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a b s t r a c t

Soil disturbance includes the change of stress state and the damage of soil structure. The field testing
indices reflect the combined effect of both changes and it is difficult to identify the soil structure
disturbance directly from these indices. In the present study, the small-strain shear modulus is used to
characterize soil structure disturbance by normalizing the effective stress and void ratio based on Hardin
equation. The procedure for evaluating soil sampling disturbance in the field and the further disturbance
during the subsequent consolidation process in laboratory test is proposed, and then validated by a case
study of soft clay ground. Downhole seismic testing in the field, portable piezoelectric bender elements
for the drilled sample and bender elements in triaxial apparatus for the consolidated sample were used
to monitor the shear wave velocity of the soil from intact to disturbed and even remolded states. It is
found that soil sampling disturbance degree by conventional thin-wall sampler is about 30% according to
the proposed procedure, which is slightly higher than that from the modified volume compression
method proposed by Hong and Onitsuka (1998). And the additional soil disturbance induced by
consolidation in laboratory could reach about 50% when the consolidation pressure is far beyond the
structural yield stress, and it follows the plastic volumetric strain quite well.
� 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Soil structure refers to the shape and arrangement of soil par-
ticles and voids, as well as the interaction of forces between soil
particles. It is produced by various physical and chemical processes
of natural soils during and after deposition (Mitchell, 1970). Most
natural sedimentary soils, especially soft clays, have different de-
grees of structure, whichmakes the compression and consolidation
characteristics, stress-strain relationships, the cyclic behavior,
stiffness and strength parameters and other engineering properties
significantly different from reconstituted soils (Rampello and
Callisto, 1998; Hight and Leroueil, 2002; Nagaraj et al., 2003; Low
and Phoon, 2008; Hong et al., 2012; Zeng and Hong, 2015; Xiong
et al., 2018; Jana and Stuedlein, 2020; Khalid et al., 2021; Tanoli
and Ye, 2021; Dadashiserej et al., 2022). Soil structure
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
by-nc-nd/4.0/).
disturbance refers to plastic deformation, sliding of soil particles,
destruction of metastable structure, and chemical cementation
after being disturbed. The commonly observed soil disturbance
problems include sampling disturbance and construction distur-
bance, which may cause additional settlement and various engi-
neering hazards. Therefore, quantitative evaluation of soil
disturbance is of great importance. Soil disturbance within soil
element includes the elastic strain induced by stress change and the
plastic strain corresponding to structure damage. As the elastic
strain could be restored by subsequent stress change processes
either in laboratory or at construction site, the main challenge
becomes the evaluation of soil structure disturbance due to plastic
strain.

For soil sampling disturbance evaluation in the laboratory, Hong
and Onitsuka (1998) proposed a method to calculate sampling
disturbance degree based on the inherent compression line of
remolded soil proposed by Burland (1990), and took the
compression characteristics of remolded soils as the reference.
Similarly, Lunne et al. (2006) and Dejong et al. (2018) evaluated soil
sampling quality according to the change of void ratio (i.e. De/e0).
These methods based on laboratory consolidation tests directly
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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correspond to the plastic strain of soil sample and therefore are
physically appropriate for soil disturbance evaluation.

On the other hand, there are several other soil disturbance
evaluation methods by using engineering parameters from field
testing indices, such as the field vane shear strength, which is a
mixed reflection of the initial structural state at small strain and the
subsequent failure state at large strain, and its capability to char-
acterize the initial structural state is not so good as that of the
small-strain shear modulus (Gmax) at level of g � 10�5 (as shown in
Fig. 1). However, as Gmax is affected by soil structure, stress state,
void ratio and other factors (Hardin and Blandford, 1989; Viggiani
and Atkinson, 1995), the direct use of Gmax to evaluate soil distur-
bance could not consider the effect of the change of effective stress.
For example, Landon et al. (2007) used the ratio between the un-
confined shear wave velocity and the in situ shear wave velocity to
evaluate soil sampling quality, but such method could not distin-
guish the proportion of structure damage from stress release in
sampling disturbance.

