatoric stress
ratio, regardless of the schemes of stress disturbance.

3.2 Variation of resilient modulus

The resilient modulus (Mr) can be calculated using:
_ 94— 4B
EA — EB

Mr (3)
where g4 is approximate 90% of maximum deviatoric
stress and gy refers to minimum deviatoric stresses in an
unloading cycle as shown in Fig. 1a; ¢4 and &g refer to the
axial strains at g4 and gp in an unloading cycle, respec-
tively. As suggested by Alam et al. [1], the selection of
approximate 90% of maximum deviatoric stress is to
ensure the consistency of data.

The evolution of resilient modulus in the sample UDI is
illustrated in Fig. 8a where the stiffness degrades during
the first few cycles, and then increases slightly. The
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increase of stiffness in soils under undrained cyclic loading
was also reported by Qian et al. [19, 20] and Vucetic and
Mortezaie [29]. Such variation in resilient modulus may be
attributed to the coupling effects of EPWP and the
adjustment of microstructure. As shown in Fig. 1b, sig-
nificant EPWP accumulates during the first few cycles,
resulting in notable stiffness degradation. After that, EPWP
accumulates at a much lower rate, while the sample adjusts
the microstructure as loading cycles continue. This may
lead to an increase in the stiffness. Another possible reason
for the stiffness increase may be attributed to the small
strain behaviour of clay under undrained cyclic loading
condition as claimed by Qian et al. [19]. Since the sample
is subjected to consecutive cyclic loading, the resilient
modulus changes continuously and steadily. Figure 8b—d
shows the variation of resilient moduli of the samples UD2,
DDI1 and AD7, respectively. For the samples UD2 and
DD1, even though the stiffnesses decrease in the first few
cycles after including stress disturbance, they finally
increase to the values at the end of the first cyclic loading
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stage. For the sample AD7, however, the final resilient
modulus is smaller than that at the end of the first bundle of
5000 cycles.

Figure 9a reveals the dependence of resilient modulus
on the stress states (¢/p'") at the beginning of the second
bundle of loading cycles (after introducing stress distur-
bance). In the figure, Mrsoo0o and Mrygpoo refer to the
resilient moduli at the end of the first and the second cyclic
loading stages, respectively, and the ratio of Mryg g to
Mrspoo reflects the variation of the stiffness during the
second cyclic loading stage.

As can be seen, the variation of stiffness can be grouped
into two clusters depending on whether g/p’” is greater or
less than 0.27 which is the stress state in the samples at the
end of the first bundle of 5000 cycles. For the samples with
q/p’ b less than or equal to 0.27, as illustrated in Table 2, the
static deviatoric stress decreases or keeps unchanged after
including stress disturbance. The resilient moduli at the end
of cyclic loading are almost the same with those at end of
the first bundle of 5000 cycles. This indicates that includ-
ing stress disturbance has limited effects on the stiffness if
the static deviatoric stress in soil is anticipated to decrease
or remain unchanged. In contrast, if static deviatoric stress
increases after the stress disturbance, the resilient modulus
decreases as ¢/p’” value increases. For example, for the
sample AD3 with q/p’b of 0.31, Mryg000 is about 95% of
Mrso00. When g/p’ b increases to 0.47 in the sample AD13,
Mrl()?()()() is about 34% of Mr5000.

The dependence of resilient modulus on effective mean
stress (p'10,000) at the end of the second loading stage is
illustrated in Fig. 9b where Mrigooo increases with the
increase of p’19 000, as expected. The variation of stiffness
during the second loading stage can be explained with the
change of EPWP accumulation as indicated in Fig. 9a and
the variation of effective mean stress as shown Fig. 9b. For
the samples with ¢/p’® less than or equal to 0.27, as shown
in Fig. 9a, very limited EPWPs are accumulated. This leads
to limited reduction in effective mean stress in the samples
during the second cyclic loading stage and therefore lim-
ited change in resilient modulus has been observed. How-
ever, for those samples with g/p’ b greater than 0.27, since
additional static deviatoric stress was induced,
notable EPWP accumulated during the second cyclic
loading stage, and the greater the ¢/p'” value, the greater
the EPWP accumulation and the less the effective mean
stress at the end of cyclic loading. Therefore, greater
stiffness degradation is expected in samples with greater ¢/
p'? value after stress disturbance.
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Fig. 8 The variation of resilient modulus of the samples, a: UD1, b UD2, ¢ DDI, d AD7

