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ABSTRACT

Fine particles may migrate in the preexisting pores of an internally unstable soil matrix caused

by water flow. This migration changes the fine particle distribution and content at different zones

and can affect the mechanical properties of these soils. Due to the different roles that fine

particles can play in the force chains of an internally unstable soil, the available geometrical

assessment methods do not predict post-erosion behavior of the soil. The fine particles may sit

loose in the voids, provide lateral support for the primary soil matrix, or participate directly in

stress transfer. This will depend on the fine content, particle size distribution, constriction size,

relative density, stress path, and particle shape. However, to evaluate the post-erosion behavior

accurately, computational modelling or experimental investigation needs to be conducted. A

modified triaxial apparatus connected to a water supply system and collection tank was

developed to investigate the post-erosion behavior of an internally unstable cohesionless soil

under different loading patterns in undrained conditions. This system allowed all test phases to be

completed, including erosion inside the triaxial chamber to remove any possible impact of

specimen disturbance. The results suggest that the undrained shear strength of the eroded

specimen increased at small vertical strains (0–4 %) under monotonic and cyclic loadings,

whereas the initial modulus of elasticity remained unchanged. Also, the eroded specimen showed

much higher resistance against cyclic loadings, whereas the non-eroded specimen was liquefied

during less than five cycles of loading. This improvement was due to a better interlock between

coarse particles due to erosion of fine particles. The hardening strain behavior of the non-

eroded specimen changed to limited flow deformation due to a decrease in the fine content. The

flow deformation of the eroded specimen at medium strain may be due to the local increase in

lubrication effect of fine particles in the eroded specimen.
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Introduction

For granular soils, if only the coarse particles participate in the

primary soil skeleton, the fine particles can migrate through

the preexisting pores if the required hydraulic forces are present.

The erosion process of these particles is known as suffusion, ac-

cording to the International Commission on Large Dams

(ICOLD) (2015), if no change in soil volume occurs. However,

the local and/or general hydraulic conductivity properties of

the soil may still change. This is a long-term phenomenon and

may occur over a very long period of time. If these eroded par-

ticles provide secondary support for the soil load-bearing matrix

or contribute partially to the force chains, the soil shear strength

may change significantly. In some extreme cases, suffusion may

lead to considerable settlements or catastrophic failures in hy-

draulic structures. A granular soil is vulnerable to suffusion if

the fine particles carry no loads or (in some cases) support a small

percentage of the effective stresses in comparison with the coarse

particles. Gap-graded soils like sandy gravels or silty sands can be

classified as geometrically unstable if the fine particles are smaller

than the pore sizes.

Terzaghi (1925) was one of the first researchers to suggest

that effective stresses decrease due to hydraulic stresses in the up-

ward flow in sands and, if the hydraulic gradient reaches a critical

magnitude, particles will dislodge from the soil body. This process

is defined as hydraulic heave in sandy materials. Subsequently,

researchers like Skempton and Brogan (1994), Li and Fannin

(2011), Shire et al. (2014), and Moffat and Herrera (2014) at-

tempted to expand Terzaghi’s theory further for gap-graded soils.

They showed that the required hydraulic gradient to move the

finer particles is much lower than the critical hydraulic gradient

presented by Terzaghi, especially if these fine particles do not fully

contribute in the primary soil matrix.

Experimental investigation can be divided into two main

parts. Some researchers used rigid-wall permeameter cells to in-

vestigate the initiation of internal instability and effective param-

eters that accelerate the process (Kenney et al. 1985; Skempton

and Brogan 1994; Moffat and Fannin 2006; Sail et al. 2011;

Indraratna et al. (2015). Some others like Chang and Zhang

(2011), Xiao and Shwiyhat (2012), and Ke and Takahashi

(2014a) have focused on the post-erosion response of cohesion-

less soils. For instance, a new experimental device was developed

by Bendahmane et al. (2008) based on an ordinary triaxial appa-

ratus for evaluating initiation of internal erosion in sandy clay

samples. Test results indicated that erosion of clay particles

started first and this was classified as suffusion. However, there

was a second threshold in the hydraulic gradient above which ero-

sion of sand particles initiated. This led to backward erosion and

finally collapse of the whole sample. It was understood that suf-

fusion and backward erosion both were affected by initial clay

content. Ahlinhan and Achmus (2010) investigated the effects

of flow direction and relative density on the erosion process of

different soil gradations. This study suggested that an immediate

increase in the flow velocity is a consequence of the onset of ero-

sion. However, this increase is more obvious for internally unsta-

ble soils. Moffat and Fannin (2011) investigated the influence of

the onset of instability on the local hydraulic gradient and pre-

sented a hydromechanical envelope in effective stress-critical hy-

draulic gradient space governing internal stability of cohesionless

soils. This envelope appears to be independent of the flow direc-

tion, and internal instability may be triggered either by an in-

crease in hydraulic gradient or a decrease in effective stress.

Moffat et al. (2011) performed permeameter tests on widely

graded cohesionless soils to investigate the influence of internal

erosion. These experiments showed that suffusion is a time-

dependent phenomenon and causes soil particle migration with

no change in volume of the specimen. Suffusion can be classified

as the next phase of suffusion when volumetric strains occur due

to the washing out of particles.

Although different aspects of erosion initiation have been

studied extensively, the effect of suffusion on mechanical soil

properties is a new research area. One of the first studies to evalu-

ate the post-erosion behavior of cohesionless soil was conducted

by Ke and Takahashi (2012), in which the variation of soil

strength was measured using a miniature cone penetration test.

