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Abstract

Internal erosion is one of the most important factors that cause earth structures that retain water, such as embankment dams,
to collapse. Concentrated leak erosion, one of the forms of internal erosion, occurs in cracked fine-grained soils and
pressurized flow conditions. To evaluate the concentrated leak erosion risk of cracks/voids, it is necessary to ascertain the
erosion resistance of these materials. The erosion rate and critical shear stresses determine internal erosion resistance in
concentrated leak erosion. This study determined soil’s concentrated leak erosion resistance using test equipment that
allowed the flow to pass through a hole with stress-free (no loading), anisotropic-compression stress, anisotropic-expansion
stress, and isotropic stress conditions. The stresses that developed in the samples’ hole wall where erosion occurred were
determined with numerical modeling as pre-experimental stress conditions. The experiments were performed under a
single hydraulic head on four selected cohesive soils with different erosion sensitivity. Time-dependent flow rates obtained
from the test system can be used to determine hydraulic parameters, such as energy grade lines, with the help of basic
theorems of pipe hydraulics in theoretical hydraulic models. Moreover, the erosion rates were quantitatively determined
using the continuity equation, while critical shear stresses were qualitatively compared for concentrated leak erosion
developed by the dispersion mechanism. As a result of the experiments, stress conditions influence the concentrated leak
erosion resistance in the soil samples with dispersive erosion. Moreover, the shear strength in the Mohr—Coulomb
hypothesis can explain the erosion resistance in these soils under stress conditions depending on the sand/clay ratio.

Keywords Concentrated leak erosion - Dispersive soil - Internal erosion - Swelling soil - Triaxial stress

1 Introduction

In civil engineering earthworks applications, “internal
erosion” is generally defined as transporting soil particles
under seepage and pressure pipe flow conditions, forming
voids that further cause water transport in the media [55].
Collapse due to internal erosion is also known as seepage
failure [29]. Internal erosion is considered one of the rea-
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sons why embankment dams fail [21, 53, 68]. In some
developed countries where the mechanism of internal
erosion in embankment dams has been studied, different
terminology has been used to describe the various forms of
internal erosion. According to the US bureau of reclama-
tion (USBR) and the US army corps of engineers
(USACE), the forms of internal erosion are backward
erosion, concentrated leak erosion, contact erosion, global
backward erosion, and suffusion/suffosion [61].
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Among the forms of internal erosion considered in this
study, concentrated leak erosion occurs when pressure pipe
flow develops in transverse cracks and voids extending in
the upstream—downstream direction of the embankment or
foundations [7]. Concentrated leak erosion occurs only in
cohesive soils. It is controlled by the reservoir water level
above the crack/void, the length of the crack/void, and the
erosion resistance of cohesive (fine-grained) soils [20].
Erosion resistance of fine-grained soils is determined by
critical shear stresses (t.,) expressed as the flow velocity at
which erosion starts, as well as the erosion rate (£), which
indicates the rate of material transport. Fine-grained soils,
also defined as dispersive soils, are highly susceptible to
erosion [27]. Dispersive erosion or dispersion occurring in
fine-grained soils is controlled by physicochemical repul-
sive forces in the clay—water system [41]. Dispersive soils
can be identified using chemical approaches that consider
the cations in the pore water of soils [1, 22, 30, 50]. In
addition, the dispersion mechanism in fine-grained soils
can be determined by various physical tests, such as the
crumb test [18, 51], the double hydrometer test [16], and
the pinhole test [52].

The factors involved in dispersive erosion mechanisms
in fine-grained soils also affect the soil’s erosion resistance.
The chemical content of the eroding fluid and the pore
water of fine-grained soils stand out as factors affecting
erosion resistance. As the cation exchange capacity (CEC)
increases, critical shear stresses increase in cohesive soils
that are partially saturated [35]. In fully saturated fine-
grained soils, as the pore water’s sodium adsorption rate
(SAR) increases, critical shear stresses decrease, and ero-
sion rates increase [3]. Furthermore, the erosion rate
decreases as the eroding fluid’s total dissolved salt (TDS)
increases [45]. Critical shear stress decreases at a certain
SAR as pore water’s TDS increases. At a given TDS of
pore water, critical shear stress decreases non-linearly as
SAR increases. At a certain SAR, if the water content is
kept constant, critical shear stress increases as the TDS of
eroding fluid increases. Similar results to those described
above have also been found in consolidated fine-grained
soils [47]. Critical shear stress decreases as the SAR
increases in fine-grained soils that are partially saturated
[2]. In addition, the temperature effect, one of the physical
properties of eroding fluid, affects the erosion resistance of
fine-grained soils. The erosion rate increases as the tem-
perature of the eroding fluid increases in fully saturated
fine-grained soils [6, 14]. Critical shear stresses decrease as
the temperature of the eroding fluid increases in Na-
Montmorillonite clay [33].

Moreover, some studies have examined the effect of
geotechnical factors on erosion resistance in dispersive
soils. The erosion rate in natural dispersive soils increases
with increasing water content [42]. On the other hand, as
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dry density increases, erosion resistance increases [32, 43].
As the clay content increases in dispersive soils, erosion
resistance decreases when distilled water is used as the
eroding fluid [56]; in contrast, erosion resistance increases
when tap water with high TDS is used as the eroding fluid
[43, 65]. The effect of the degree of saturation on the
erosion resistance of dispersive soils is negligible [45].
When dispersive soils are mixed with non-dispersive soils
in specific proportions, the internal erosion resistance of
these soils increases [40].

The erosion resistance of fine-grained soils can be
determined by surface erosion tests (laboratory hydraulic
flume test, pressurized flow test in closed channel, sub-
merged-jet erosion test, and rotating cylindrical erosion
test) and internal erosion tests (hole/slot or aperture erosion
test and pinhole test).

The factors affecting the internal erosion resistance of
fine-grained soil in embankment dams can be evaluated
under material and design characteristics. In the research,
plasticity index, liquid limit, clay ratio, laboratory vane
shear strength, organic substance, clay mineralogy, and fine
content come to the forefront as material characteristics.
However, dry density, water content, compaction energy,
void ratio, and degree of saturation were assessed as design
characteristics.