To address this problem, Hardin equation is used to normalize
the effective stress and void ratio to obtain the soil structural
parameter, and a newmethod is proposed to evaluate soil structure
disturbance based on the concept of disturbance state proposed by
Desai and Toth (1996). Then the proposed method is used to
calculate the sampling disturbance degree of thin-wall sampled
soft soil, and compared with the modified volumetric compression
method proposed by Hong and Onitsuka (1998). The subsequent
structure disturbance of soil specimen consolidated in triaxial
apparatus equipped with bender elements is also evaluated by this
method.
2. Soil disturbance evaluation based on small-strain stiffness

2.1. Relationship between soil structure and small-strain shear
modulus

The small-strain shear modulus Gmax is the maximum shear
modulus of soil under very small shear strain (e.g. g � 10�5). Then
the small-strain shear modulus is obtained according to elastic
theory as follows:

Gmax ¼ rV2
s (1)

where r is the bulk density of soil, and Vs is the shear wave velocity.
Fig. 1. Schematic diagram of soil disturbance at wide strain range.
Considering that in situ soil is under anisotropic stress states,
Gmax may be expressed as follows (Jamiolkowski et al., 1995):

Gmax ¼ SvhFðeÞP1�nv�nh
a

�
s0v

�nv
�
s0h

�nh (2)

where Svh is a material parameter reflecting the current soil
structure, including soil mineral and particle features; s0v is the
vertical effective stress; s0h is the horizontal effective stress; nv and
nh are the exponents and could be reasonably assumed nv ¼ nh ¼ n
(Shibuya et al., 1997); Pa is the atmospheric pressure; and F(e) is the
void ratio function and it has the following form according to
Lo Presti (1989):

F(e) ¼ e-x (3)

where x is a fitting parameter.
The small-strain shear modulus is closely related to soil struc-

ture (Santamarina et al., 2001; Li et al., 2023). Shibuya et al. (1997)
compared the shear modulus of in situ soil, disturbed soil and
remolded soil, and found that the change of stress state has basi-
cally the same effect on the shear modulus of soil at different
disturbance states, while soil structure has an important effect on
the shear modulus. Therefore, the small-strain shear stiffness, or
shear wave velocity, is a constant-fabric measurement at a given
state of stress. If Eq. (2) is further normalized with regard to the
effective stress and void ratio, the normalized small-strain shear
modulus could solely stand for the structure parameter Svh and
then be capable of evaluating soil structure quantitatively.
2.2. Soil structure disturbance evaluation in soft clay

Previous studies have shown that soil structure parameter Svh,r
at remolded state, stress exponent n and fitting parameter x of
Hardin equation could be determined by laboratory tests of
remolded soil (Jamiolkowski et al., 1995). For the same kind of soft
clay, n and x are constants independent of soil disturbance state and
stress levels. In particular, Shibuya (2000) stated that natural soil
structure is reflected by the difference of Svh between the natural
and the corresponding remolded soil samples when the (e, p) state
is the same.

In order to describe the complete disturbance state based on the
disturbance state concept (DSC) proposed by Desai and Toth (1996),
the following equations are proposed to evaluate the degree of soil
structure disturbance:

SDD ¼ Svh;i � Svh;d
Svh;i � Svh;r

�100% (4)

where SDD is the degree of soil structure disturbance, which ranges
from 0 to 100%; Svh,i, Svh,d and Svh,r are the structure parameters
corresponding to the intact, the disturbed and the remolded soil
states, respectively, and they are defined as follows:

Svh;i ¼
Gmax;i

FðeiÞ
�
s0v;is

0
h;i

�n
P1�2n
a

(5)

Svh;d ¼ Gmax;d

FðedÞ
�
s0v;ds

0
h;d

�n
P1�2n
a

(6)
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Svh;r ¼
Gmax;r

FðerÞ
�
s0v;rs0h;r

�n
P1�2n
a

(7)

where Gmax,i, Gmax,d and Gmax,r are the small-strain shear moduli of
the intact, disturbed and remolded soil, respectively; ei, ed and er
are the void ratios of the intact, disturbed and remolded soil,
respectively; s0v,i, s0v,d and s0v,r are the vertical effective stresses of
the intact soil, disturbed soil and remolded soil, respectively; s0h,i,
s0h,d and s0h,r are the horizontal effective stresses of the intact soil,
disturbed soil and remolded soil, respectively. It could be seen that
i, d and r correspond to the relatively intact (RI) state, the actual
response (AR) state and the fully adjusted (FA) states proposed by
Desai and Toth (1996), respectively.

