
RESEARCH PAPER

Effect of deviator stress on the initiation of suffusion

Yulong Luo1 • Bin Luo1 • Ming Xiao2

Received: 15 May 2018 / Accepted: 1 July 2019 / Published online: 9 July 2019
� Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Stress state has significant influence on the initiation of suffusion, whereas the effect of deviator stress has not been

investigated thoroughly. This paper presented a series of hydro-mechanical coupling suffusion tests on four internally

unstable cohesionless soils to investigate the effect of deviator stress on the initiation of suffusion. A dimensionless

parameter, shear stress ratio, which is the ratio of deviator stress to mean effective stress, was introduced to denote the

variation of deviator stress under the same confining pressure. The results indicate that the deviator stress or shear stress

ratio has significant influence on the initiation of suffusion. The relationship between shear stress ratio and critical

hydraulic gradient initiating suffusion is piecewise linear, and there is a critical shear stress ratio for different internally

unstable soils. The critical hydraulic gradient first linearly increases with the increase in shear stress ratio, and it reaches the

maximum value at the critical shear stress ratio, then it decreases suddenly and significantly, finally it increases linearly

again with the increase in shear stress ratio. The critical shear stress ratio is not the division between volumetric contraction

and dilation, but it can be determined by a consolidated drained triaxial compression test. Based on the characteristic of the

relationship between shear stress ratio and critical hydraulic gradient, an empirical method determining the critical

hydraulic gradients under complex stress states was developed.

Keywords Critical hydraulic gradient � Deviator stress � Hydro-mechanical � Initiation of suffusion � Internally unstable

1 Introduction

Suffusion, a type of subsurface or internal erosion, refers to

the migration of fine particles in a coarser soil matrix.

Some embankment dam distresses or failures are associ-

ated with suffusion [5, 7, 28]. For suffusion to occur, the

following two criteria have to be satisfied: (a) a geometrical

criterion: gap-graded cohesionless soil and broadly graded

cohesionless soil with a flat ‘‘tail’’ of fine particle gradation

are typical internally unstable soils and prone to suffusion

[31, 32, 35]; (b) a hydro-mechanical criterion: the initiation

of suffusion is governed by the influence of the hydraulic

gradient and effective stress within the soil

[6, 7, 20–22, 25]. This paper focused on the hydro-me-

chanical criterion, and the objective was to investigate the

influence of deviator stress on the initiation of suffusion. A

dimensionless parameter, shear stress ratio (g), was adop-
ted to denote the variation of deviator stress under the same

confining pressure. The shear stress ratio was introduced by

Chang and Zhang [7], and it is the ratio of deviator stress

q (q = r1 - r3, where r1 and r3 are the major and minor

principal stress, respectively) to mean effective stress p
0

(p
0
= (r1 ? 2r3)/3).
The critical hydraulic gradient, at which suffusion ini-

tiates, has been studied comprehensively. Initially, the

effect of stress state on the initiation of suffusion was not

considered. Skempton and Brogan [30] found that the

critical hydraulic gradient in internally unstable sandy

gravel was far lower than that given by Terzaghi, and

postulated that a major portion of effective stress was

carried by coarse particles, leaving fine particles under
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relatively small pressures. Based on this postulation, a new

concept of stress reduction factor was proposed to char-

acterize the effective stress transferred by fine particles.

Recently, the initiation of suffusion under uniaxial load

was also studied. Moffat and Fannin [25] proposed a novel

concept of a hydro-mechanical path in stress-gradient

space associated with suffusion and found that the critical

hydraulic gradient initiating suffusion increased with the

increase in mean vertical effective stress. Based on the new

concept, a formula for the critical hydraulic gradient

denoted by a normalized mean vertical effective stress was

developed by Li and Fannin [20]. Moffat and Herrera [27]

proposed a theoretical model to determine the critical

hydraulic gradient, which was related to vertical effective

stress, porosity, friction angle between coarse and fine

particles, and the stress reduction factor proposed by

Skempton and Brogan [30]. Luo et al. [22] investigated

suffusion at the bottom of a cutoff wall in an internally

unstable sandy gravel alluvium based on flume-scale

experiments. The results suggested that the critical

hydraulic gradient linearly increased with the increase in

overburden pressure, and a linear empirical formula for the

critical hydraulic gradient was derived. However, inter-

nally unstable soils in the field are always under complex

stress states [7, 21], and influences of confining pressure

and deviator stress on the initiation of suffusion should be

considered simultaneously. The research performed by

Chang and Zhang [7] highlighted the effect of deviator

stress or shear stress ratio on the critical hydraulic gradient.

