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Abstract The construction of embankments and

other earth hydraulic structures using coarse soils

requires assessing their potential for internal erosion

by suffusion, defined as detachment and transport of

fine particles through the matrix constrictions under

internal flow. For potentially erodible coarse soils

containing a certain amount of clays, a possible

remedial solution is the lime treatment which is

studied in this work in an experimental program

consisting in: erosion test, crumb test, unconfined

compression test and microstructure characterization

tests (SEM, mercury intrusion porosity). The exper-

iments were carried out on a reconstituted soil owing

similar characteristics to natural coarse soils. The

treatment reported in this study is carried out using a

minimum lime content of only 1%, which can be

achieved in situ in a cost-effective manner. Compar-

isons of results on treated and untreated soils showed

that the lime treatment is effective after only 24 h of

treatment. The suffusion is stopped, the agglomeration

of the particles generated by the treatment seems to be

maintained after samples immersion and the uncon-

fined compressive strength (UCS) is improved. The

microstructure observations of the fine part of the soil

(particles smaller than 1 mm) showed the appearance

of agglomerates generating an increase of the pore

volume.

Keywords Erosion � Lime treatment � Coarse soil �
Crumb test � Compression test � Scanning electron

microscopy � Mercury intrusion porosimetry

1 Introduction

The construction of hydraulic structures requires the

use of stable soil against internal erosion. In many

parts of France, where the construction of these

structures is necessary, local soil deposits, including

coarse soils containing a small percentage of clay, are

not suitable. Due to their poor characteristics, these

soils are stoked and substituted by other soils trans-

ported from other regions, which is far from being

satisfactory in economic terms. One possible solution,

commonly used in geotechnical engineering for other

applications, is to enhance the characteristics of these
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coarse soils against suffusion by a lime treatment. The

expected improvements will allow to reduce the costs

and delays of the construction site and also to be a part

of a sustainable development approach.

Soil stabilization with lime is a technique com-

monly used in earthworks since the middle of the past

century. In the literature, this treatment technique is

related only to fine grained soils like silty soils

(Cuisinier et al. 2011; Makki-Szymkiewicz et al.

2015; Le Runigo et al. 2011), or clayey soils (Lasledj

2009; Al-Mukhtar et al. 2010; Lemaire et al. 2013;

Tran et al. 2014). However, the use of lime treated

soils in hydraulic context is less known, at least in

Europe. In the United States and Australia, the

authorities restore and reinforce some hydraulic

earthworks since the 1970’s (Howard and Bara

1978; Perry 1977; ANCOLD 1978), the Friant-Kern

irrigation canal in California was probably the best

tesmonial for the relevance and efficiency of soil lime

treatment for hydraulic use (Charles et al. 2012). In

2005, in France, the Lhoist Group has launched a

series of experimental programs on a dike constructed

of lime treated silty soil. Some tests have been carried

out on site and some others in the laboratory. The

results are presented in the work of Haghighi (2012).

With the hole erosion test, sudden fracturing occurs at

high pressure.

The properties of soil–lime mixtures depend on the

quality of added lime, the chemical and mineralogical

composition of the soil (Boardman et al. 2001) and the

compaction conditions (Petry and Berger 2006; Le

Runigo 2008). Several works on lime treatment

showed that there are two distinct processes that take

place when lime is added to wet soil. First an

immediate change is observed, which is related to a

modification of the soil structure. According to Rogers

and Glendinning (1996), Al-Mukhtar et al. (2012) and

Tran et al. (2014) this is related to a cation exchange

process where the calcium ions (Ca2?) migrate from

hydrated lime to the surface of the clay particles and

displace water and other ions. This process results in

soil ‘‘flocculation and agglomeration’’ and lasts a few

hours depending on the characteristics of the clay

mineral involved. These reactions modify the clay

texture, give thicker particles, reduce plasticity and

increase the soil strength (Basma and Tuncer 1991;

Khattab 2002; Charles et al. 2012).The soil becomes

friable and granular after this phase (Tran et al. 2014)

which impacts the soil microstructure, as for example

in terms of its pore size distribution (Osula 1996).

When the quicklime is used, another short-term

process corresponds to its hydration which is an

exothermic reaction occurring immediately between

quicklime and water to form hydrated lime. The

second phase corresponds to a long-term process. It is

the stabilization phase due to the pozzolanic reaction

which occurs more slowly over a long period of time

and depends on temperature, soil chemistry and

mineralogy (Hunter 1988; Wild et al. 1993). During

this process, the high pH value in soil causes silica and

alumina dissolution and their combination with cal-

cium, producing cementitious compounds, calcium

silicate hydrates (CSH) and calcium aluminate

hydrates (CAH) (Choquette et al. 1987; Locat et al.