Eq. (4) could quantitatively evaluate the degree of soil structure
disturbance under different stress states and void ratios, and is a
promising way to characterize soil structure damage. Although it
requires that the void ratio (or soil density) should be obtained by
field testing or laboratory observations in Eqs. (5)e(7), it could be
regarded as constant for the undrained condition in soft clays and
thus the calculation of Eq. (4) could be simplified.

As shown in Fig. 2, the evaluation of soil structure disturbance
for a specimen includes two stages: at stage I, the soil structure
disturbance caused by drilled sampling process in the field; at stage
II, the further disturbance occurred during the subsequent
consolidation of the disturbed sample in laboratory test. The in situ
shear wave velocity could be measured by crosshole, downhole or a
portable bender element-double cone penetration testing equip-
ment before soil sampling in the field (e.g. Tong et al., 2018; Barus
et al., 2019; Kang et al., 2020). In this study, crosshole method was
used to measure the in situ shear wave velocity, and the lateral
pressure of in situ soil could be calculated from the effective
overburden stress and the static earth pressure coefficient. Soil
density and water content of the sample are measured and the
corresponding initial values of the intact soil are estimated ac-
cording to the rebound index from the loading-unloading curve of
odometer test. For disturbed soil, the unconfined shear wave ve-
locity of the sample could be measured by portable piezoelectric
bending elements (Zhou and Chen, 2005; Orazi et al., 2018), and the
residual stress could be directly measured by tensiometer. For
remolded samples, multi-staged isotropic consolidation triaxial
tests equipped with bender elements could be used to monitor
shear wave velocity under different confining pressures, and then
the parameters of Eq. (2) are determined. Note that this procedure
Fig. 2. Flow chart for soil disturbance evaluat
assumes that the stress state of soil in the field or in the laboratory
could be measured directly or estimated by appropriate calculation
method.

3. Case study of soil sampling in soft clay deposit

Soil sampling disturbance refers to the disturbance caused by
field sampling process, transportation, pushing soil samples out of
the sampler and cutting sample in the laboratory, etc. Sampling
inevitably causes stress release and soil structure damage.
Although the influence of stress release on test results could be
eliminated by confining pressure or preloading (Tan et al., 2002),
structure disturbance caused by sampling could not be recovered in
laboratory tests. Therefore, the evaluation of sampling quality
mainly focuses on soil structure disturbance. Eq. (4) was used to
evaluate sampling disturbance caused by open end thin-wall
sampler at a construction site in Ningbo City, Zhejiang Province,
China. The in situ wave velocity test was measured before soil
sampling in the field, and the unconfined wave velocity and re-
sidual stress were measured after sampling in the laboratory.

3.1. Field testing and soil sampling

The test site is located in the suburb of Ningbo City. The deep
soft clay deposit is mainly composed of typical structured soft clays
with high moisture content, high compressibility, low shear
strength and poor permeability. The in situ wave velocity mea-
surement and soil sampling were carried out in sequence on site.
The layout of crosshole seismic testing and soil sampling is shown
in Fig. 3.

Fig. 4 shows the typical signal of crosshole seismic testing, and
the first arrival point could be identified by the reversible polari-
zation of shear waves. The shear wave velocity is calculated ac-
cording to the following equation:

Vs ¼ L=ts (8)

where L is the horizontal distance between two boreholes, and ts is
the propagation time of the shear wave.