Their results as shown in Fig. 1 revealed the following

interesting observations: (a) for the gap-graded soil in their

study, the critical hydraulic gradient first linearly increased

with the shear stress ratio; after reaching a critical shear

stress ratio (gcr), it started to decrease with the shear stress

ratio until the stress conditions approached failure; (b) the

critical shear stress ratio was approximately 1.2, and the

critical hydraulic gradient reached the maximum value at

the critical shear stress ratio.

Based on Fig. 1 as observed by Chang and Zhang [7],

three important questions deserve further investigation.

(a) Is the effect of shear stress ratio on the critical hydraulic

gradient similar for different internally unstable soils?

(b) Is the critical shear stress ratio equal to 1.2 for different

internally unstable soils? Is the critical shear stress ratio the

division between volumetric contraction and dilation?

(c) How to determine the critical hydraulic gradient for any

internally unstable soil under complex stress states in the

field? The answers to these questions bear significance on

engineering applications, such as design and evaluation of

high earthen and rockfill dams constructed on internally

unstable soils [5, 22].

To answer the above questions, four internally unsta-

ble soils were tested. Thirty-six suffusion tests under dif-

ferent shear stress ratios and four triaxial compression tests

on the four original soils without suffusion were performed

to investigate the effect of shear stress ratio on critical

hydraulic gradient. An empirical method determining the

critical hydraulic gradients under different shear stress

ratios was developed based on the experimental results.

2 Methodology

2.1 Characteristics of the testing soils

In this study, three gap-graded cohesionless soils (soils A,

B, C) with different fine particle contents and one broadly

graded cohesionless soil (soil D) were tested. Figure 2

depicts the grain size distributions of the four soils. For

soils A, B, C, and D, the coefficients of uniformity are 22.2,

27.1, 30.0, and 25.8, respectively, and the coefficients of

curvature are 8.0, 9.5, 9.3, and 6.7, respectively. According

to several geometric criteria [8, 16, 19, 33], the four soils

are internally unstable soils. The assessment of internal

stability using these criteria is shown in Table 1. Based on
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the method proposed by Wan and Fell [32], for broadly

graded soils, the division between coarse and fine particles

could be found at the point on the grain size distribution

with (H/F)min, which was defined by Kenney and Lau [16].

For gap-graded soils, (H/F)min could be found at the gap

location. Consequently, fine particles in the gap-graded

soils A, B, and C in this study refer to the particles finer

than 0.25 mm, whereas in the broadly graded soil D, fine

particles are the particles finer than 0.5 mm, and the cor-

responding fine particle contents for soils A, B, C, and D

are 15%, 20%, 25%, and 15%, respectively.

2.2 Stress-controlled suffusion apparatus

The testing apparatus is a stress-controlled suffusion

apparatus, as depicted in Fig. 3. It is similar to the appa-

ratus designed by Bendahmane et al. [6] and Chang and

Zhang [7]. Such apparatus can investigate the evolution of

suffusion under different stress states and hydraulic gra-

dients. Meanwhile, it can perform consolidated drained

triaxial compression test. The apparatus mainly consists of

a confining pressure system, an axial loading system, a

seepage pressure system, a funnel-shaped drainage system,

and a data acquisition system. The confining pressure and

axial loading systems simulate the stress state of specimen.