They found a reduction in the cone tip resistance after internal

erosion was attributed to the loss of fine particles. The variation of

drained shear strength due to internal erosion was investigated for

the first time by Chang and Zhang (2011). They performed

drained triaxial tests (pre- and post-erosion) under different con-

solidation stress paths. The results showed that the peak shear

strength decreased significantly and the stress-strain behavior

changed from dilative to contractive due to the removal of a cer-

tain amount of fine particles and an increase in void ratio. Xiao

and Shwiyhat (2012) performed post-suffusion undrained triaxial

compression testing on gap-graded specimens. Higher undrained

shear strength was observed for the eroded specimens. They sug-

gested that this might have been due to the loss of saturation dur-

ing the erosion phase as the bottoms of the samples were

subjected to atmospheric pressure. Ke and Takahashi (2014a)

studied the drained and undrained behavior of gap-graded sand

under monotonic and cyclic loadings. This revealed that the post-

erosion drained and undrained compressive strength decreased

and increased, respectively.

In other research works conducted by Ke and Takahashi

(2014b, 2015), the mechanical consequences of suffusion were

investigated with different initial fine contents and confining

pressures. Whereas specimens with 35 % fine content showed

completely contractive drained behavior, the volumetric strain

behavior of specimens with 15 % to 25 % fine content was initially

contractive but then changed to dilative at the medium strain

range. In addition, the drop in the drained shear strength after
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suffusion was more obvious for the specimen with 35 % fine

content.

In comparing the results of these studies, it is evident that the

consequences of erosion on the mechanical soil properties and

behavior of cohesionless soils are not well understood and some

conflict exists. In addition, previous experimental attempts have

had their own technical issues. For instance, the saturation per-

centage of the specimens was 85 % in studies conducted by Chang

and Zhang (2011) and Xiao and Shwiyhat (2012), which resulted

in some errors. Xiao and Shwiyhat (2012) mentioned that the bot-

tom mesh they used may not have been selected accurately with

respect to the size of the erodible particles. Ke and Takahashi

(2014a, 2014b) solved the problem of losing saturation.

However, the rotary pump they used in the test produced a jet

flow on the soil specimen at the beginning of each erosion stage,

which affected specimen deformation (radial and volumetric

strains were measured via using local strain gauges). It is plausible

that local instruments had a reinforcing influence on the sample

and may have caused considerable error in the measurement of

strain and soil behavior.

Computational investigation of internal erosion has been at-

tracting more interest from the last decade. However, in compari-

son to the laboratory research, there are still many conceptual

ambiguities that need to be clarified. For instance, Wood et al.

(2010) used two-dimensional discrete element modelling to in-

vestigate the mechanical consequences of erosion by the software

package PFC-2D. Instead of considering a coupled flow and par-

ticle removal, the process of erosion was modelled by progres-

sively removing the fine particles, whereas the external stresses

were kept constant. This numerical modelling showed that the

particle removal increased the specific volume (v = 1þ e), which

led to volumetric compression due to more open internal struc-

ture, narrowed the soil grading, and raised the critical state line.

The consequence of this process was a lower available strength

and occurrence of distortional strains. Although this research

provided a better understanding of consequences of particle re-

moval, no evidence provided showed the validity of the model.

They believed that internal erosion is a time-dependent phe-

nomenon and changes the actual fabric of the material, and it

cannot be simulated only by mixing up particles with different

sizes and randomly removing the small particles. In other re-

search, a multi-scale approach including a discrete element model

and an analytical micromechanical model was proposed by

Scholtès et al. (2010) and Hicher (2013) to assess internal erosion

effects on the mechanical properties of a granular medium and

induced deformations during the erosion process. It was found

that removal of particles at shear stress ratios lower than 0.72 re-

sulted in contractive deformations and samples reached a new

stable state. However, instability and dilation were observed when

particle extraction occurred at shear stress ratio greater than 0.72.

This threshold value for shear stress ratio was related to the

residual state at large shear deformation, which is known as

the critical state. This meant that under a shear stress state lower

than the critical one, particle rearrangement acted as a self-

healing factor to counterbalance the effects of particle erosion.

In addition, regardless of percentage of the particle removal, this

is the mobilized friction that controlled the failure of assembly.

Moreover, it was found that due to increase in the initial porosity,

the specimen behavior changed from dilative to contractive, and a

drop in the shear strength was observed. In fact, particle removal

decreased the internal friction angle and weakened the assembly.

They concluded that the mechanical response in terms of internal

friction, volumetric strain, and residual sate were independent of

the initial stress state under which erosion was conducted.

This paper has attempted to solve some of these previously

observed issues in the post-erosion experimental investigation. To

achieve this, a triaxial chamber was modified to perform suffusion

tests inside the triaxial cell, which also involved the development

of the water supply and collection system. This system proved to

be versatile, which allowed three different sized specimens

with diameters of 50, 75, and 100 mm to be tested. This paper

also explains the design principles and presents the performance

of the apparatus during each different stage of testing.

Preliminary test results are also discussed in terms of stress-strain

behavior (measured using photogrammetry techniques) of the

eroded and non-eroded specimens under monotonic and cyclic

loadings.

Testing Apparatus

To investigate the post-erosion behavior of internally unstable

soils, the soil specimen first needs to be exposed to water flow

to initiate erosion. Then, the triaxial test is performed to evaluate

soil response. Due to the granular nature of the material and to

avoid any disturbance, a triaxial chamber was modified to per-

form saturation, consolidation, erosion, and shearing successively

without removing the specimen. For this reason, the top cap and

base plate of a triaixal chamber were modified in order to apply

the hydraulic gradient and allow the soil particles to be eroded

and washed out of the chamber. The water supply system was

designed to provide a range of water heads or flow rates. The fab-

ricated collection system can measure the weight of the eroded

particles continuously during the test. This system allows for

studying pre- and post-suffusion soil behavior under different

stress paths and loading patterns.