After the measurement in situ shear wave velocity, an open end
thin-wall sampler similar to Shelby tube was used for soil sampling
(Wang et al., 2019). The thin-wall tube has a diameter of 10 cm and
a length of 75 cm. The end of the thin-wall tube is polished into a
cutting edge and Vaseline is smeared on the inner wall of the tube
to reduce the friction resistance during sampling. The sampling
ion based on stress-normalized stiffness.



Fig. 4. Typical shear wave signals by crosshole method in the field.

Fig. 3. Crosshole seismic testing and soil sampling arrangement in the field.
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depth ranged from 4 m to 25 m with an interval of 3 m. During
sampling, the sampler shall be penetrated in a rapid and contin-
uous static pressure mode. After sampling, both ends of the thin-
wall tube were sealed with matching rubber caps and then wax
was coated to prevent water evaporation of the soil sample. After
transporting to the laboratory, the soil sample at a specific depth
was pushed out from the thin-wall sampler and the physical and
mechanical properties of the soil were measured. The results are
given in Table 1. Sampling, storage, transportation and testing were
conducted according to ASTM standard procedures (ASTM D4220/
D4200M-14, 2014; ASTM D1587/D1587M-15, 2015; ASTM D4318-
17e1, 2017).

3.2. Laboratory tests

Laboratory isotropic consolidation tests of remolded samples of
soil layers 2e1, 2-2a, 3e2 and 4e1 were carried out on a GDS
triaxial apparatus equipped with bender element system. The
sample is 50 mm in diameter and 100 mm in height (Fig. 5). The
procedure for preparing reconstituted specimens is briefly intro-
duced as follows: firstly, soil samples were dried and crushed in to
powder, and then compacted in five layers to the desired dry
density in a cylindrical mould with inner geometries of 50 mm in
diameter and 100 mm in height; then the specimen was saturated
by vacuum method for 24 h; finally, the saturated specimen was
moved to the pedestal of triaxial apparatus for the desired
consolidation.

The multiple-staged loading sequence of isotropic consolidation
is from 25 kPa to 400 kPa. After loading to 400 kPa, samples were
gradually unloaded to 25 kPa (ASTM D4767, 2011). After each stage
of consolidation was completed, bender elements were used to
measure the shear wave velocity. Typical signals are shown in Fig. 6.

Fig. 7 shows the e-log10p0 and log10Gmax-log10p0 curves of
remolded samples from 2-2a layer. Under the condition of loading
and unloading, the compression curve of the remolded sample is
roughly straight without structural yield stress (i.e. s0y). The
structural yield stress of natural soft clay could be defined as the
stress level beyond which the compression curve has typical soft-
ening characteristics with significant plastic deformation (e.g.
Huang et al., 2011). This indicates that the natural structure of the
soil has been basically destroyed after drying, crushing and sample
preparation. The void ratio function Eq. (3) is substituted into Eq.
(2), and the logarithm of both sides leads to

log10Gmax ¼ log10
h
SvhP

ð1�2nÞ
a

i
þ n log10

�
s0vs

0
h
�� x log10 e

(9)

Then the parameters of Svh,r, n and x could be obtained by fitting
log10Gmax-log10p0, and n and x will be further used in subsequent
isotropic consolidation of the disturbed soil sample. Fig. 8 shows
the relationship between log10Gmax/F(e) and log10(s0vs0h) for
remolded samples of all sub-layers. There is a good linear correla-
tion in the double-logarithmic space. The parameter Svh,r of four
remolded soils varies from 300 to 360 in a narrow range, and the
exponent n also stays around 0.25 (Stokoe and Santamarina, 2000).