The largest confining pressure and axial load are 2.0 MPa

and 30 kN, respectively. The seepage pressure system

provides downward seepage for the migration of fine par-

ticles. The total head difference across specimen is con-

trolled by a water tank with adjustable height. The funnel-

shaped draining system with a covering screen is specially

designed to allow fine particles to be washed out of

specimen freely; meanwhile, it does not affect the standard

operation of triaxial compression test. Pore-opening size of

the covering screen may have significant influence on the

migration of fine particles. A suitable pore-opening size,

which can allow the eroded fine particles to be washed out

of the funnel-shaped drainage system freely, is critical for

suffusion test. The ratio of the pore-opening size to the

largest fine particle size, Rp, ranges from 6.7 to 28.5 in

previous studies [7, 15, 26]. In this study, the pore-opening

size is 4 mm, and the largest fine particle size is 0.25 mm

for soils A, B, and C, and it is 0.5 mm for soil D. There-

fore, Rp = 16 (for soils A, B, and C) or Rp = 8 (for soil D).

It can be concluded that the adopted pore-opening size is

suitable for suffusion tests. The data acquisition system can

monitor the mass of eroded fine particles, settlement, vol-

ume change, and total head difference of the specimen.

Hydraulic gradient is determined by the ratio of the total

head difference to the length of the specimen. Flow

velocity is measured manually. The detailed information

on this apparatus can be found in Luo et al. [23].

2.3 Suffusion test procedure

Table 2 shows the summary of suffusion tests. Thirty-six

tests were carried out, and all the tests were conducted in

the following five steps. (1) Specimen preparation: Each

specimen was compacted in five layers, and the moist-

tamping method was adopted to minimize particle segre-

gation [17]. The dimensions of the specimen in this study

are similar to those in Chang and Zhang [7], and they are

101 mm in diameter and 100 mm in height. It should be

noted that the reliability of test significantly depends on the

Table 1 Evaluation of internal instability of the testing soils

Criteria Material description The soil is internally stable if Internally

unstable

A B C D

Kenney and Lau

[16]

Granular soils (H/F)min[ 1

For broadly graded soil, 0\F\ 20%; For narrowly graded soil,

0\F\ 30%

Y Y Y Y

Wan and Fell [33] Broadly graded and gap-graded

soils

P = eZ/[1 ? eZ]

Z = 3.875log(h
0 0
) - 3.591 h

0
? 2.436 for sand-gravel mixtures

Y Y Y Y

Li and Fannin [19] Granular soils For F\ 15%, (H/F)min C 1.0

For F[ 15%, H C 15%

Y Y Y Y

Chang and Zhang

[8]

Broadly graded soils P
0
\ 5, (H/F)min[ 1.0

5 B P
0
B 20, (H/F)min[ - (1/15)P

0
? 4/3

P
0
[ 20, stable

Y Y Y Y

F = mass fraction at any grain size d; H = mass fraction between grain size d and 4d; P = probability of internal instability; h
0
= d90/d60;

h
0 0
= d90/d15; d90, d60, and d15 = diameters of 90%, 60%, and 15% mass passing, respectively; P

0
= fine particle content (\ 0.063 mm);

Y = internally unstable
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ratio of the specimen diameter (Ds) to the largest particle

size (dmax) of testing soil. According to ASTM D5084-10

[2], ASTM D7181-11 [4], and ASTM D3999/D3999 M-11

[3], the specimen diameter should be at least six times the

largest particle size of the specimen. In addition, some

researchers have suggested that a ratio of 5 for the speci-

men diameter and the largest particle size was sufficient to

avoid scale effect [10, 12, 24]; some researchers also have

suggested that a ratio of 6 to 8 was considered necessary

for meaningful results [9, 11]. In this study, the value of Ds/

dmax is equal to 10.1, so it can be concluded that the value

of Ds/dmax in this study is sufficient to avoid scale effect of

tests. The desired dry densities of soils A, B, C, and D are

1.85 g/cm3, 1.87 g/cm3, 1.88 g/cm3, and 1.88 g/cm3,

respectively, and the relative density is approximately 0.27.