The water supply system was designed to maintain a constant

flow condition (i.e., flow rate) over a long period of time. Richards

and Reddy (2008) stated that if Darcy’s Law is applicable during

the soil seepage, a decrease in hydraulic conductivity leads to an

increase in hydraulic gradient at a constant flow rate. Due to this

coupling effect, they suggested that considering only the critical

hydraulic gradient may not be correct for cohesionless type soils.

Therefore, a flow controller was connected to the pipe between
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the water supply system and erosion cell to control the flow rate.

In addition, two pressure transducers were installed at the top and

bottom of the specimen for direct measurement of the general

hydraulic gradient across the full height of the sample. The water

supply unit was composed of two water tanks (connected to each

other in parallel), a flow controller, and an air pressure supply.

These cells were filled with de-aired water, whereas the air pres-

sure was applied to the top of the water inside the cell. Continuous

water supply was provided using an exclusive outlet and supply

valve to each cell. Fig. 1 illustrates the water supply system.

To apply different water heads and flow rates, a flow control-

ler with a maximum operating pressure and temperature of

1,370 kPa and 93°C was connected to the outlet pipe of the cells.

This allowed a flow rate up to 500 mL/min to be applied to the top

of the sample.

For erosion tests to be performed in the triaxial chamber, a

new top cap, bottom plate, and base plate were manufactured.

The top cap consisted of a hollow cap with a 5-mm-thick perfo-

rated steel plate with a 2-mm opening size. To diffuse the water

on the sample contact interface uniformly and reduce the jet flow

reported by Ke and Takahashi (2014b), the top cap was filled with

glass spheres of various sizes (Fig. 2). To avoid particle migration

to the top cap during the saturation process, a mesh with an aper-

ture smaller than the smallest particle size (0.075 mm) was placed

between the top of the specimen and top plate.

The original base plate was replaced with a 10-mm-thick net-

ted plate, a funnel shaped pedestal, and a new base plate with a

conical trough to provide enough space for the eroded particles

tomove into the collection chamber without clogging. A rigid mesh

was placed on the netted plate to hold the coarse fraction (soil

body) and let the fine particles (erodible particles) out. The mesh

size was determined based on the smallest particle size in coarse

fraction or constriction size. For the tests reported in this paper,

a 1.18-mm mesh was used. Fig. 3 shows the various parts of the

modified base cell. Because the pedestal is detachable, it is practical

to test specimens with different dimensions. Solid plates were also

manufactured for performing ordinary triaixal tests to compare

pre- and post-erosion soil behavior and reduce the mechanical er-

rors (Fig.3d). Although, different end restraints may be created due

to the use of dissimilar bottom plates, initial ordinary tests did not

show any significant variation in results between specimens sitting

on different plates. In addition, a new pedestal was designed and

fabricated to allow water to discharge and the erosion of particles

from the bottom of the cell while maintaining the load (Fig. 4).

The collection system was designed to collect the eroded par-

ticles and discharged water from the cell, as well as to simultane-

ously measure the weight of the eroded particles and maintain a

constant back pressure to keep the specimen’s base saturated.

The main design challenge was to continuously measure the weight

of the dislodged particles without losing the back-pressure while

eliminating the influence of the inlet flow. To overcome these lim-

itations, Ke and Takahashi (2014a) came up with a practical sol-

ution. The measuring tray was submerged and a stable water level

was maintained. To eliminate the effect of water weight, the meas-

uring tray was connected to a submersible load cell (10 g resolu-

tion) and suspended inside a poly (methyl methacrylate) cell (inner

cell) full of water. The water level at the top of this cell was kept

constant and the inlet flow from the triaxial chamber was dis-

charged from the inner cell into the main chamber via drainage

holes in the wall of the inner cell. To reduce the flow jet effect re-

ported by Ke and Takahashi (2014a) and related noise with the

load cell readings, a plastic funnel was placed in the inner cell.

The collected water in the main chamber was discharged at specific

intervals. The air above the water was pressurized/equalized to the

back-pressure applied to the specimen during the test (Fig. 5).

Strain Measurement

In conventional triaxial testing, the measured vertical strain at the

top of the sample is the average of the vertical strains, which is

inaccurate. In addition, global deformation measurement cannot

detect local failures and strains. There are different types of local

FIG. 1 Water supply system.

To the Top of the Specimen 

De-aired Water 

Flow Controller 

Valve 

Pressurized Air 

FIG. 2 Top cap filled with glass spheres.
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(a) (b) 

(c) (d) 

FIG. 3

Details of modified cell base: (a) base plate,
(b) funnel-shaped pedestal, (c) netted
plate, and (d) solid plate to perform
ordinary triaxial tests.

(a) (b) 

FIG. 4

New pedestal to apply axial force to the
specimen; (a) top view and (b) bottom
view.
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strain gauges that can be connected to the body of the sample.

However, these instruments apply a confining and reinforcing

pressure on the soil sample that may affect the soil response dur-

ing shearing. To reduce these errors, photogrammetry techniques

were employed to measure the local vertical and horizontal strains

during the test.

Volumetric strains are usually measured by pore water varia-

tions in the triaxial testing. However, due to the discharge of water

during the erosion stage, it is not possible to use this method. Cell

water variation measurement is another method, but some consid-

erations must be taken into account. The volume of the cell may be

affected by cell pressure, variation in room temperature, creep of

material, unloading/reloading, and the movement of loading piston

inside the cell. Therefore, significant calibrations are required be-

fore testing, which is a disadvantage. Because the conventional

measurement of deformation at the top of the specimen and mea-

surement of the specimen volume change by monitoring the cell

volume brings about many errors and disadvantages, the technique

of photogrammetry was employed to measure the volumetric

strains and the vertical and lateral strains during erosion and un-

drained shearing. Uchaipichat et al. (2011) and Mehdizadeh et al.