The erosion resistance of fine-grained soils increases as
the plasticity index increases [34, 35]. It decreases as the
liquid limit value rises [65]. As the clay ratio increases, the
critical shear stress increases while the erosion rate
decreases [5, 24]. A linear relationship exists between
laboratory vane shear strength and erosion resistance in
fine-grained soils [17, 48]. Organic matter in fine-grained
soils increases erosion resistance [36]. The erosion rate of
partially saturated non-dispersive Ca-Montmorillonite
clays is greater than that of dispersive Na-Montmorillonite
clays [49]. Erosion resistance increases in the absence of
clay minerals such as smectite and vermiculite and the
presence of binding agents such as iron and aluminum
oxide in fine-grained soils [65]. High critical shear stresses
were observed in montmorillonite clays with high swelling
potential in fine-grained soils [3]. Erosion resistance
decreases as the fine content increases in the concentrated
flow [65].

In fine-grained soils, the resistance to concentrated leak
erosion increases as the dry density, which determines the
degree of compaction, increases [5, 23, 64]. The erosion
rate decreased for soils compacted on the dry side as the
water content increased [4]. On the other hand, in glacial
moraines, samples compacted on the dry side were eroded
more than the optimum water content [25]. As the com-
paction energy increases on the dry side, the erosion
resistance of soils increases. On the wet side, compaction
energy does not affect the erosion resistance of soils [4]. In



Acta Geotechnica (2024) 19:7967-7988

7969

kaolin clays, erosion resistance decreases as the com-
paction energy increases [12]. According to Cedeno [13],
the erosion resistance of intermediate soils with high
compaction energy on the wet side is higher. In partially
saturated soils, critical shear stresses decrease as the void
ratio increases [35]. The erosion resistance of fine-grained
soils increases as the degree of saturation increases [43].
Similarly, San Lim and Khalili [46] reported that the ero-
sion rate of unsaturated soils is higher than that of fully
saturated soils.

In the studies, triaxial stress conditions that can occur on
the walls of the cracks in the embankment dam are not
considered factors influencing the concentrated leak ero-
sion resistance of fine-grained soils. Therefore, this paper
investigated the concentrated leak erosion behavior and
erosion resistance of soil under different stress conditions
using four partially saturated fine-grained soil samples with
varying sensitivities of erosion. The test equipment for this
study assesses stress distributions in the field by allowing
flow to pass through a circular hole created in soil samples
with the help of a nozzle. Soil samples were loaded stress-
freely, isotropically, and anisotropically, and the stress
conditions on the hole wall where erosion occurred were
determined using numerical models.

2 Materials and method

The soil samples used in this study were selected to have
different erosion sensitivities. Two soil samples (AF1 and
AF2) were obtained from Afyon, while the other two (CAT
and KUN) were obtained from the clay borrow fields of
Catoren and Kunduzlar Dams located in Eskigehir. Physi-
cal, index, and compaction tests were performed on all soil
samples. In addition, physical and chemical tests were
carried out to determine the dispersibility of the soil sam-
ples, while their chemical contents and clay mineralogies
were identified by XRF (X-ray fluorescence) and XRD (X-
ray diffraction) analyses. Last, the erosion resistance
parameters of the soil samples (i.e., critical shear stresses
and erosion rates) were determined under different stress
conditions using the test equipment designed for this study.

2.1 Materials

The physical, index, and compaction tests were done using
the relevant standard methods [57]. The particle size dis-
tribution curves of the soil samples used in the tests are
plotted in Fig. 1. Consistency limits, compaction parame-
ters obtained using standard energy, specific gravities, and
soil groups (as designated by the Unified Soil Classification
System [USCS]) of the soil samples are shown in Table 1.
The fine content of the soil samples is quite high. Fine

contents vary between 81.1 and 62.6%. Clay ratios vary
between 11.9 and 35.9%. AFl and CAT samples are
classified as high plasticity clay (CH), AF2 is classified as
low plasticity clay (CL), and the KUN soil sample is
classified as low plasticity silt (ML).

According to Table 1, soil samples were compacted at
the maximum dry density and water content wy,e + 2.

The results obtained from the crumb, double hydrome-
ter, and pinhole tests indicated that the AF1 and AF2 soil
samples were dispersive. In contrast, the KUN soil sample
was non-dispersive. The pinhole test results show that the
CAT soil sample was only defined as intermediate soil
(Table 2).

The chemical tests performed in the dispersivity clas-
sification are carried out using the pore water of the soils.
The soil sample is saturated completely by adding distilled
water at a liquid limit, and soil paste is obtained. It takes a
few hours for the cations attached to the clay surfaces to
dissolve completely in the pore water. Finally, soil pore
water is obtained from soil paste using a vacuum filter
funnel system [44]. Cation and exchange concentrations in
soil pore water have been measured with an Inductively
Coupled Plasma Emission Spectrometry (ICP) device to
determine chemical parameters like ESP (Exchange
Sodium Percentage), etc. The results of the chemical tests
performed using pore water to define the dispersibility of
the soil samples are shown in Table 3.

The results obtained from the chemical analysis of the
soil samples’ pore water were used to identify the chemical
test classes of the soil samples. According to Table 4, the
results of the chemical evaluation of the dispersivity of the
soil samples are similar to the classifications obtained from
the physical tests.

According to the XRF analysis results for the soil
samples in Table 5, the Na,O ratio in dispersive soil
samples is higher than in intermediate and non-dispersive
soil samples. Semi-quantitative XRD analysis was also
performed on the soil samples [8]. In the AF1 and AF2
dispersive soil samples, 2:1 layered phengite belonging to
the mica group [62] was identified as the dominant clay
mineral, while vermiculite was identified as the dominant
clay mineral in the CAT sample, and palygorskite was
identified as the dominant clay mineral in the KUN sample
(Fig. 2). In addition, as shown in Fig. 2, the XRD patterns
of AF1 and AF2 dispersive soil samples are quite similar.

2.2 Test equipment

Test equipment is used for this study to investigate the
concentrated leak erosion resistance of selected fine-
grained soils under different stress conditions. The test
equipment consisted of a water column, a loading system,
and a flow-measuring system (Fig. 3).