The designated initial porosities are 0.30, 0.29, 0.28, and

0.29, respectively. (2) Saturation: A differential water-head

method was adopted to saturate specimen. To ensure a high

degree of saturation, carbon dioxide was first injected into

the specimen to flush trapped air, and then de-aired water

was gradually introduced until inflow rate was equal to

outflow rate. Saturation time in every test was approxi-

mately three hours. (3) Consolidation at a controlled stress

state: Consolidation was gradually conducted by increasing

confining pressure to the designated value of 0.4 MPa, and

then deviator stress gradually increased to the desired value

after the specimen was isotropically consolidated. (4)

Suffusion test: After the required stress state had been

applied, suffusion test started, and a step-increase hydraulic

gradient was introduced into the specimen. Based on the

previous studies, such as Skempton and Brogan [30], Wan

and Fell [32], and Ke and Takahashi [14], the critical

hydraulic gradient initiating suffusion is indeed low. In Ke

and Takahashi [14], for the internally unstable soils with

initial fine particle contents of 14.3%, 16.7%, 20%, and

25%, the corresponding critical hydraulic gradient are 0.21,

0.23, 0.24, and 0.25, respectively. The low value of the

critical hydraulic gradient may be attributed to the

heterogeneity of stress transfer in internally unstable soils.

Fine particles in internally unstable soils only transfer a

little or no effective stress, while coarse particles mainly

transfer effective stress [16, 22, 30]. In order to capture the

low critical hydraulic gradient initiating suffusion (icr), the

suffusion tests here started with a slow gradual increase in

the hydraulic gradient until suffusion initiated. For exam-

ple, hydraulic gradient increased by 0.05 per 30 min in the

first few steps. When hydraulic gradient exceeded icr, suf-

fusion had initiated, and the rate of gradient increase could

increase gradually to accelerate the process of the suffusion

tests (i.e., 0.1 per 30 min for icr\ i B 1.0, 0.2 per 30 min

for 1.0\ i\ 2.0, and 0.5 per 30 min for i C 2.0). In every

step, migration of fine particles and turbidity of effluent

were observed closely. Simultaneously, flow velocity and

the total heads at the inlet and outlet were recorded in

Seepage
Pressure System

Confining
Pressure System

Axial Loading
System

Piezometer Tube at the Outlet

Vertical Displacement
Transducer

Air Escape Valves

Top Cap

Triaxial Cell Heat-shrink Tube
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Covering ScreenSpecimen
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Balance Hammer
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Adjust Balance Cell
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Piezometer Tube at the Inlet

Collector

Funnel-shaped Drainage System

Data Acquisition
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Piston

Computer

Downward Seepage

Fig. 3 Stress-controlled suffusion apparatus
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10-min interval. If flow velocity and the total heads no

longer changed and no further soil loss was observed, the

next step of hydraulic gradient was applied. (5) Sieve

analyses: After each test, grain size distributions of the

specimen and the eroded particles in every step were

determined by sieve analysis according to ASTM D6913-

04 [1]. The eroded particles in each step were separately

collected and dried after the test, and then the eroded mass

was recorded as instantaneous eroded mass.

2.4 Determination of the critical hydraulic
gradient initiating suffusion

Based on Chang and Zhang [7], the entire suffusion process

can be divided into four phases: stable, initiation,

Table 2 Summary of the suffusion tests under different deviator stresses

Test

no.

Dry density

(g/cm3)

Relative

density

Initial

porosity

Applied stress state

Confining pressure,

r3 (MPa)

Deviator stress,

q (MPa)

Mean effective stress,

p
0
(MPa)