(2015) have explained the details of volumetric and local strains

measurement using photogrammetry and related challenges.

Testing Material and Sample
Preparation

Natural sand with the gradation curve shown in Fig. 6a was used

for this research. To assure the tested specimen was internally

unstable, a gap-graded specimen was created by manually

removing particle sizes between 0.3 to 1.18 mm and 2.36 to

10 mm. The gap-graded specimens with 25 % fine content were

prepared using particles sizes of 0.075–0.3 mm (fine fraction) and

1.18–2.36 mm (coarse fraction) (Fig. 6b). Table 1 presents the

physical properties of the mixture.

Constriction size was calculated to be 0.28 and 0.3 mm using

Kenney et al. (1985), Indraratna et al. (2007), and Dallo et al.

(2013) equations. For this specimen, this suggests that the whole

fine particles (≤0.3 mm) can be eroded if the hydraulic and stress-

state conditions are met.

Fraser (1935) stated that particle shape affects hydraulic con-

ductivity by varying the size and shape of the pores and the packing

level. Permeability increases as true sphericity is decreased, which

was also later confirmed by Guimaraes (2002). In other research

studies conducted by Marot et al. (2012) and Fleshman and

Rice (2014), it was found that angularity of particles improved

the erosion resistance. These studies showed the importance of

the particle shape in the internal erosion study. To take into ac-

count the influence of particle shape in the test result justification,

images of the particle shape were captured using a digital micro-

scope with USB (Universal Service Bus) output (Fig. 7) and the

images were analyzed by ImageJ software package. Particle shape

characteristics including circularity, roundness, and aspect ratios

were measured based on the definitions suggested by Ferreira

and Rasband (2012) (Table2). Table2 indicates that coarse particles

are more angular than fine particles, as circularity of coarse frac-

tion, especially for particles in the range of 1.7–2.36 mm, is signifi-

cantly lower than fine particles. This can also be noticed by a drop

in aspect ratio.

Internal stability of the prepared mixture was assessed based

on the available methods to ensure that suffusion would occur

Main  
Chamber 

Submersible 
Load cell 

Inlet Tube 
Discharging Particles 

and Water 

Inner 
Plexiglass 

Measuring 
Tray 

Drainage 
Hole Funnel 

Back-pressure 

FIG. 5

Collection system details.
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during the erosion stage (Table 3). It can be seen that out of twelve

methods, eight suggested that the mixture was internally unstable

and suffusion would occur if the hydraulic gradient was high

enough.

It is critical to perform erosion tests on completely uniform

specimens in terms of density, particle size distribution, and void

ratio. Otherwise, the test results may show considerable discrep-

ancies, even under similar stress paths and hydraulic gradients.

Different methods are available to prepare uniform specimens

for triaxial testing, such as the under-compaction or moist

tamping method (Ladd 1978; Frost and Park, 2003; Jiang

et al., 2003; Bradshaw and Baxter 2007) and the slurry method

(Kuerbis and Vaid 1988; Carraro and Prezzi 2008). For this re-

search, the under-compaction moist tamping technique pre-

sented by Ladd (1978) with modifications employed by Jiang

et al. (2003) was used to prevent segregation during sample prepa-

ration and create specimens with maximum uniformity across the

specimen height. Following this method, a specimen with 75 mm

in diameter and 150 mm in height was reconstituted in 10 layers.

Testing Procedures

To investigate the effect of suffusion on soil behavior under mon-

otonic and cyclic loading, a series of triaxial erosion tests were

performed. These tests were performed in five stages: (i) satura-

tion, (ii) consolidation, (iii) erosion, (iv) undrained monotonic

shearing or undrained cyclic loading followed by monotonic

shearing, and (v) post-erosion particle size distribution

(PEPSD). A parallel series of non-eroded specimens were also

tested under the same stress paths as a comparison. The details

of each stage are explained in the following sections.

The sample was prepared in an internal split mold. To pre-

vent collapse or disturbance of the sample during preparation, a

FIG. 6 Particle size distribution for (a) original soil and (b) tested soil.

0.01 0.1 1 10
Particle Size (mm)

Fine Part

Coarse Part

Tested Specimen

(b)
0

20

40

60

80

100

0.01 0.1 1 10

F
in

er
 p

er
ce

nt
ag

e 
(%

)

Particle Size (mm)

(a)

TABLE 1. Physical properties of tested soil.

Physical Property Value Physical Property Value

Specific Gravity, Gs 2.645 Dc35(densest)
d 0.226

Maximum void ratio, emax 0.671 Dc35(loosest)
e 0.702

Minimum void ratio, emin 0.36 Dc35
f 0.292

Initial relative density, Dr (%) 60 Uniformity coefficient, Cu 12.14

Moisture content, w (%) 6 Curvature coefficient, Cc 7.1

Fine Content, FC (%) 25 (H/F) min
g 0.08

Porosity, n 0.32 (D’15/d’85)
h 5.2

Dup/Dbt
a 3.93 Gap ratio, Gr

i 3.93

Derod, (mm)b 0.103 h 0 = D90/D60 1.29

D*, (mm)c 0.28–0.3 h″ = D90/D15 12.8

aDup and Dbt are maximum and minimum sizes in the gap zone.
bMaximum erodible particle size (Burenkova 1993).
cConstriction size (Kenney et al. 1985).
dControlling constriction size for the densest state (Dallo et al., 2013).
eControlling constriction size for the loosest state.
fConstriction size (Indraratna et al., 2007).
gF is the passed fraction by weight finer than d, and H is the weight fraction between
d and 4d (Kenney and Lau 1985, 1986).
hD 0

15 is the particle diameter in which 15 % by weight of coarser particles passed, and
d 0

85 is the particle diameter in which 85 % by weight of fine particles passed.
iGr = Dmax/Dmin of the flat zone (gap zone).