The drilled soil sample at specific depth was pushed out from
the sampler and cut into a 120 mm length specimen by a wire saw.
Firstly, bender elements were used to measure the unconfined
shear wave velocity. Fig. 9 shows the portable bender element
testing system developed at Zhejiang University. The penetrating
length of bender element into soil sample is 10 mm, the travel
distance of shear wave is about 100 mm, and the excitation fre-
quency varies from 0.4 kHz to 1 kHz. Fig.10 shows a typical signal of
portable bender elements for a soil sample at a depth of 13 m. The
traveling time of shear waves is determined by “time domain first
arrival method”, which treats the first distinct upward deflection as
the arrival of shear wave (i.e. point R in Fig. 10) and T-R span as the
travel time (Yamashita et al., 2009). After the measurement of
unconfined wave velocity, the corresponding residual stress of the
same soil sample was measured by 2100F tensiometer produced by
Soil Moisture Corporation in the United States (Donohue and Long,
2009). Figs. 11 and 12 shows the profiles of shear wave velocities
and the residual stresses of the drilled samples, respectively. Due to
stress release and soil structure disturbance during sampling, the
unconfined shear wave velocity is much less than the field value,
and the residual stress is only about 10% of the effective overburden
stress.
3.3. Soil sampling disturbance evaluation

Due to the stress release during sampling, the soil sample
inevitably rebounds. It changes the void ratio and it is necessary to



Table 1
Physical and mechanical properties of soil strata.

Soil strata Depth
(m)

Natural soil density (g/
cm3)

Water content
(%)

Liquid limit
(%)

Void
ratio

Rebound
index

Coefficient of earth pressure at rest Sensitivity

2-1: Clay 3.8e4.6 1.81 43 40 1.214 0.057 0.59 3.9
2-2a: Silt 4.6e10.1 1.62 41.5 39.5 1.388 0.069 0.6 3.7
2-2b: Muddy silty

clay
10.1
e14.8

1.76 43.5 36 1.208 0.051 0.51 3.4

3-2: Silty clay 14.8
e18.7

1.86 32.7 28 0.936 0.024 0.44 3.3

4-1: Muddy silty clay 18.7
e25.8

1.8 38.7 33.2 1.079 0.043 0.52 3.4

4-2: Clay 25.8
e34.1

1.74 43.5 45 1.282 0.058 0.55 3

Fig. 5. Specimen in triaxial apparatus with bender elements.

Fig. 6. Typical signals of bender element testing in triaxial apparatus.

Fig. 7. Variations of e, Gmax with p0 for 2-2a remolded soil.

Fig. 8. Variation of Gmax/F(e) with p0 for all remolded soil samples.
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estimate the in situ void ratio at intact state. According to one-
dimensional compression theory (Schmertmann 1955), the in situ
void ratio and density are estimated as follows:
 ei ¼ ed � Cs log10

�
s0v0
s0r

�
(10)



Fig. 9. Schematic diagram of portable bender element test.

Fig. 10. Typical signals of portable bender element test.

Fig. 11. Vs comparison between the unconfined sample and the in situ soil.

Fig. 12. Residual stress of soil samples collected by open end thin-wall sampler.

Fig. 13. Soil structure parameter Svh at different soil layers in the field.

Table 2
Soil disturbance degree determined by the proposed procedure (Eq. (4)).

Soil strata Depth (m) Soil disturbance degree (%)

2-1 Clay 4 28.5
2-2a Silt 7 29.9
2-2a Silt 10 32.9
2-2b Muddy silty clay 13 31.3
3-2 Silty clay 16 28.6
4-1 Muddy silty clay 19 33.2
4-1 Muddy silty clay 22 27.3
4-1 Muddy silty clay 25 30
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where ei is the in situ void ratio, ed is the void ratio after sampling,
Cs is the recompression index, s0v0 is the effective overburden
stress, s0r is the residual stress, and ri is the in situ soil density at
intact state:

ri ¼
rdð1þ edÞ

1þ ei
(11)

where rd is the soil density after sampling at disturbed state.
The structure parameter of the intact in situ soil and the

disturbed soil are calculated according to Eqs. (5) and (6), respec-
tively, and the results are shown in Fig. 13. The degree of soil
structure disturbance is calculated according to Eq. (4), and the



Fig. 14. Schematic diagram of sample disturbance based on compression curve
(modified from Hong and Onitsuka, 1998).
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results are given in Table 2. The degree of soil structure disturbance
at different depths is about 30%, which implies that the structure
disturbance is mainly affected by sampling method and not
considerably affected by sampling depth or soil sub-layer.