Shear stress ratio,

g = q/p
0

A-1 1.85 0.27 0.30 0.4 0 0.40 0

A-2 0.30 0.1 0.43 0.23

A-3 0.30 0.2 0.47 0.43

A-4 0.30 0.4 0.53 0.75

A-5 0.30 0.6 0.60 1.0

A-6 0.29 0.7 0.63 1.11

A-7 0.30 0.8 0.67 1.20

A-8 0.30 1.0 0.73 1.36

A-9 0.30 1.2 0.80 1.50

B-1 1.87 0.27 0.29 0 0.40 0

B-2 0.29 0.1 0.43 0.23

B-3 0.30 0.2 0.47 0.43

B-4 0.29 0.4 0.53 0.75

B-5 0.29 0.6 0.60 1.0

B-6 0.29 0.7 0.63 1.11

B-7 0.30 0.8 0.67 1.20

B-8 0.29 1.0 0.73 1.36

B-9 0.29 1.2 0.80 1.50

C-1 1.88 0.27 0.28 0.4 0 0.40 0

C-2 0.28 0.1 0.43 0.23

C-3 0.28 0.2 0.47 0.43

C-4 0.28 0.4 0.53 0.75

C-5 0.28 0.6 0.60 1.0

C-6 0.29 0.7 0.63 1.11

C-7 0.28 0.8 0.67 1.20

C-8 0.28 1.0 0.73 1.36

C-9 0.28 1.2 0.80 1.50

D-1 1.88 0.27 0.29 0.4 0 0.40 0

D-2 0.28 0.1 0.43 0.23

D-3 0.29 0.2 0.47 0.43

D-4 0.29 0.4 0.53 0.75

D-5 0.29 0.6 0.60 1.0

D-6 0.29 0.7 0.63 1.11

D-7 0.29 0.8 0.67 1.20

D-8 0.29 1.0 0.73 1.36

D-9 0.28 1.2 0.80 1.50
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development, and failure. At present, the critical hydraulic

gradient initiating suffusion is not well defined, and the

definitions are different in the different literature. Skemp-

ton and Brogan [30] suggested the critical hydraulic gra-

dient was the one at which violent piping of fine particles

and a rapid increase in inflow occurred. Wan and Fell [32]

defined that the critical hydraulic gradient corresponded to

the hydraulic gradient at which the first sign of erosion of

fine particles was observed. Recent studies included more

specific definitions. Ke and Takahashi [14] postulated that

suffusion initiated when the relationship between hydraulic

gradient and flow velocity begun to inflect; meanwhile,

‘‘dance-like’’ movements of fine particles were first

observed. Similarly, Chang and Zhang [7] defined that the

initiation gradient was the minimum hydraulic gradient in

the initiation phase where there was some loss of fine

particles and a slight change in permeability.

Comparing to the definitions in the different literature, it

can be found that some definitions rely on the observation

of eroded particles and partly depend on the subjectivity of

observers. The recently proposed definitions are more

precise since they involve more details about the initiation

of suffusion [7, 14]. So the definitions in Ke and Takahashi

[14] and Chang and Zhang [7] were adopted in this study to

determine the critical hydraulic gradient initiating

suffusion.

2.5 Test procedure of consolidated drained
triaxial compression

Suffusion is a localized phenomenon, and capturing the

critical hydraulic gradient initiating suffusion in test is a

great challenge. Actually, the specimen in this study, which

is only 101 mm in diameter and 100 mm in height, is

small. When suffusion initiated, the average hydraulic

gradient of the specimen, which is determined by the ratio

of the total head difference across the specimen to the

height of the specimen, could be representative of the

localized hydraulic gradient initiating suffusion. So the

global porosity of the specimen in this study is helpful for

explaining the variation of the critical hydraulic gradient

under different shear stress ratios. In addition, Chang and

Zhang [7] also deemed that the variation of the critical

hydraulic gradient initiating suffusion was mainly caused

by the variation of soil porosity under different shear stress

ratios.

In order to investigate the variation of soil porosity

under different shear stress ratios, four consolidated

drained triaxial compression tests on the original soils A,

B, C, and D without suffusion were also performed by the

stress-controlled suffusion apparatus in this study accord-

ing to ASTM D7181-11 [4]. The specimens for the com-

pression tests had the same dimensions, initial porosity, dry

density, and confining pressure as the suffusion specimens.

Conventionally, the aspect ratio of the specimen should be

2:1 for conventional triaxial compression test. However,

the use of the specimen aspect ratio of 1:1 in this study was

based on two considerations. First, the aspect ratio is rec-

ommended as 1:1 for seepage tests in a triaxial cell, in

standard BS1377 of the British Standards Institution [7].

Second, the main purpose of the triaxial compression test

in this study was to investigate the variations of soil

porosity under different deviator stresses, not the stress-

strain relationship.

The specimen was first consolidated to the designated

confining pressure of 0.4 MPa, and then deviator stress was

gradually increased until shear failure occurred. In this

study, a new parameter termed as rate of volumetric

change, DV/Dq, was introduced to characterize the varia-

tions of soil porosity under different shear stress ratios. The

value of DV/Dq is the ratio of volumetric change to the

increment of deviator stress. A negative sign of DV/
Dq denotes volumetric contraction, and a plus sign of DV/
Dq denotes volumetric dilation.