TABLE 2. Particle shape characteristics.

Particle Size (mm) Roundness Circularity Aspect Ratio

0.075–0.15 0.827 0.874 1.219

0.15–0.3 0.755 0.788 1.23

1.18–1.7 0.815 0.738 1.24

1.7–2.36 0.736 0.707 1.383
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vacuum pressure of 10 kPa was applied. When the triaxial cham-

ber was assembled, the suction was gradually removed, whereas

the cell pressure incrementally increased to 10 kPa. Next, to as-

sure a high level of saturation was achieved in a timely manner,

carbon dioxide was injected at the bottom of the specimen for two

hours. The rate of injection was kept low (1 L/min) to avoid any

specimen disturbance caused by gas flow. The cell and back pres-

sure were then linearly and gradually (1 kPa/min) increased to

reach 400 and 390 kPa, respectively. These pressures were held

for a further 100 minutes to ensure that the specimen was fully

saturated. The B-value was also checked at the end of this stage

and was recorded to be higher than 93 % for all tested specimens.

Frost and Park (2003) showed that during sample prepara-

tion by the moist tamping method, specimens may experience

vertical peak stresses of 95–184 kPa for relative densities of

50–75 %. These significant stresses may affect soil behavior

and accelerate the development of a shear band. In addition,

the magnitude of the applied stress during the moist tamping

cannot usually be monitored. This uncertainty may result in a

reduction in accuracy, especially in erosion tests that uniformity

in dry density and void ratio across the specimen height is nec-

essary. To reduce the effect of the moist tamping stresses, it was

decided to consolidate all tests to 150 kPa. Thus, the isotropic

consolidation was performed by gradually increasing the cell

pressure up to 540 kPa (150 kPa consolidation pressure). The rate

of increase was similar to the saturation stage to avoid any dis-

turbance or segregation.

For the eroded tests, the erosion of the specimen was per-

formed after consolidation. Under constant stress condition,

de-aired water was allowed to seep downward from the top of

the specimen. After each increment, the flow rate was kept con-

stant for one minute to stabilize the seepage flow. The flow rate

increased gradually up to 408 mL/min (≈ 92 mm/min for a speci-

men with 75-mm diameter) and was kept constant for two hours

for all tests. This flow rate was higher than the critical flow rate

initiates suffusion but lower than the failure flow rate. The failure

TABLE 3. Internal stability evaluation of mixture.

Method Stability Method Stability

U.S. Army Corps of Engineers (1953) Stable Kwang (1990) S (Marginal)

Istomina (1957) S Burenkova (1993) U

Kezdi (1969) Unstable Mao (2005) U

Sherard (1979) U Dallo et al. (2013) U

Kenney and Lau (1985) U Chang and Zhang (2013) S

Kenney and Lau (1986) U Moraci et al. (2014) U

(a) (b)

(c)

(d)

1 mm 

1 mm 

1 mm 

1 mm 

FIG. 7

Particles shape: (a) D: 0.075–0.15 mm,
(b) D: 0.15–0.3 mm, (c) D: 1.18–1.7 mm, and
(d) D: 1.7–2.36 mm.
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flow rate is defined as a seepage flow rate that causes loss of ex-

cessive amounts of particles and causes the soil to experience

shear failure due to large seepage forces (Chang and Zhang

2013). It is generally accepted that the critical hydraulic gradient

is much lower than one for internally unstable soils. Erosion of

fine particles confirmed that the chosen flow rate was higher than

the critical value. The maximum applicable flow rate by the flow

controller was 500 mL/min. A large flow rate of 408 mL/min

(lower than the maximum value) was selected for this experiment

to terminate the erosion phase in a reasonable period of time.

However, it was applied in a pilot test first to examine whether

a global failure occurs in the soil specimen or not. As this did not

happen and the soil structure was robust until the end of the ero-

sion phase, this flow rate was chosen for the experiment. The ap-

plied flow velocity was equal to 92 mm/min considering the

specimen area of 4,418 mm2. The soil specimen with 75-mm

diameter did not fail even under a flow rate of 500 mL/min.

To find the failure flow velocity, a soil specimen with 50-mm

diameter was prepared under the same condition and subjected

to an inflow velocity of 208 mm/min (flow rate of 408 mL/min),

which was approximately 2.3 times greater than what was expe-

rienced by the soil specimen with 75-mm diameter. The test result

showed that this specimen was still stable at the end of the erosion

phase, although it experienced larger deformations. These trial

and errors indicated that the failure flow rate is not reachable

for soil specimens with 60 % relative density and under

150 kPa consolidation pressure due to limitation of the flow

controller.

Luo et al. (2013) performed some short-term and long-term

suffusion tests. The results indicated that for the long-term tests,

the failure hydraulic gradient was much lower than for the

short-term tests. They also stated that a long-term large hydraulic

gradient may decrease the failure hydraulic gradient significantly.

This means that although the adopted flow rate of 408 mL/min was

lower than the failure hydraulic gradient, it may cause general col-

lapse of the specimen if the erosion continues for a long time.