@ Springer



7970

Acta Geotechnica (2024) 19:7967-7988

Gravel size Sand size

100 T T*

’ Silt size Clay size

B ===

90 TR

80- | A N |
704 |
60 1
50 1
40-

Percentage finer (%)

301

201
10

0 :

—=— AF1
o AF2
—A— CAT
o KUN

100 10

-

01 0.01

0.001 0.0001

Particle size (mm)

Fig. 1 Particle size distribution curves of the soil samples

Table 1 Geotechnical characteristics of soil samples

Table 3 Chemical test results

Sample Consistency Compaction parameters Gs  Group
limits (%)
LL PL PI Pdmaks (Mg/m3) Wopl (%)
AF1 59 29 30 1.535 223 2.68 CH
AF2 43 26 17 1.508 20.1 265 CL
CAT 53 28 25 1.70 18.0 2775 CH
KUN 48 28 20 154 21.5 2.69 ML

Table 2 Physical test results

Sample  Crumble test’  Double hydrometer test”  Pinhole test®
AF1 G3 D-77.5% Dl

AF2 G3 D- 69.0% D1

CAT Gl ND- 0% ND3

KUN Gl ND- 0% ND1

a According to the [58], G1: Non-dispersive, G2: Intermediate, G3,
G4: Dispersive. b According to the [59], % Dispersion < 30: Non-
dispersive (ND), 30-50: Intermediate (I) > 50: Dispersive (D).
¢ According to the [60], ND1, ND2: Non-dispersive, ND3, ND4:
Intermediate, D1, D2: Dispersive

The water level was kept constant during the experiment
due to the cylindrical overflow vessel in the water column
system. A submersible pump transferred water from the
feeding chamber to the cylindrical overflow vessel. A

@ Springer

Sample EC pH TDS Na SAR ESP CEC
(mmbhos/ (meq/ (%) (%) (meq/
cm) L) 100 g)
AF1 14.93 9.3 1129 795 22.72 3023 21.37
AF2 20.2 9.67 15221 98.26 131.17 5235 23.46
CAT 1.151 8.33 1041 46.69 296 629 19.12
KUN 0.427 8.27 4.65 129 042 0.68 17.38

Table 4 Chemical test classes

Sample TDS-Na (%) CEC-ESP (%) ESP (%)

[50] [22] [1]

AF1 A-Dispersive
AF2 A-Dispersive

HD-High dispersive
HD-High dispersive

D-Dispersive
D-Dispersive

CAT C-Intermediate  MD-Moderate ND-Non-
dispersive dispersive

KUN B-Non- ND-Non-dispersive ND-Non-
dispersive dispersive

loading system was developed to experiment with soil
samples under desired stress conditions. The longitudinal
section of the modified stress control triaxial equipment
(MSCTE) is shown in Fig. 4.

With the MSCTE, axial tensile and compressive stresses
were applied to soil samples in addition to ambient
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Table 5 XRF analysis results for the soil samples

Sample SlOz Ale'; F6203 MgO CaO Kzo T102 MnO P205 CrzO NiO NazO SOg Cl IL
AF1 52.14 16.58 6.47 1.68 5.13 342 0.69 0.15 0.11 - 0.04 1.61 0.13 0.1 11.75
AF2 59.16 16.89 5.76 1.57 1.51 3.97 0.68 0.12 0.11 - - 2.6 0.29  0.16 7.19
CAT 41.02 11.32 9.22 9.22 8.54 253 0.86 0.24 0.17 0.1 0.1 0.9 0.6 - 16.53
KUN 32.69 7.25 6.04 5.29 21.98 1.17 0.6 0.19 0.07 0.09 0.08 0.22 0.05 - 24.30
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Fig. 2 Curve of XRD results of soil samples

pressure. The load was transferred to the sample by
amplifying it at 1:5 on the tensile arm and 1:10 on the
compressive arm through tensile and compressive loading
frames. Calibration was performed in the equipment for
compressive stresses between 50 and 300 kPa and tensile
stresses between 25 and 150 kPa. The cell was stabilized
during the test by being attached to the bottom plate with
two lever clamps. The cell was a triaxial test cell. Unlike
the triaxial test cell, entrance and exit isolating valves were
attached to the bottom plate of the cell to allow flow to pass
through the hole. In addition, a feed/discharge valve was
used during the experiments to fill and discharge the water
in the cell. Flow was provided to the hole in the soil sample
with the help of a nozzle. A wire-mesh strainer with an

2-Theta (deg.)

aperture size of 2 mm was placed on the base adapter
where the sample was put. The material transport in the soil
samples prepared by sieving through a No.10 sieve was
ensured to take place easily with this wire-mesh strainer. In
the soil sample, the ambient pressure was created by an oil/
water constant pressure unit with a capacity of 1700 kPa,
and it was monitored on a screen via a pressure transmitter
connected to a data logger. Axial deformations in the soil
sample were measured with a displacement transducer. The
piston was combined with the upper adapter by a locking
apparatus. A slot on the locking apparatus allowed the
piston to move in one direction. An interlocking system
was achieved inside the edge of the piston and slot. It was

@ Springer
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Fig. 3 Test equipment: Water Column System: 1. Feeding chamber; 2. Submersible pump; 3. Overflow vessel; 4. Height-adjustable platform.
The Loading System: 5. Displacement transducer; 6. MSCTE; 7. Pressure transmitter; 8. Oil/water constant pressure unit; 9. Data logger; 10.
Monitor. Flow-Measuring System: 11. Balance; 12. Collection chamber

locked when the piston entering this slot was rotated 90° in
any direction.
The flow rate passing through the hole created in the soil
sample was measured with a flow-measuring system that
Cell consisted of a digital scale and a collection chamber. The
volume values were obtained by dividing time-dependent
weight data by the density of water at the measured tem-
Levericlanp perature. Flow rates were also calculated from time-de-
/ Compressive arm

Tensile arm

Adaptor-piston
locking apparatus

pendent volume values.

2.3 Determination of hydraulic model
and capacity

The basic principles of pipe hydraulics were used to
determine the hydraulic parameters, such as the energy
grade line (7) of the flow through the hole created in the soil
sample. In pipe hydraulics, flow is considered fully
developed and uniform. For this study, it was ensured that
the flow could be fully developed and uniform, especially
Fig. 4 Longitudinal section of MSCTE passing from the overflow vessel to the plastic pipe and
from the nozzle to the hole.

In the test equipment, experiments were carried out
under a single hydraulic load. Equation (1) obtained from
the Bernoulli equation was used to determine the energy of

@ Springer
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the hydraulic models in the test equipment. The height
difference between the overflow vessel’s water surface and
the outlet pipe’s end is 1.09 m. Two points were consid-
ered while adjusting that height difference. The first was
that the pipe axis elevation coming out of the overflow
vessel was higher than the initial elevation of the hole to
prevent air formation in the sample due to low-pressure
heads. (The solubility of gases dissolved in water decreases
as pressure decreases.) The second point was to avoid
excessive turbulence in the hole in the sample, which
occurs in turbulent flows and causes errors in calculating
major head losses.