3 Results and discussion

3.1 Determination of the initiation of suffusion
in test D-6

It is noted that only the results of test D-6 were described

comprehensively in this section. The test condition of D-6

is listed in Table 2. Similar results and evolution trends in

terms of hydraulic gradient and flow velocity also appeared

in the other thirty-five suffusion tests. Figure 4 depicts the

relationships between hydraulic gradient (i) and flow

velocity (v), and instantaneous eroded mass (me) in test

D-6. It can be seen that the relationship between i and v in

the evolution of suffusion was piecewise linear, and the

whole process of the test could be divided into six phases
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(i.e., P1–P2, P2–P3, P3–P4, P4–P5, P5–P6, and P6–P7). In

each phase, v increased linearly with the increase of i, and

the specimen permeability, which was the slope of i–

v curve, was approximately constant. The permeability of

soil in the six phases was approximately 0.038 cm/s,

0.008 cm/s, 0.021 cm/s, 0.013 cm/s, 0.029 cm/s, and

0.006 cm/s, respectively. The first change in permeability

initiated at P2 where hydraulic gradient was 0.27. Mean-

while, noticeable migration of fine particles was also

observed in the transparent outlet tube, and the instanta-

neous eroded mass at i = 0.27 significantly increased to

0.01 g. According to the definitions of icr proposed by Ke

and Takahashi [14] and Chang and Zhang [7], it could be

judged that suffusion initiated at icr = 0.27.

In addition, it can be seen from Fig. 4 that the rela-

tionship between hydraulic gradient (i) and instantaneous

eroded mass (me) could explain the variation of perme-

ability in the evolution of suffusion. The variation of per-

meability was attributed to fine particle migration and

subsequent clogging within the specimen. At the initiation

of suffusion, some fine particles started to migrate, and

consequently they clogged pores within the specimen, this

caused a decrease in permeability. The permeability in the

first phase (kP1–P2) was 0.038 cm/s, whereas kP2–P3 was

0.008 cm/s. In the third phase (P3–P4), me started to

increase significantly to 0.28 g at i = 2.29, and kP3–P4
increased to 0.021 cm/s, it indicated that clogged pores

were unclogged. In the fourth phase (P4–P5), me started to

fluctuate, the instantaneous eroded masses were 0.46 g at

i = 2.79, 0.37 g at i = 3.26, and 0.58 g at i = 3.82; kP4–P5
decreased to 0.013 cm/s. In the fifth phase (P5–P6), kP5–P6
increased to 0.029 cm/s. In the sixth phase (P6–P7), pores

within the specimen were clogged again by the migration

of fine particles, which induced a significant decrease of

permeability to 0.006 cm/s. It can be inferred that the

evolution of suffusion was a complicated process, and it

involved fine particles migration, pores clogging, pores

unclogging, and fine particles remigration. The similar

phenomena were also observed by Sibille et al. [29], Le

et al. [18], Hu et al. [13], and Yang et al. [34].

3.2 Effect of shear stress ratio on the critical
hydraulic gradient

Figure 5 shows the relationships between shear stress ratio

(g) and the critical hydraulic gradient initiating suffusion

(icr) of the four internally unstable soils. It can be seen that

the deviator stress or shear stress ratio had significant

influence on the critical hydraulic gradient. The relation-

ship between g and icr was piecewise linear, and there was

a critical shear stress ratio (gcr) for each soil in this study.

The value of icr first linearly increased with the increase of

g when g was less than gcr, and it reached the maximum

value at g = gcr, then it decreased suddenly and signifi-

cantly just over gcr, finally it increased linearly again with

the increase of g when g was larger than gcr. The critical

shear stress ratios of the four soils A, B, C, and D are rather

similar, and they are 1.11, 1.11, 1.2, and 1.0, respectively.