Therefore, it was decided to terminate the erosion stage after a spe-

cific time in all tests by gradually decreasing the inflow. Because

two pressure transducers were connected to the top and bottom

of the specimen, the general hydraulic gradient and hydraulic con-

ductivity through the specimen length could be measured. When

the pore water pressure became stable at the top and bottom of the

specimen, the next stage commenced.

Before undrained monotonic or cyclic shearing of the speci-

men, the B-value was checked again to ensure that the specimen

was still fully saturated and above 93 %. It is worth mentioning

that no considerable eroded particles were observed during triax-

ial tests without an erosion stage. It means that the amount of

dislodged particles was minor during the saturation and consoli-

dation phases.

Next, post-erosion behavior investigation under undrained

monotonic or cyclic loadings was conducted. The initial tests

on the non-eroded specimens showed that the excess pore water

pressure (EPWP) reached 150 kPa and the liquefaction happened

during the first five loading cycles. The cyclic behavior of the sam-

ples was investigated under a cyclic stress ratio equal to 0.167 and

a period of 120 seconds (equivalent frequency of 0.0083 Hz).

Strain-control monotonic shearing was performed at the end

of both non-eroded and eroded tests. To allow the pore pressure

to reach equilibrium, the vertical strain rate equal to 0.26 %/min

(0.385 mm/min) was selected for all specimens.

Experiment Results and Discussion

The primary results of pre- and post-suffusion behavior of an

internally unstable soil for various types of loading are presented.

Test results in terms of stress-strain behavior, induced EPWP,

and stress path during cyclic loading and monotonic shearing

are discussed and presented.

The tested specimens in this paper all consist of 25 % fine

content, which indicates that the specimen is in the transitional

zone suggested by Shire et al. (2014). Consequently, the fine par-

ticles may sit loose in the voids or have a considerable role in

providing lateral support to the coarse particles or directly con-

tribute in the soil primary fabric. Therefore, experimental inves-

tigation is required to predict the post-suffusion behavior of this

specimen.

Fig. 8 presents the percentage of the eroded fine particles, ver-

tical and volumetric strains during erosion versus inflow velocity.

The residual fine content of the specimens was approximately

10 % after two hours suffusion, which means 66 % of the total

available fine particles were eroded during erosion (Fig. 8a). It

can be seen that the rate of particle erosion increased after reach-

ing the maximum inflow velocity (at 1,380 seconds) and started to

decrease after approximately 1,200 seconds and then became sta-

ble for the last 1,000 seconds. Vertical and volumetric strains

measured by photogrammetry during the erosion stage are shown

in Fig. 8b and 8c. As this measurement is based on surface defor-

mations, it cannot be used for the void ratio calculation. Fig. 8b

shows a jumping pattern in vertical strains like what was observed

by Ke and Takahashi (2014a). These discrete spikes were attrib-

uted to the local particle rearrangement. Erosion of fine particles

that provided a lateral support for the soil stress matrix formed

local metastable structures (force chains). This local particle rear-

rangement helped the soil skeleton to reach a new stable state.

Fig. 8c indicates volumetric strains during the erosion stage.

The soil specimen showed the contractive behaviour and the

specimen volume decreased by 2.75 % due to the particles erosion.

The undrained responses of the non-eroded and eroded spec-

imens under monotonic loading (shearing) are illustrated in

Fig. 9. Under monotonic loading, the non-eroded specimen

showed hardening behavior, whereas the eroded specimen

showed limited flow deformation. The initial modulus of elasticity
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was similar for both specimens. However, the eroded specimen

became softer during medium vertical strains. The shear strength

of the eroded specimen was greater than the non-eroded

specimen for vertical strains less than 4 %. The shear strength

then decreased during the next 4 % vertical strain (3.7≤ εv≤
8.4 %). Finally, the strain hardening behavior was observed at

FIG. 8 Variation of (a) eroded fine particles percentage, (b) vertical
strains, and (c) volumetric strains during erosion stage versus
inflow velocity.
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FIG. 9 Pre- and post-suffusion response under monotonic loading:
(a) stress-strain behavior, (b) induced EPWP, and (c) stress
path.
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the larger strains until the end of the test, similar for the non-

eroded specimen, although the final shear strength was well below

the measured value for the non-eroded specimen (Fig. 9a). This

finding is in agreement with what was reported by Ouyang and

Takahashi (2015) for soil specimens with 25 % initial fine content.

However, Ke and Takahashi (2015) and Ouyang and Takahashi

(2015) observed larger initial secant stiffness for the eroded speci-

men at very small strains (less than 1 %). They believed that this

occurred due to a distinguished packing of soil grains after ero-

sion (accumulation of the fine particles at the spots where the

constriction size is smaller than the erodible particles and partici-

pation of these clogged particles in force chains). Development of

EPWP is shown in Fig. 9b. The positive excess pore pressure de-

veloped rapidly at the small strains in the non-eroded specimen,

whereas it took much longer for the eroded specimen to reach the

peak excess pore pressure (8 % vertical strain). However, the

maximum values were similar. Another difference between

the original and eroded specimen was tendency to dilation.

The dilative behavior was observed after reaching 3 and 8 % ver-

tical strain for the original and eroded specimens, respectively

(Fig. 9b). In addition, it is evident that regardless of erosion of

the fine particles, the stresses path eventually ended up on the

same transformation state (location of behavioral change from

contractive to dilative) and steady state line for both specimens

(similar critical friction angle) (Fig. 9c). This is also in agreement

with Ouyang and Takahashi’s (2015) findings.