V2
1.09 = £+ ¥Ah 1
e+ ()

V..: average velocity of the flow exiting the pipe, XAh:
total head loss (the sum of major and minor head losses), g:
gravitational acceleration.

To determine the hydraulic capacity of the test equip-
ment, aluminum molds with the same dimensions as the
soil samples but different hole diameters (1, 2, 3, 4, 6, 8§,
10, 12, and 14 mm) were used. The flow rates were
obtained by passing water flow for each hole diameter at
the hydraulic load specified in Eq. (1). In the physical
model, the increase in flow rate between 1- and 4-mm hole
diameters was linear with R? = 0.9951. Therefore, the
time-dependent flow rate increase between the initial (first)
hole diameter (d; =2 mm) and the final (last) one (d

= 4 mm) was considered to be linear based on the conti-
nuity equation in calculating the erosion rate in eroded soil
samples. Major (the head losses in pipes due to viscous
effects) and minor (the head losses caused by changes in
the direction and magnitude of the flow velocity in pipe
components) head losses were determined in the test
equipment. Flow rates obtained in the physical model
considering head losses were used to calculate the sum of
major and minor head losses (XAh) in the SF Pressure Drop
7.2 program for hole diameters of 2, 3, and 4 mm, and then
theoretical hydraulic models were created. Cock and iso-
lating valves with a hole diameter of 2 mm were not taken
into account in calculating head losses because the flow
was laminar. In addition, there was no head loss in the
wire-mesh strainer with a 2-mm aperture of the same hole
diameter. In calculating major head losses, for R, < 3000,
the flow regime was accepted as laminar, while for R,.
> 3000, it was considered to be turbulent. Friction coef-
ficient values were obtained from the Moody diagram
under laminar and turbulent flow conditions. The Darcy—
Weisbach equation was used to calculate major (friction)
head losses. Hydraulic roughness (k;) on the walls of the
holes in plastic and aluminum pipes in the test system was
accepted to be 0 mm, based on the theoretical study by
Yunus [66]. Because the viscous sublayer was higher than
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Fig. 5 Total head losses in physical and theoretical hydraulic models

kg due to low flow rates, the smooth-pipe value (k.
= 0 mm) was accepted for the hole walls of the aluminum
molds [67]. The total head losses in the theoretical
hydraulic models created by using aluminum sample molds
and in the physical hydraulic model obtained (Fig. 5).

The error in the 3-mm hole diameter between the
physical and theoretical hydraulic model is higher than
those in the other two diameters because the flow regimes
in the plastic and aluminum pipes were in the critical
region, according to the Moody diagram. The friction
coefficient values in the critical region are uncertain. The
reason for the slight difference between the head losses for
hole diameters of 2 and 4 mm is that, as pipe diameters
decrease, the similarity between theoretical and physical
models decreases in conventional methods, such as with
the Moody diagram [28].

2.4 Determination of stress conditions
with numerical modeling

In conventional triaxial test systems, axial and radial stresses
act on cylindrical soil samples. For the soil samples used in
this study, different stress conditions occurred that were
unlike those found in conventional systems due to the nozzle
slot and hole through which the flow was passed. The stresses
formed in hollow cylindrical parts due to ambient pressure
and axial loading include axial, tangential, and radial stresses
[11]. Accordingly, the loads that acted on this study’s soil
samples and the stresses formed in the soil samples (Fig. 6).
The axial stresses acting on the soil samples’ flow direction
(g;) also act on its hole wall (a,).

Tangential and radial stresses form in hollow cylindrical
parts due to ambient pressure, while axial stresses develop
due to loads applied in the axial direction of hollow

@ Springer
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Fig. 6 Stresses acting on the soil samples’ hole wall

cylindrical parts. Due to the flow in the soil sample,
hydrostatic pressure is generated in the hole wall. In
experimental studies, hydrostatic pressure in the hole wall
is very low compared to the tangential, radial, and axial
stresses acting on the hole wall. Therefore, it was consid-
ered negligible, and P, =0 was assumed. If the flow
through the crack was to occur in the body or foundation of
a real embankment dam, the hydrostatic pressures acting on
the crack walls could be larger depending on the reservoir
water height and, therefore, need to be considered together
with the stresses in situ. Especially in dispersive soils
where erosion occurs, stress conditions on hole walls are
typically regarded as pre-experimental (pre-erosion devel-
oped by flow) stress conditions due to the sudden and rapid
development of the erosion and the slight change in hole
diameters widened by erosion. The numerical model real-
ized is also only a mechanical model. Moreover, the soil
samples are partially saturated. Therefore, the deformations
are not due to consolidation (deformation due to the
decrease of excess pore water pressure). The deformations
here are due to reduced air volumes in the soil samples. For
this reason, the stresses developed along the hole wall in
samples kept under stress conditions for 24 h are evaluated
based on total stresses.

The workbench module of ANSYS v.14 software was
used to determine the stresses on the hole wall, which was
considered where erosion formed. The stresses developed
in the hole wall were determined numerically by modeling
in three dimensions with the finite element method. The
boundary conditions of the nozzle slot were defined by the
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O'1. Axial stress acting on the soil samples' flow direction

O 3. Ambicnt pressure acting on the soil sample

~g O Tangential stress acting on the hole wall

O Radial stress acting on the hole wall

P Hydrostatic pressure acting on the internal surface of the hole wall

cylindrical support where radial deformations were limited.
The movement of the contact surfaces between the nozzle
and the soil sample was restricted in the tangential and
normal directions. The base surface of the sample where
the flow exited the hole was confined to prohibit dis-
placements and rotations in all directions. In the experi-
ments carried out under triaxial stress conditions, the
geometric model, created with numerical modeling to
determine the stresses developing on the hole wall, con-
sisted of 130,763 nodes and 94,051 tetrahedron elements
(Fig. 7). The mean skewness criterion of the elements in
the geometric model was 0.239, and, according to [39], this

5

0.000 0.060 (m)
L S—

Fig. 7 Longitudinal section of the geometrical model
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means that it was a perfect (excellent) geometric model
because the value was between 0 and 0.25.