4 Excavation caused hotspots for cyclic
loading-induced settlement of existing
tunnels

As discussed earlier, the cyclic deformation behaviour of
clay in the subsequent bundle of loading cycles is governed
by the stress disturbance-induced static deviatoric stress,
and the construction of a pit or tunnel will change stress
states in soil at different locations along different stress
paths [10, 27]. This means that the effects of such con-
struction activities on traffic loading-induced settlement of
existing tunnels varies from locations, if those existing
structures are within the influenced zones. Based on the
additional stress caused by nearby construction activities
and the strain accumulation under different stress distur-
bance schemes, the hotspots for traffic loading-induced
settlement of existing structures can be classified. This
section discusses the possible impact of construction
activities, such as the construction of a pit or tunnel, on
traffic loading-induced settlement in existing tunnels using
two examples.

Scenario 1: the excavation of a new pit adjacent to an
existing tunnel. As shown in Fig. 10a, a new pit is to be

excavated next to, diagonally above or directly above an
existing tunnel. For the three cases, the excavation will
have different effects on the long-term settlement of the
tunnel if traffic loading in the tunnel is of concern to its
long-term settlement. This is because the additional stress
due to excavating the pit varies with locations as revealed
in Fig. 10b, as investigated by many researchers
[8, 11, 17, 37, 38]. For example, within zone 1, as sug-
gested by Huang et al. [10], the deviatoric stress in the soil
would increase, and mean principal stress would decrease.
If the existing tunnel is in this zone, then the traffic loading
in the tunnel could potentially cause more settlement due to
the increase of deviatoric stress in the soil. If the existing
tunnel is in zone 3, where the deviatoric stress decreases
after the excavation, then the effect of traffic loading-in-
duced settlement of the tunnel could be ignored, as the
decrease of deviatoric stress would cause little additional
deformation under subsequent cyclic loading as discussed
above. For zone 2, due to complexity of the variation in
deviatoric stress as suggested by Huang et al. [10], it is
harder to tell whether the excavation will affect the traffic
loading-induced long-term settlement of the existing tun-
nel. Therefore, if the existing tunnel is within zone 2, then
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traffic loading-induced tunnel settlement should be con-
sidered on a case-by-case basis.

Scenario 2: the excavation of a new tunnel adjacent to
an existing tunnel. Typical locations of the new tunnel in
relation to the existing tunnel are shown in Fig. 11. In the
figure, three typical locations are considered. To analyse
the effect of tunnelling on the stress disturbance in ground,
Verruijt’ solution [27] is used to obtain the variation of
lateral and vertical stresses around the new tunnel as
revealed in Fig. 12. In the figure, the tunnel is buried at the
depth of 2D where D is the outside diameter of the tunnel.
A uniform radial displacement of 0.01D is applied at the
boundary of the circular cavity, leading to a ground loss of
about 4%. Poisson’s ratio of the soil is assumed to be 0.33.
The marks of “—” and “ + ”in the figure suggest stress
decreasing and increasing, respectively.

Considering that the major principal stress in the soil is
on vertical direction, using the stress variation described in
Fig. 12, we can get:

(1) if the proposed tunnel is to be excavated directly
above or below the existing tunnel as illustrated in
Fig. 11a, the excavation will cause the reduction of vertical
stress and increase of lateral stress in the soil. This will
result in the reduction of deviatoric stress. In this case, the
new tunnel would have limited effect on the traffic loading-
induced settlement of the existing tunnel.