The initial peak shear strength (Sp was first presented by

Ishihara (1993). This point is the beginning of the instability

for soils with softening behaviour. Table 4 shows variation of

the normalized initial peak shear strength with the mean effective

stress and global and intergranular void ratios pre and post ero-

sion. The normalized value for the peak shear strength is used to

eliminate possible effects of stress dependency. It can be seen that

the normalized initial peak shear strength improved as erosion

progressed despite an increase in the global void ratio after suf-

fusion. However, the intergranular void ratio showed a decrease

due to erosion of fine particles. The intergranular void ratio was

defined by Mitchell (1993) to consider the contribution of fine

particles to the soil stress matrix Eq 1.

eg =
eþ FC
1 − FC

(1)

where eg is the intergranular void ratio, e is the global void ratio,

and FC is the fine content in decimal.

The observed drop in the intergranular void ratio was re-

lated to the particle rearrangement. Theoretically, a decrease

in volume of the fines due to suffusion is added to the real voids,

and the final result is that the intergranular void ratio is

unchanged. However, if the soil skeleton formed by the coarse

particles deforms or settles due to the particle rearrangemeent,

the available spaces between the coarse particles may decrease,

which could lead to a reduction in the intergranular void

ratio.

It was shown in Fig. 7 and Table 2 that coarse particles in

range of 1.7 to 2.36 mm were more angular in comparison to

other particles. Erosion of fine particles might have improved in-

terlocking between coarse particles. This could be the reason of

the greater shear strength of the eroded specimen at small strains.

However, the flow deformation during the medium vertical

strains may have been related to the local concentration of fine

particles somewhere in the specimen (probably in the bottom

half) or the larger global void ratio of the eroded specimen.

This accumulation of the fine particles increased the lubrication

locally between coarse particles and led to a steady state until the

additional shearing improved the interlocking of the coarse par-

ticles in other zones and activated the dilatancy.

Vertical and horizontal local strains during the undrained

shearing stage were measured using a photogrammetry technique.

As only one camera was used for the photogrammetry, it was nec-

essary to assume that axisymetric volume changes occurred during

erosion, which is not completely correct. However, this error can be

eliminated by using two prependicular cameras as explained by

Uchaipichat et al. (2011). Local strains were detected by measuring

the variation in original lengths of the black lines marked on the

membrane and the distance in between (Fig. 10).

Measured vertical and horizontal local strains during the

undrained shearing are shown in Fig. 11. Although the trend of

the local strain measurements was similar to the total vertical

strain measured by the LVDT (Linear Variable Differential

Transformer) outside the cell, there were some differences that

need to be considered. For example, a good correlation between

total strain and AB, BC, and AE local strains was observed.

However, CD and BD were smaller and DE was larger than

the total vertical strain (Fig. 11a). The upper part of the specimen

showed a more uniform behavior than the lower part during post-

erosion shearing.

In Fig. 11b, the horizontal local strains and total vertical

strains are compared against one another. It can be seen that

the horizontal local strains at B and C were approximately similar

in magnitude to the total vertical strains, whereas the lateral

strains at A and D were much smaller than those in the middle

sections. Furthermore, the lateral deformation in the lower part of

the specimen was larger than in the upper part.

Inevitably, there is always friction between the loading ram

and triaxial cell. When the LVDT is installed outside the triaxial

chamber and the loading ram is not attached to the loading frame

TABLE 4. Variation of normalized initial peak shear strength
and global and intergranular void ratios during
erosion stage.

Parameter Pre-Erosion Post-Erosion

Normalized Peak Shear Strength 0.39 0.45

Global Void Ratio 0.46 0.67

Intergranular Void Ratio 0.95 0.86

1036 Geotechnical Testing Journal
 



and not locked to the specimen top cap, it is very difficult to con-

sider the friction impact on the deformation measurement. Thus,

the LVDT reading is not completely accurate during the erosion

stage. Moreover, when the erosion deformation is small, locking

the top cap to the load cell may act as a supporting element for the

specimen due to the abovementioned friction, which can reduce

the erosion deformations, especially for soil samples that show

high resistance to erosion. Therefore, locking the top cap is

not recommended for the erosion tests unless the post-erosion

cyclic behavior needs to be investigated.

Fig. 12 presents the undrained behavior for the soil specimens

(pre and post erosion) under cyclic loading followed by undrained

monotonic loading (shearing). Fig. 12a and 12b show the cyclic

resistance of the soil specimens pre and post erosion. It can be

seen that the non-eroded specimen was liquefied in less than five

loading cycles, whereas the eroded specimen not only resisted the

liquefaction, but the EPWP did not develop considerably

(Fig. 12c). Thus, Fig. 12 suggests that losing the fine particles in-

creased the cyclic resistance of the soil remarkably. This is in

agreement with what was reported by Ke and Takahashi

(a) 

(b) 

FIG. 10

(a) Initial and (b) deformed specimen
during post-erosion monotonic loading.

FIG. 11 (a) Local vertical strains and (b) local horizontal strains during monotonic loading.
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(2014a) that the eroded specimen failed after more cycles of

loading.

At first glance this seems to be a contradiction to the

static triaxial test results presented in Fig. 9, which suggested that

the local concentration of fine particles after erosion decreased

the shear strength. However, it is important to note that less

than 0.2 % vertical strain occurred during cyclic loading. As

can be seen from Fig. 9a, at the small strains the shear strength

of the eroded specimen was greater than the non-eroded

specimen.

The stress-strain trend and shear strength results were similar

to the results obtained under monotonic loading for the eroded

specimens (Figs. 9a and 12a). The development of EPWP was mi-

nor for the eroded specimen during cyclic loading in comparison

with the non-eroded specimen. In contrast, the non-eroded speci-

men showed dilation immediately after cyclic loadings, whereas

the eroded one contracted and developed a positive EPWP first

and dilative behavior wasn’t observed until after 6 %

axial strain (Fig. 12c). The stress paths during and post cyclic load-

ing were completely different as the eroded and non-eroded spec-

imens behaved differently. However, the angle of the steady state

lines were similar regardless of the amount of fine particle loss

(Fig. 12d).