Because very small axial deformations were obtained
due to loading conditions during the experiments, it was
assumed that the soils showed linear elastic material
behavior in the numerical modeling. In addition, it was
accepted that the soils were isotropic homogeneous mate-
rials. Experimental studies were performed on the soil
samples under four loading conditions (Table 6). While
ambient pressures were kept constant, axial stresses were
changed, and samples were loaded. In other words, under
anisotropic loading conditions, the confining pressures, 7.
= 03 = 100 kPa, were applied, and then the axial stress,
ol, was changed. Thus, this study’s experiments were
carried out under isotropic and anisotropic loading
conditions.

In this study, axial strains measured during the tests
were used to see the degree of calibration of the numerical
modeling. Axial deformations (AL) were measured in the
samples under the loading conditions above, and axial
strains were calculated as &, = AL/L, where L, was the
initial length of soil samples. The elastic modulus values
used in this study’s numerical modeling were obtained
using the axial strains measured during the experiments.
The parameters that determine the stress—strain behavior of
the soil in the linear elastic material model are elastic
modulus (E) and Poisson’s ratio (v). Briaud [10] states that
the elastic modulus, under triaxial stress conditions, iS not
equal to the slope of the stress—strain curve; furthermore,
different elastic modulus values and Poisson ratios can be
obtained under various stress conditions. Therefore, for
anisotropic loading conditions, the elastic modulus values
of soil samples were calculated by using the axial strains
obtained for isotropic loading conditions (¢,;), according to
Eq. (2) stated in Farzin et al. [19].

E— g1 — 03 (2)
&a — &qi

Equation (3) was used to calculate elastic modulus
values under isotropic loading conditions [10]. According
to Oh and Vanapalli [38], depending on the saturation

Table 6 Loading conditions applied to the soil samples

Loading no Loading conditions Loading type
o; (kPa) o3 (kPa) K *
1 0 0 - Stress-free condition
2 66.7 100 1.5  Anisotropic-expansion
3 100 100 1 Isotropic
4 150 100 0.67  Anisotropic-compression
*Kd =0 3/ ag;
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Table 7 Elasticity modulus used in numerical modeling
Loading no Elasticity modulus, E, kPa
AF1 AF2 CAT KUN
10,122 17,254 9514 8495
20,896 13,333 18,421 14,894
4 12,500 13,514 15,576 16,234

degree of soil samples, the Poisson ratio (v) was taken as
0.47 for anisotropic loading conditions, while it was taken
as 0 for isotropic loading conditions because the radial
strain is equal to the axial strain and the cylindrical cross-
sectional area of samples does not change. The values of
the elastic modulus for each soil sample at different loading
conditions are given in Table 7.

e o1 — 2v0o3 3)
éa

When the axial deformations obtained from the
numerical modeling and the experimental studies are
compared, it can be seen that the numerical modeling
yielded results very similar to the measured ones (Fig. 8).

In numerical modeling, the normal stresses on the hole
wall vary along the hole length. Therefore, the arithmetic
mean of these stresses was considered. The principal
stresses (0, 025, 03,) along the hole wall, as determined
by the numerical modeling for three different loading
conditions and with hole diameters of 2, 3, and 4 mm.

For the hole with a diameter of 2 and 3 mm, the max-
imum principal stresses are tangential stresses, while the
minimum principal stresses are radial stresses under all
loading conditions. For the hole with a diameter of 4 mm,
the maximum principal stresses are the axial stresses only
in loading no. 4, while the minimum principal stresses for
this diameter under all loading conditions are the radial
stresses. The average principal stress ratios (6;,/02p,, 021/
o3y, and 0;,/03;,) calculated for each hole increased due to
erosion (Table 8).

Radial stresses determine the change of the initial hole
diameter (d = 2 mm) formed while preparing soil samples
under the given loading conditions. In the analyses made
by considering the lowest elastic modulus value for the soil
samples under three different loading conditions, it was
observed that the initial hole diameter showed negligible
deformation.

2.5 Evaluation of the data
Flow rates increased in soil samples where erosion occur-

red, while in soil samples with a constant hole diameter and
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Fig. 8 Axial deformations measured during the experiments and numerical modeling

Table 8 Average principal stress ratios on the hole wall

Loading no G110 021/ 3 o11/03n
2 2.11 1.44 3.10
3 1.59 2.08 3.42
4 1.14 2.61 2.96

no erosion, flow rates did not change over time, or they
changed negligibly. Moreover, flow rates went toward zero
in the samples where erosion did not occur, but the hole
diameter decreased over time. In examples where the hole
diameter decreased over time, the recovery time of the hole
(frecovery) and the cumulative water volume passing through
the hole during the measurement period (XV) were con-
sidered. Only the cumulative water volume was evaluated
during the measurement period in the samples where the
hole did not expand but remained constant.

The procedure below was followed to evaluate the data
on the eroded soil samples:

1) The time-dependent flow rate curve was drawn from
the experiments. In the time-dependent curve, O (the
flow rate obtained at the initial hole diameter [d;] of
2 mm) and £, or ¢; (the time erosion starts) were
determined. However, flow rates less than 15.63 mL/
s (the flow rate obtained for dy=4 mm in the

@ Springer

physical hydraulic model) were considered when
determining t, or #; the time erosion ends. Among
these low flow rates, the point that gives the highest
regression coefficient of linearity was identified as
Q,, the flow rate at the end of erosion. A time-
dependent flow curve was drawn for the distance
between these two determined points, which would
be used in calculating the erosion rate (Fig. 9).

A time-dependent curve of the hole diameter was
drawn based on the time the erosion started and
ended (the initial hole diameter was 2 mm, while the
final hole diameter was 4 mm) (Fig. 10). The equa-
tion of the line, d = mt + 2, was determined, and the
time that the hole diameter was 3 mm (z3) was
determined from this equation.

By using Q = at + b, which is the equation of the
line in the time-dependent flow rate curve used to
calculate the erosion rate (see Fig. 9), the flow rate
when the hole diameter was 3 mm (Q3) could be
calculated for t5.

In this study, it was accepted that the hole, which was

first formed circularly, would enlarge due to erosion.
Pu Ad

2)

3)

4)
So, erosion rate (&) was calculated as ¢ = where

pq 1s dry density [65].