In order to verify the rationality of the present procedure to
evaluate soil sampling disturbance, the modified volume
Fig. 15. Compression curves of natu
compression method proposed by Hong and Onitsuka (1998) was
used as a reference. On the basis of the inherent compression line of
remolded soil proposed by Burland (1990), Hong and Onitsuka
(1998) proposed a method to evaluate sample disturbance as
follows:

SDd ¼ CCLB
CCLR

�100% (12)

where CCLB is the compression index of disturbed soils before
yielding in the ln (1 þ e)-log10p plot, and CCLR is the compression
index of remolded soils in the ln (1 þ e)-log10p plot.

Fig. 14 conceptually shows the effect of sample disturbance on
compression curves, where SDd directly corresponds to the plastic
volumetric strain and reflects the degree of soil structure damage.
SDd will vary from 0 (intact) to 100% (completely remolded). Fig. 15
shows the ln (1 þ e)-log10p curve obtained from the standard
consolidation test of soil samples at different depths. CCLB and CCLR
are obtained by fitting compression curves of the disturbed and the
remolded samples respectively. The sampling disturbance degree is
calculated according to Eq. (12) and given in Table 3, which varies
from 20% to 30%.

Fig. 16 shows the comparison between the two methods. The
results of two methods are close to each other, despite that the
result of normalized shear modulus is slightly higher than that of
the modified volume method. It is possibly related to the deter-
mination of rebound index (Boone, 2010; Butterfield, 2011), which
may lead to a higher estimation of soil disturbance by the proposed
procedure.
ral and remolded soil samples.



Table 3
Sample disturbance degree from Hong and Onitsuka (1998) method.

Depth (m) Structural yield stress (kPa) CCLB (10�2) CCLR (10�2) SDD (%)

4 38.15 4.29 16.16 26.5
10 104.4 5.26 17.79 29.6
16 152.5 2.19 9.17 23.9
22 219.2 3.36 15.85 21.2
25 233.1 3.75 14.92 25.1

Fig. 16. Comparison of soil disturbance degree obtained from two methods.

Fig. 17. Comparison between the natural and remolded samples of layer 2-2a.

Fig. 18. Relationship between Gmax and confining pressure.
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3.4. Evaluation of further disturbance during consolidation

The isotropic consolidation test of the disturbed natural sample
of 2-2a layer was carried out on a GDS triaxial apparatus equipped
with bender elements. The initial void ratio of the disturbed sample
was the same as that of the remolded one. Themulti-staged loading
sequence is the same as that for the remolded sample, which is
from 25 kPa to 400 kPa. Fig. 17 shows the e-log10p0 and log10Gmax-
log10p0 curve for 2-2a layer. Compared with the remolded sample,
the compression curve of the disturbed natural sample shows
obvious structural feature and has a structural yield stress. With the
increase of consolidation pressure, the compression of disturbed
natural sample increases significantly and its compression curve
gradually approaches to that of the remolded one. Then the in situ
vertical effective stress and the structural yield stress were ob-
tained respectively according to themethod proposed byWang and
Li (2007).

According to Fig. 8, the void ratio function F(e) ¼ e�2.12 is used to
normalize the small-strain shear modulus of the disturbed natural
sample at 2-2a layer. Fig. 18 shows the relationship between
log10Gmax/F(e) and log10 (s0vs0h) for this layer. When the consoli-
dation pressure exceeds the effective overburden stress, the Gmax/
F(e) of the disturbed sample gradually approaches to that of the
remolded one.