(2) If the proposed tunnel is to be excavated next to the
existing tunnel as revealed in Fig. 11b, the excavation is
likely to cause the reduction of lateral stress and increase of
vertical stress in the soil around the existing tunnel,
depending on the distance between the two tunnels. This
may increase the deviatoric stress in the soil around the
existing tunnel. In this case, the new tunnel would possibly
induce additional traffic loading-induced settlement to the
existing tunnel. In addition, as shown in Fig. 12, the closer
the new tunnel to the existing tunnel, the greater the
reduction in lateral stress, resulting in greater additional
static deviatoric stress, therefore the greater the impact on
the existing tunnel in terms of traffic loading-induced set-
tlement as illustrated in Fig. 7.
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1 : '\\(\Q‘
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Fig. 10 a The relative location of the existing traffic tunnel (ETT) to the new excavation and b the stress paths in different locations around the

pit (after Huang et al. [10])
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(3) If the proposed tunnel is on the top (or bottom) right
(or left) of the existing tunnel as shown in Fig. 11c, then
the effect needs to be considered on a case-by-case basis,
as the deviatoric stress in the soil around the existing tunnel
could increase or decrease depending on the location of the
new tunnel.

5 Summary and conclusions

To evaluate the effects of interspersing stress disturbance
between loading cycles on the long-term deformation
behaviour of soft clay, a series of undrained cyclic triaxial
tests were performed on a normally consolidated kaolin
clay. The stress disturbance was simulated by changing the
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[ I 0D
/ \
/ it \ 1D
[+
R
\ \
.............. 2D
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(b) Vertical stress (the black dash lines are lines of zero horizontal stress)

Fig. 12 Tunnelling-induced additional stress obtained using Verruijt’s
solution [27]. In the figure, the black lines indicate the planes with no
change in stress; the bule lines are contours of stress increment; and
the red lines are contours of stress reduction. The intervals are
0.001G, where G is modulus of rigidity of the soil

lateral and vertical stresses between loading cycles along
different stress paths. The axial strain and excess pore
water pressure accumulations and stiffness variation were
presented and discussed under different stress disturbance
schemes. From the limited number of tests, it was found
that:

(1) The axial strain and excess pore water pressure
accumulations in the subsequent bundle of loading cycles
are governed by the stress disturbance-induced static
deviatoric stress. If the stress disturbance leads no change
in static deviatoric stress, axial strain accumulation in the
sample increases slightly in the early few cycles after stress
disturbance and then roughly follows the tendency of that
prior to the stress disturbance. For the samples subjected to
the reduction of deviatoric stress, axial strain accumulation
increases slightly in the early few cycles after stress dis-
turbance and then eliminates afterwards, regardless of the
stress disturbance schemes. In contrast, for samples where
static deviatoric stress increases, the rate of strain accu-
mulation will re-increase after stress disturbance and the
greater the additional static deviatoric stress, the greater the
increment. Such phenomena suggest that the stress distur-
bance caused by nearby construction activities should be
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considered in analysing the long-term settlement of exist-
ing structures subjected to cyclic loading if the proposed
structure is anticipated to increase the static deviatoric
stress in the soil supporting the existing structures.

(2) After increasing the static deviatoric stress, the axial
strain accumulation in the sample would increase expo-
nentially with the static deviatoric stress ratio and is
independent to the schemes of stress disturbance.

(3) If the induced stress disturbance would increase the
static deviatoric stress ratio in the samples, notable stiffness
degradation can be found during the subsequent loading
cycles, and the greater the static deviatoric stress ratio, the
greater the stiffness degradation. If stress disturbance
induces no change or increment of static deviatoric stress
ratio in the samples, then the stress disturbance would have
limited effects on the stiffness.

(4) Preliminary analysis shows that if the excavation of a
pit or a tunnel is next to the existing tunnel, the excavation
is likely to have more impact on traffic loading-induced
settlement in the existing tunnel comparing to excavations
above or below the existing tunnel.

It is to note that the tests in this study were carried out
under an undrained condition. To simulate the long-term
drainage process during construction and cyclic loading
durations, a more complicated drainage condition should
be considered in the tests.
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