For each soil sample, by using Q,, O3, and Q, flow

rates in the theoretical hydraulic models created for

hole diameters of 2, 3, and 4 mm, the hydraulic

roughness on the hole surface (k;) and the energy

5)
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Fig. 10 Change in hole diameter with time

gradient of the experiments (i) were determined
according to the total head loss (XAh) calculated
from the Bernoulli equation (see Eq. 1). Depending
on the hole surface’s hydraulic roughness, the energy
gradient was calculated by dividing the friction head
loss (4hgicrion) by the hole length.

6) Critical shear stresses (t.,) were qualitatively com-
pared by considering the time when erosion began
(15). As t, increased, critical shear stresses increased
(Fig. 11).

On the other hand, the energy gradient was calculated
using the theoretical hydraulic model for Q, values for the
soil samples that were not eroded. Raw flow rates were
smoothed in these soil samples with the negative expo-
nential method. In addition, Reynolds numbers, Re, were
calculated using the flow rates obtained from the hole
diameters in each sample. Further details about the process
used to evaluate the data can be found in [56].

At the beginning of the experiment, the target com-
paction characteristics were checked. The error between
the target and measured water contents, A(%), was deter-
mined. The saturation degree of the soil samples (S,) was
calculated. The density of water at room temperature
(20 °C) was used. Volumetric changes in loading condi-
tions were neglected, and S, was calculated by using the
wet density value (py.er), target dry densities (0gmax), and
water content measured at the end of the experiment (w).

Soil samples were coded for convenience in presenting
the findings of the experimental study. An example is
shown below:

Sample abbreviation_ loading number, experimental
method: AF1_3WL.

e Sample abbreviation: Afyon-1: AF1; Afyon-2: AF2;
Catoren Dam: CAT; Kunduzlar Dam: KUN.
e Loading number: 1, 2, 3, 4 (see Table 6).

@ Springer

Fig. 11 Comparison of critical shear stresses for soil samples

e Experimental method: WL: performed under the given
loading condition by waiting 24 h; C: performed on the
samples kept in a curing environment for 24 h without
loading; IL: performed immediately under the given
loading condition.

2.6 Experiments

A flow chart (see Fig. 12) summarizes the experiments
performed and describes the step-by-step evaluation pro-
cess for the data. Distilled water was used as the mixing
water while preparing soil samples. The soil mixed with
distilled water was then compacted with a system con-
sisting of a mold, rammer, and needle manufactured from
brass (Fig. 13). Soil samples were compacted in seven
layers. The compaction thickness was decreased toward the
upper layers to achieve the same degree of compaction
throughout the soil sample. The compaction was achieved
by keeping the percentage by weight in each layer the same
(14%), except for the nozzle area (16%), thus preventing
over-compaction of the lower layers while the upper layers
were compacted. Each layer is pinned so that the layers fit
together well. Each soil sample removed from the mold
was checked for joints between the layers. The needle used
to create holes in the soil samples adheres to the soil with
the effect of water, making it impossible to pull it out by
hand. The needle must first be carefully loosened by tap-
ping the end of the needle with a plastic mallet and then
slowly pulled out by holding the needle’s cap under the
mold. The soil sample used in the experiments was 70 mm
in diameter and 140 mm in height. The hole length through
which the flow passed was 115 mm.



Acta Geotechnica (2024) 19:7967-7988

7979

content 0f wgp;.».

Preparation of

soil samples

*Quartering method was applied to soils obtained from the field.
*Soil samples were sieved through a No.10 sieve.

*Samples were dried in an oven at 110+5 °C for 24 hours.

*The base and end of the mold were carefully lubricated.

*The soil samples were compacted in 7 layers at maximum dry density and water

*During compaction, each soil layer was pinned.
*The soil samples were removed from the mold by using a hydraulic jack. /

N

slot.

Application of
mechanical and
hydraulic loads

measured.

*The membrane was attached to the upper and base adapter with two o-rings
by using o-ring placement apparatus.

*The cell was placed on the base table and screwed on.

*The cell was attached to the base plate with lever clamps.

*The piston was locked with the upper adapter by using a locking apparatus.

* Ambient pressure was created in the soil sample.

* Axial stresses were formed by placing weight on the tensile arm during
anisotropic-expansion loading and on the compressive arm during
anisotropic-compression loading .Experiments were carried out by keeping
the system under the given loading conditions for 24 hours.

*In stress-free condition, a 3 kPa stress was vertically applied so that there was
no gap between the upper adapter and the soil sample.

* A hydraulic load was created in the overflow vessel by operating the mini
submersible pump. The temperature of the water in the feeding chamber was

*The exit valve in the overflow vessel, as well as the entrance and exit
isolating valves in the base table, were opened, respectively, and distilled
water was supplied to the hole.

* A membrane was attached to each soil sample.
* A wire-mesh strainer (=2 mm) was placed on the base adapter.
*The upper adapter was placed on the sample by inserting the nozzle into the

calculated.

*Weight data was read from the digital scale and flow rate values were

* Time-dependent flow curves were drawn.
*0> O3 and O« flow rates were determined and erosion rates were calculated.

*The energy gradients were calculated by using the flow rate values obtained in
the theoretical hydraulic models.

Fig. 12 Flow chart of the experimental procedure
3 Results and discussion

The measured and target water content values obtained at
the end of the experiments and the saturation degrees of the
samples are shown in Table 9. As stated in Table 9, except
for the AF2 soil sample, water content values were very
close to the target values. In addition, the soil samples were
almost equivalent in terms of physical properties under
different loading conditions.