Compared with Fig. 1 observed by Chang and Zhang

[7], the results depicted in Fig. 5 indicated two common

features and one significant distinction. The two common

features are: (a) there was a critical shear stress ratio for

each internally unstable soil (three gap-graded soils and

one broadly graded soil in this study, while one gap-graded

soil in Chang and Zhang [7]); (b) the value of icr linearly

increased with the increase of g when g was less than gcr,
and icr reached the maximum value at g = gcr. The sig-

nificant distinction was the variation of icr when g was
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Fig. 5 Relationships between shear stress ratio and critical hydraulic

gradient initiating suffusion: a soil A; b soil B; c soil C; d soil D
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larger than gcr. The results observed by Chang and Zhang

[7] suggested that gcr corresponded to the stress condition

approaching failure, and icr started to decrease linearly

when g was larger than gcr, whereas the results in this study
indicated that icr first decreased suddenly and significantly

with a slight increase of g, and then it linearly increased

with the increase in g.
In addition, it was found that fine particle content also

had influence on the critical hydraulic gradient. For soils A,

B, and C with different fine particle contents (15%, 20%,

and 25%, respectively), icr decreased with the increase in

fine particle content under the same shear stress ratio when

g was less than 1.11. For example, at g = 0.43, the critical

hydraulic gradients of soils A, B, and C were 0.38, 0.25,

and 0.17, respectively. The similar effect of fine particle

content on icr was also observed by Ke and Takahashi [14].

3.3 Explanation on the variation of critical
hydraulic gradient

Figure 6 shows the relationships between shear stress ratio

(g) and volumetric strain (ev), and rate of volumetric

change (DV/Dq). On one hand, Fig. 6 can explain the

variation of icr with the increase in shear stress ratio, as

depicted in Fig. 5. On the other hand, it can be used to

investigate the significant distinction between this study

and Chang and Zhang [7]. It can be seen from Fig. 6 that ev
first decreased with the increase of g, and then it reached

the minimum value at g = gd, which was the division

between volumetric contraction and dilation, finally ev
started to increase with the increase of g. For soils A, B, C,
and D, the values of gd are 1.71, 1.81, 1.72, and 2.0,

respectively. Compared with Fig. 5, it was found that the

maximum critical hydraulic gradients depicted in Fig. 5

did not occur at g = gd.
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Fig. 6 Relationships between shear stress ratio and volumetric strain,

and rate of volumetric change: a soil A; b soil B; c soil C; d soil D
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The variations of DV/Dq were significantly different

from those of ev. For each soil, there was an interesting

oscillation zone, as depicted in Fig. 6. In the oscillation

zone, there was a maximum value of DV/Dq at g = gcr. For
the four soils A, B, C, and D, the critical shear stress ratios

determined by the consolidated drained triaxial compres-

sion tests are 1.11, 1.13, 1.20, and 0.96, respectively.

Compared with Fig. 5, it was found that the critical shear

stress ratios determined by the suffusion tests (as shown in

Fig. 5) were significantly consistent with those determined

by the consolidated drained triaxial compression tests (as

shown in Fig. 6). Therefore, it can be concluded that the

critical shear stress ratio is not the division between volu-

metric contraction and dilation, and it does not correspond

to the stress condition approaching failure, but it is the

point where DV/Dq reaches the maximum value in the

oscillation zone, and it is still in volumetric contraction

state, as depicted in Fig. 6.

Based on Figs. 5 and 6, the variations of icr under dif-

ferent shear stress ratios may be attributed to the variation

of soil porosity. When g was less than gcr, the specimen

gradually contracted with the increase of g, and soil

porosity decreased gradually, and this seriously hindered

the migration of fine particles and induced the increment of

icr with the increase of g. At g = gcr, the specimen was still

in contraction state, and DV/Dq reached the maximum

value, and the corresponding soil porosity reached the

minimum value in the oscillation zone, and consequently,

icr was up to the maximum value at g = gcr. In the oscil-

lation zone, DV/Dq started to decrease significantly and

suddenly with a slight increase of g when g was larger than

gcr, and the corresponding soil porosity significantly and

suddenly increased from the minimum value, so icr
decreased significantly. The oscillation of DV/Dq around

gcr in Fig. 6 intuitively depicted the variation of icr around

gcr in Fig. 5. When g was larger than gcr and less than gd,
the specimen was not in the oscillation zone, but it was still

in contraction state. The value of DV/Dq increased with the

increase of g, and soil porosity started to decrease gradu-

ally with the increase of g; consequently, icr started to

increase again with the increase of g until the stress con-

dition caused dilation at g = gd. When g was larger than

gd, the specimen started to be in dilation state, and DV/
Dq increased with the increase of g, and soil porosity

started to increase gradually with the increase of g; con-
sequently, icr started to decrease with the increase of g. In
the field, once the stress condition starts to cause volu-

metric dilation, it means that the soil has approached fail-

ure, so the variation of icr is not discussed when g is larger

than gd.