It is also worth mentioning that the soil skeleton stayed stable

during the erosion stage. Although 66 % of the fine particles was

eroded, no considerable settlement was observed (less than 1 %

(Fig. 8b). This suggests that even though the erosion of the fine

particles changed the behavior of the soil, it did not affect the soil

structure at a global scale. In other words, although the fine par-

ticles did not contribute to the primary soil matrix and only filled

the voids and provided the lateral support, they did play a tangible

role during shearing. By performing erosion phase under higher

FIG. 12 Pre- and post-erosion response under cyclic loading: (a) stress-strain response under cyclic loading and post-cyclic shearing, (b) stress-strain
response under cyclic loading, (c) induced EPWP during cyclic loadings and post-cyclic shearing, and (d) stress path during cyclic loading and
post-cyclic shearing.
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FIG. 13 Post-erosion particle size distribution of a (a) whole sample and (b) at different levels.
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FIG. 14 Repeatability of (a) monotonic shearing: stress-strain behaviour, (b) monotonic shearing: induced excess pore pressure, (c) post-cyclic
shearing: stress-strain behaviour and (d) cyclic and post-cyclic shearing: induced excess pore pressure.
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inflows, participation of the survived fine particles in the force

chains can be investigated.

PEPSD of an eroded specimen is shown in Fig. 13. The flat

part of the soil gradation curve moved downward after suffusion

as expected (Fig. 13a). The erosion of the fine particles was more

obvious in the top section of the specimen under downward flow,

which is in agreement with Moffat and Fannin (2006), Chang and

Zhang (2011), and Ke and Takahashi (2014a) (Fig. 13b). Results of

the photogrammetry technique showed that the upper region of

the eroded specimen experienced a more uniform deformation

than the lower region during undrained shearing. However, based

on the PEPSDs, the upper part lost more fine particles. It is evi-

dent that a considerable percentage of the survived fine particles

in the lower part belonged to the upper parts that were clogged

downstream. Therefore, the initial uniformity (as provided during

sample preparation) was not present anymore. Although the

upper region of the specimens lost most of the fine particles, a

clean and robust coarse structure remained. However, due to

the fine particles spreading non-uniformly across the lower region

of the specimen, this led to a different behavior during shearing.

This confirmed that the global void ratio is not an accurate index

for assessing the post-erosion behaviour.

Repeatability

Repeatability of the post-erosion triaxial test results under mon-

otonic loading and cyclic loading followed by monotonic shearing

is shown in Fig. 14. Each test was repeated to ensure validity of the

results. From this figure, it can be seen that the tests were reason-

ably consistent for all eroded specimens. The only minor observed

deviation could be explained due to the non-uniformity of the

reconstituted samples during preparation or the small difference

in the final quantity of the eroded particles.

Conclusions

In this study, a versatile apparatus was developed from a conven-

tional triaxial chamber to investigate the post-erosion behavior of

granular type soils. This newly developed system is capable of per-

forming erosion inside the triaxial cell on different sized speci-

mens at various stress paths, hydraulic conditions, and loading

patterns. The effect of suffusion on the mechanical properties

of an internally unstable soil was investigated. The gap-graded

soil specimens with 25 % fine content were reconstituted using

the moist tamping method and consolidated to 150 kPa to remove

the stress history of the specimen during sample preparation. A

constant flow rate was applied at the top of the specimens for two

hours, whereas the back pressure was kept constant (to maintain

full stauration). All specimens then experienced undrained shear-

ing under monotonic or cyclic loading. The following points were

the most important findings of this research:

• U.S. Army Corps of Engineers (1953), Istomina (1957),
Kwang (1990), and Chang and Zhang (2013) among other
criteria mis-anticipated internal stability of the soil mixture
used in this research.

• The behavior of the soil tested changed from strain hard-
ening behavior to limited flow deformation after erosion.
This change increased the undrained shear strength across
the small vertical strain range (i.e., up to 4 %) and improved
the soil resistance against cyclic loading. The initial stiffness
was similar pre and post erosion. However, the eroded
specimen became softer over the medium strain range
(i.e., 4–8 %).

• The non-eroded and eroded specimens showed contractive
behavior first, followed by dilation. The dilative behavior
was more obvious in the non-eroded specimens.

• Although 66 % of the fine particles was eroded during ero-
sion, none of the specimens experienced considerable
global vertical deformation (less than 1 % vertical strains).
However, the soil behavior changed completely. It showed
that although the fine particles may not have contributed to
the primary soil fabric, their lubricating effect need to be
considered.

• The flow deformation of the eroded specimens across the
medium vertical strain range (i.e., 4–8 %) was attributed to
the local concentration of fine particles or the larger global
void ratio. This effect was later overcome by additional
shearing and activation of dilatancy. Moreover, it was
understood that erosion of the semi-active fine particles
that provided lateral support for the coarse particles led
to local particle rearrangements. These particle rearrange-
ments decreased the intergranular void ratio and were rec-
ognized in vertical strains where a sudden spike occurred.
This finding indicates that the post-erosion behavior can-
not be explained only by the global void ratio, and increase
in the global void ratio does not necessarily mean that the
eroded soil moves to a looser state. Inherent behavior of
coarse particles, particle shape, and contribution of fine
particles in the soil stress matrix also need to be taken into
account. More investigation, particularly x-ray tomogra-
phy, needs to be conducted to confirm this.
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