The time-dependent flow rate curves of AF1 and AF2
dispersive soil samples were given under different loading
conditions in Figs. 14 and 15, respectively. The erosion
process develops and ends very fast (5—10 min). Again, the
water flow is given only to the hole with the help of a
nozzle. Therefore, a very small and limited area around the
eroded hole becomes fully saturated. This is almost neg-
ligible. This saturation is certainly not observed in the
whole soil sample. Dispersive erosion occurred in the hole
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Fig. 13 Cross section of the mold, rammer, and needle

for these soil samples. The energy gradients (i) of AF1 and
AF?2 soil samples, calculated from the average values of the
flow rates obtained for the initial hole diameter, were 6.73
and 6.91, respectively. These energy gradients decreased as
the hole diameter widened by erosion. The water was
collected without water pressure control. This may cause

@ Springer

Table 9 Measured and target water contents and saturation degrees of
soil samples

Sample Name Sample Wia %) Winea A (%) S,
Code (%) (%)
Afyon-1 AFI1_1IL 24.3 24.5 0.82 83.3
AF1_2WL 24.6 123 83.7
AF1_3WL 24.6 1.23 88.7
AF1_4WL 24.7 1.65 89.0
Afyon-2 AF2_1IL 22.1 23.2 498 81.5
AF2_2WL 23.7 724 832
AF2_3WL 239 8.14 83.9
AF2_4WL 23.6 6.79 829
Catoren dam  CAT_1IL 20.0 19.9 —0.50 89.0
CAT_IC 19.7 — 150 88.1
CAT_2WL 19.5 —250 87.2
CAT_3WL 20.1 0.50 89.8
CAT_4WL 19.6 —2.00 87.6
Kunduzlar KUN_IIL 235 23.4 — 043 84.6
dam KUN_2WL 24.1 255 87.1
KUN_3WL 24.1 2.55 87.1
KUN_4WL 23.5 0.00 84.9

the energy gradient to not be under control [54]. Although
there is no water pressure control in the test equipment, the
energy gradient of the flow can be calculated with the help
of hydraulic models based on the developed pipe hydrau-
lics theorem. Moreover, Reynolds numbers can be calcu-
lated, and the flow regime (laminar/turbulent) can be
controlled. In the tests performed on AF1 and AF2 soil
samples, the lowest Reynolds numbers were determined as
3420 and 3825 with 2-mm hole diameter and 4612 and
5360 with 4-mm hole diameter, respectively. According to
the Reynolds numbers, the flow is turbulent in the tests.
The variation of the erosion rates of the AF1 and AF2
dispersive soil samples, which were dependent on the
average principal stress ratios, is shown in Fig. 16. The
concentrated leak erosion resistance and erosion behavior
of these dispersive soil samples employed in the current
study were investigated in the test equipment developed
and used in the present study for stress-free conditions [56],
published previously. The erosion rates calculated in the
AF1 and AF2 soil samples in stress-free conditions were
10.21 and 5.05 kg/m?/s, respectively, while 7, (the time-
critical shear stresses were compared) was 30 and 90 s,
respectively. According to Fig. 16 and the erosion rate
values mentioned above, the erosion rates in the soil
samples decreased under given stress conditions. The
principal stress ratios in the initial hole diameters were
considered for the critical shear stresses using 7, (Fig. 17).
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Fig. 14 Time-dependent flow rate changes under different loading conditions for the AF1 soil sample
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Fig. 15 Time-dependent flow rate changes under different loading conditions for the AF2 soil sample

Dispersive erosion is controlled by clay in dispersive soils.
The sand/clay ratios of the AF1 and AF2 soil samples were
0.45 and 2.11, respectively. The reason for using the
sand/clay ratio rather than the clay ratio is that the erosion
resistance of sand varies depending on the average grain
size, unlike fine-grained soils [9]. Furthermore, silts are
more susceptible to erosion than clays in dispersive soils
[15]. According to Fig. 17, in the AFI1 soil sample with a
lower sand/clay ratio, the stress conditions did not signifi-
cantly affect its critical shear stresses. In both samples,
there was no significant relationship between the middle
principal stresses (o,) and erosion rate or critical shear
stresses (see Fig. 16 and Fig. 17). According to Figs. 16
and 17, the stresses affecting erosion rate and critical shear
stresses were determined to be the maximum (o;,) and

minimum (63,) principal stresses. As the o¢;,/03, ratio
increased, the erosion rate increased in both samples. Only
in the AF2 soil sample, which had a higher sand/clay ratio,
did the critical shear stresses decrease as the ¢;,/g3, ratio
increased. There is no meaningful effect of stress condi-
tions on critical shear stresses in the AF1 soil sample.

Besides, in the soil samples with similar clay mineral-
ogy, defined as the same dispersive category according to
physical and chemical tests, the erosion rates in the AF1
soil sample with a lower sand/clay ratio were higher for all
loading conditions than the AF2 soil. In contrast, the crit-
ical shear stresses in the AF1 soil sample were lower. In
other words, the erosion resistance of the AF1 soil sample
is less than that of the AF2 soil sample.
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Fig. 16 Variation of erosion rates with respect to the principal stress
ratio in dispersive soil samples

For stressed conditions in dispersive soil samples that
have a larger sand/clay ratio, the internal erosion resistance
shows a behavior similar to the failure strength in the
Mohr—Coulomb hypothesis. It is assumed in the Mohr—
Coulomb hypothesis that the middle principal stresses do
not affect the failure of soils [31]. Similarly, in this study,
the middle principal stresses (o2,) developed in the hole
wall did not affect internal erosion resistance. As the ¢;;/
a3y, ratio increases, the shear stresses in the hole wall plane
also increase; accordingly, the stress conditions in the hole
wall plane approach the failure behavior of the Mohr—

Coulomb hypothesis. As a result, internal erosion resis-
tance decreases.

When examining the holes of the AFI_IIL and
AF2_11IL samples (which were photographed and enlarged
after the experiment), it was observed that backward ero-
sion occurred near the point where flow exited the hole in
the AF2_1IL sample, which had a higher sand/clay ratio
(Fig. 18). In addition, in the AF1_1IL sample, internal
erosion occurred as concentrated leak erosion [56].

As shown in Fig. 19, the AF1 soil sample shows similar
internal erosion behavior in the stressed condition com-
pared to the stress-free condition shown above. In the AF2
soil sample, the backward erosion at the point where flow
exited the hole decreased considerably due to applied
stresses (see Fig. 20).

The time-dependent flow rate curves of the KUN non-
dispersive soil sample under different loading conditions
are given in Fig. 21.

The flow rates measured at the initial hole diameter, the
average energy gradient, the Reynolds numbers, and the
measured cumulative water volumes under different load-
ing conditions for the KUN soil sample are shown in
Table 10. As shown in Fig. 21 and Table 10, in the non-
dispersive KUN sample, the stresses applied to the samples
did not affect their erosion resistance. However, negligible
hole recovery was observed in the KUN_3WL and
KUN_4WL samples. Due to the applied stresses, the
cumulative volume of water passing through the hole
slightly decreased compared to the stress-free condition.