3.4 An empirical method determining the critical
hydraulic gradients under complex stress
states

Compared with the results in this study and Chang and

Zhang [7], it was found that for different internally

unstable soils with different grain size distributions and

fine particle contents, the effect of shear stress ratio on the

critical hydraulic gradient initiating suffusion was similar,

as depicted in Fig. 5. According to this characteristic, an

empirical method determining the stress-dependent critical

hydraulic gradients under complex stress states was

developed. The detailed procedures are as follows:

1. Based on the stress states (i.e., confining pressure and

deviator stress) of the testing soil, one consolidated

drained triaxial compression test under the same

confining pressure was carried out to determine gcr.
According to Sect. 3.3, gcr is not the division between

volumetric contraction and dilation, but it is the point

where DV/Dq reaches the maximum value in the

oscillation zone.

2. Four suffusion tests under the same confining pressure

and different shear stress ratios were performed to

determine icr. For example, test A1 with g = g1 and

icr = icr1, test A2 with g = g2 = gcr and icr = icr2, test

A3 with g = g3 and icr = icr3, and test A4 with g = g4
and icr = icr4 (g4 B gd, where gd is the division

between volumetric contraction and dilation), as

depicted in Fig. 7.

3. The stress-dependent critical hydraulic gradients under

different shear stress ratios were established by piece-

wise linear interpolations between g1 and g2, g2 and g3,
and g3, and g4, as shown in Fig. 7. The parameters a1–

a6 were determined by linear interpolations of the four

suffusion tests results.
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Fig. 7 Illustration of the empirical method determining the critical

hydraulic gradients under complex stress states
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The empirical method can be applied to the design of

high earthen and rockfill dams constructed on internally

unstable soils, and it can significantly reduce the numbers

of suffusion tests, and only four suffusion tests and one

consolidated drained triaxial compression test are needed

to determine the critical hydraulic gradient under the same

confining pressure.

4 Summary and conclusions

Thirty-six suffusion tests on three gap-graded and one

broadly graded cohesionless soils, and four triaxial com-

pression tests on the four original soils without suffusion

were carried out to investigate the effect of deviator stress

or shear stress ratio on the critical hydraulic gradient ini-

tiating suffusion. The main conclusions from this study can

be summarized as follows:

The deviator stress or shear stress ratio has significant

influence on the initiation of suffusion. The relationship

between shear stress ratio and critical hydraulic gradient is

piecewise linear. The critical hydraulic gradient first lin-

early increases with the increase in shear stress ratio, and it

reaches the maximum value at the critical shear stress ratio,

then it decreases suddenly and significantly, finally it

increases linearly again with the increase in shear stress

ratio. In this study, the relationship between shear stress

ratio and critical hydraulic gradient was not completely

consistent with that observed by Chang and Zhang [7].

There is a critical shear stress ratio for different inter-

nally unstable soils. The critical shear stress ratio is not the

division between volumetric contraction and dilation, but it

is the point where DV/Dq reaches the maximum value in

the oscillation zone. For soils A, B, C, and D in this study,

the critical shear stress ratios determined by suffusion tests

are 1.11, 1.11, 1.20, and 1.0, respectively, whereas those

determined by consolidated drained triaxial compression

tests are 1.11, 1.13, 1.20, and 0.96, respectively, they are

significantly consistent. Therefore, the critical shear stress

ratio can be determined by a consolidated drained triaxial

compression test.

Compared with the results in this study and Chang and

Zhang [7], it was found that for different internally

unstable soils with different grain size distributions and

fine particle contents, the effect of deviator stress or shear

stress ratio on the critical hydraulic gradient seemed to be

similar. Based on this characteristic, an empirical method

determining the critical hydraulic gradients under complex

stress states was developed.
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