With the data in Fig. 18, Eq. (2) is used to calculate the structure
parameters of the disturbed sample under different consolidation
stresses. Fig. 19 shows the relationship between the structure pa-
rameters (Svh,d) and the consolidation pressure (p0). When the
consolidation pressure (p0) is less than the in situ vertical effective
stress (s0v0), the disturbed sample is still at the state of recom-
pression, and the structure parameters (Svh,d) changes slightly.
According to Eq. (4), the soil disturbance degree before applying
consolidation pressure is SDD ¼ 36.3%, which stands for the accu-
mulated disturbance from the soil sampling and the installation
into the triaxial apparatus. When the consolidation pressure (p0) is
between the in situ vertical effective stress (s0v0) and the structural
yield stress (s0v), the structure parameter (Svh,d) begins to decrease
considerably. The soil structure is damaged to some extent, but the
structure parameter (Svh,d) is still far greater than the correspond-
ing value of remolded soil (Svh,r). When the consolidation pressure
(p0) is far beyond the structural yield stress (s0y), the structure
parameter (Svh,d) decreases continuously, and then stabilizes near a
value slightly larger than the corresponding remolded soil (Svh,r). In
this stage, soil structure is heavily damaged. Large plastic volu-
metric strain occurs and the metastable structure of disturbed soil
has been basically deconstructed.

With the data in Fig. 19, the degree of soil structure disturbance
is calculated by Eq. (4), and two curves are drawn according to
whether the initial soil sampling disturbance is included or not. The
plastic volume strain (εp) is calculated according to the void ratio at
each loading stage. The results are shown in Fig. 20. The soil
disturbance degree (SDD) calculated by Eq. (4) is consistent with
the structure damage characterized by plastic volume strain (εp). In
the stage of recompression, εp is small, and corresponding SDD is
also small. When the consolidation pressure (p’) exceeds the in situ



Fig. 19. Continuous decrease of Svh during multi-staged consolidation.

Fig. 20. Variations of SDD and volumetric strain during multi-staged consolidation.
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vertical effective stress (s0v0), the development of εp begins to
accelerate. The metastable structure of the sample begins to
deconstruct, so SDD starts to increase. When the consolidation
pressure (p’) is greater than the structural yield stress (s0y), the
plastic volume strain develops rapidly and the soil structure dam-
age is aggravated. It is interesting to find that the soil disturbance
degree follows the plastic volumetric strain quite well during
consolidation, and the ratio between SDD and volumetric strain is
about 1.5 when the consolidation stress is less than the structural
yield stress while it approaches 3.0 when the consolidation stress is
higher than the structural yield stress for the studied soil layer.
4. Conclusions

In the present study, the small-strain shear modulus is used to
characterize soil structure disturbance by normalizing the effective
stress and void ratio based on Hardin equation. The procedure for
evaluating soil sampling disturbance in the field and the further
disturbance during the subsequent consolidation process in labo-
ratory test is proposed, and then validated by an engineering case
study of typical soft clay ground. Some major findings are given
below:

(1) The small-strain shear stiffness, or shear wave velocity, could
represent the initial structure state of soil at any disturbed
state. Therefore, it is a constant-fabric measurement at a
given state of stress. The shear wave velocity could be reli-
ably monitored from the field to the laboratory by crosshole
seismic testing at the ground, portable piezoelectric bender
elements for the drilled sample and bender elements
equipped in triaxial apparatus for the sample under consol-
idation in the present study.

(2) It is found that soil sampling disturbance degree by the open
end thin-wall sampler is about 20%e30% according to the
proposed procedure, which is slightly higher than the
modified volume compression method proposed by Hong
and Onitsuka (1998). As the Hong and Onitsuka method is
defined based on plastic volumetric strain and could be
regarded as the physically proper reference method, the
comparison proves the applicability of the proposed stress-
normalized small-strain shear stiffness to evaluate the
sampling disturbance.

(3) The applicability of this procedure for evaluating additional
soil disturbance during the subsequent consolidation process
in laboratory test was further studied by consolidation tests
in triaxial apparatus equipped with bender elements. When
the consolidation pressure exceeds the structural yield
stress, the metastable structure of the disturbed sample is
further damaged gradually and it could be evaluated by the
parameter Svh. The additional soil disturbance degree under
consolidation pressure of 400 kPa could reach about 50%
according to the present study, and it follows the plastic
volumetric strain quite well during multi-staged
consolidation.
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