The time-dependent flow rate curves for the CAT sam-
ple, which was determined to be the intermediate soil in the
pinhole test and by using TDS-Na(%) and CEC-

I T 3 "
AF2 Note:As ¢ increases, critical shear
o N | L e O/ O stresses also increase
————————— 021/ O3
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Fig. 17 Variation of critical shear stresses with respect to the principal stress ratio in dispersive soil samples
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Fig. 20 Post-experimental images of the AF2 soil sample after different loading conditions

ESP(%)under different loading conditions, are given in  measured cumulative water volumes under different load-

Fig. 22. ing conditions for the CAT soil sample are shown in
The flow rates measured at the initial hole diameter, the Table 11.

average energy gradient, the Reynolds numbers, and the
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Fig. 21 Time-dependent flow rate curves of the KUN soil sample under different loading conditions

Table 10 Flow rates, average energy gradient, Reynolds numbers, and cumulative water volumes for the KUN sample

Sample Code Q> (mL/s) Qsave (ML/S) 2Ah (m) ks (mm) Ahgicrion (M) i Re 2V (L)
KUN_IIL 5.85 5.64 1.0871 0.11339 0.76366 6.64 3903 20.89
KUN_2WL 5.51 3676 20.03
KUN_3WL 5.51 3676 19.84
KUN_4WL 5.68 3789 20.11
6
5
— QAT ILL
N — CAT.IC

Q (mL/s)

4 ——————— (AT 2WL
CAT 3WL
———— CAT 4WL

| \

1 \\ s e ——
N
0 - —

0 20 40 60 80 100 120 140
t (minute)

Fig. 22 Time-dependent flow rate changes in the CAT soil sample under different loading conditions

As shown in Fig. 22 and Table 11, the soil on the hole  recovery time of the hole in soil samples increases, the
wall in the CAT sample (which consisted of intermediate ~ swelling ratio of the soil in the hole wall decreases.
soil and vermiculite clay mineral) recovered by swelling  Swelling ratios of fine-grained soils decrease with
radially under the given loading conditions. As the  increasing pre-swelling water contents, but they increase as
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Table 11 Flow rates, average energy gradient, Reynolds numbers, and cumulative water volumes for the CAT sample

Sample code 0, (mL/s) Qsave (ML/s) XAl (m) k, (mm) Alyyicrion (M) i Re XV (L)
CAT_1IL 5.51 5.55 1.0872 0.12550 0.77283 6.72 3789 22.49
CAT_IC 5.68 3906 23.00
CAT_2WL 5.68 3906 7.10
CAT_3WL 5.51 3789 2.95
CAT_4WL 5.35 3679 13.27
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P Py A
| | |
| | |
7000 . d’ ¢
O/ O2n
O/ 01 /
O/ Osn
. 6000
N
”g\
:
& 4000 )9\
o \/>< \ \
0
1.0 1:5 2.0 25 3.0 35 4.0 4.5 5.0 5.5

Principal stress ratio

Fig. 23 Variation of the recovery time of the hole with an average principal stress ratio

their dry densities increase [26]. Due to stresses acting on
soils, the spaces between grains become smaller, and their
dry densities increase. With increased dry densities,
repulsive forces increase between the grains, thus
increasing swelling [37, 63]. Similar to those described
above, the swelling ratios of the stress-acted CAT_2WL,
CAT_3WL, and CAT_4WL samples were higher than
those of CAT_IIL and CAT_IC samples when tested in
stress-free  conditions. The holes in CAT_2WL and
CAT_3WL soil samples were blocked at approximately
60th and 20th minutes due to the swelling effect and
stopped the water flow, respectively.

Again, according to Fig. 22, in the CAT_1IL and
CAT_IC samples, slight recovery was seen in the hole, but
then the flow rates passing through the hole became con-
stant. Higher flow rates were obtained in the CAT_1C
sample compared to the CAT_1IL sample. In the CAT_1C
sample, which was kept in the curing environment for 24 h,
the soil swelled slightly, and the hydraulic roughness
decreased due to the stressed surface on the hole wall, thus
allowing much more flow to pass through the hole. On the

other hand, keeping soil samples in the curing environment
for 24 h did not affect the recovery of the hole.

Moreover, the recovery time of the hole in the CAT soil
sample was controlled by maximum and minimum prin-
cipal stresses. As the a;,/03, ratio decreased, the recovery
time of the hole increased, and swelling ratios decreased
(Fig. 23).

4 Conclusion

This study investigated the effects of stress conditions on
the concentrated leak erosion resistance of dispersive,
intermediate, and non-dispersive cohesive soil samples
under a single hydraulic head. While phengite is the
dominant clay mineral in two different dispersive soil
samples, vermiculite is the dominant clay mineral in the
intermediate soil sample. However, palygorskite is the
dominant clay mineral in the non-dispersive soil sample. In
the tests performed under four different loading conditions,
such as stress-free, anisotropic-expansion, isotropic, and
anisotropic-compression, the stresses developed in the hole

@ Springer



7986

Acta Geotechnica (2024) 19:7967-7988

wall were determined by numerical modeling as pre-ex-
perimental stress conditions.

According to the results of the experiments performed
on dispersive soil samples with similar clay mineralogy
and erosion sensitivity, the stress conditions significantly
affect the erosion rate and the critical shear stress in the soil
sample with a larger sand/clay ratio with dispersive ero-
sion. This effect is only valid for the erosion rate in the soil
sample with a smaller sand/clay ratio. Furthermore, the
failure of the dispersive erosion resistance of fine-grained
soils can be explained by the shear failure phenomenon in
the Mohr—Coulomb hypothesis in the dispersive soil sam-
ple with a larger sand/clay ratio. When the shear stresses in
a hole wall are higher (as the o,,/03, ratio increases),
critical shear stresses cause internal erosion to decrease and
erosion rates to increase. However, while concentrated leak
erosion was observed in the soil sample with a smaller
sand/clay ratio, it was detected that backward erosion
developed along with concentrated leak erosion in the soil
sample with a larger sand/clay ratio. The backward erosion
decreases under stressed conditions.

No concentrated leak erosion was observed in the non-
dispersive soil sample in the stressed and unstressed con-
ditions at the hydraulic head considered during the tests.
Therefore, the effect of stress conditions on the non-dis-
persive soil sample could not be seen. The amount of
recovery observed in the stress-free condition in interme-
diate soil samples with vermiculite clay mineral increased
with the effect of stressed conditions. The amount of
recovery increased as the o;,/g3, ratio in the hole wall
increased.
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