1996). These processes contribute, in particular, to

improve the mechanical properties of the soil. This

study consists in checking the effectiveness of the lime

treatment of a particular coarse soil in order to ensure

its stability against internal erosion by suffusion, and

in identifying the main processes involved.

The aim of this paper is: (1) to investigate whether

the lime treatment is able to improve the resistance to

erosion of a coarse soil containing a low proportion of

clay; (2) to study the evolution of the soil properties at

one day of curing and (3) to address the impact of

different hydraulic conditions, i.e. water content,

saturation rate and water circulation on the mechanical

performance and resistance against erosion.

In order to understand the improvement of the

characteristics of a coarse soil initially prone to

suffusion and treated with lime, different experiments

were carried out in this study: erosion test, crumb test,

unconfined compression test and microstructure char-

acterization tests such as scanning electron micro-

scopy (SEM) and mercury intrusion porosity (MIP).

2 Materials and Methods

2.1 Materials Properties

2.1.1 Reconstituted Soil

In order to investigate a soil from a river embankment

located in the center of France close to Lyon region, a

similar reference reconstituted coarse soil is created in

the laboratory which is very close to the natural soil,

because this reconstitution will ensure a good
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repeatability of the tests and enables easily to control

the proportion of fines within the coarse matrix. The

field soil is a gravelly sandy soil with fines classed B

according to French standards AFNOR (1992) NF

P 11-300. This soil is essentially characterized by a

spread but discontinuous grading curve as shown in

Fig. 1.

The soil reconstitution in the laboratory is per-

formed by mixing gravels, sand and fines with well-

defined proportions. The fine part of particles consists

of kaolinite and crushed sand (sand particles of size

less than 80 lm). Rounded gravels have been split into

fractions 31.5/20, 20/16, 16/14, 14/10, 10/6.3, 6.3/4

(Fig. 2) as recommended by the French stan-

dard AFNOR (1993) NF P 98-230-3.

The used sand is Hostun sand which was separated

into several fractions namely HN2/4, HN0.4/0.8,

HN31, HN34 and HN38 (Table 1) , The SEM views

of two fractions of Hostun sand are presented in

Fig. 3.

The fine part (d\ 80 lm) consists of 40% kaolinite

clay (K) and 60% crushed sand (C4). The character-

istics of the obtained mixture are shown in Table 2.

2.1.2 Lime

The lime used in this study is quicklime, commercially

named Proviacal ST and provided by Lhoist Com-

pany. The characteristics of this lime are indicated in

Table 3. An X-ray diffraction analysis showed the

presence of calcite (Fig. 4) indicating that this lime is a

partially carbonated lime.
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Fig. 1 Grain size distribution of tested soils

31,5/2020/1616/1414/1010/6,36,3/4

Fig. 2 Gravel washed and fractionated

Table 1 Characteristics of used sand

Sable d50 (lm) Cu Size distribution

Hostun HN2/4 2849 1.4 Uniform

Hostun HN0.4/0.8 596 1.5 Uniform

Hostun: HN31 314 1.3 Uniform

Hostun: HN34 211 1.6 Uniform

Hostun HN38 113 2.3 Uniform

Fig. 3 SEM views of: a Hostun sand HN31, b Hostun sand HN34 (Feia et al. 2015)
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2.2 Preparation and Compaction Procedure

In order to prepare the untreated soil sample, with a

compaction at 95% of the maximum Standard Proctor

Density (SPD) on the wet side (13% water content)

(Fig. 5), the different required proportions of sands,

kaolinite and water are mixed in a blender for 3 min at

a constant speed around 70 rpm. Then, the gravels are

added and mixed with the other materials by hand.

Once the sample reconstitution is completed, it is kept

in airtight bags for 24 h for maturation before

compaction in test column.

Lime treated soil is prepared similarly to the

untreated soil except few differences. After 24 h

storage, the mixture ‘‘sand-kaolinite-water’’ is mixed

again by adding a given quantity of lime. Then the

proportion of gravels is added to the previously set for

a dry density corresponding to 95% of the maximum

SPD (Fig. 5). After 3 min of mixing with a speed of

60 rpm the mixture is kept in airtight bags for one hour

curing before compaction.

3 Experimental Devices

3.1 Erosion Set-Up

The developed set-up consists of a suffusion column

with an automated hydraulic loading device, an

effluent collection system, a data acquisition system

and a measurement system allowing to follow the

temporal evolution of pore pressure throughout the

column, the effluent turbidity, the flow rate and the

mass of eroded particles. Figure 6 shows a schematic

view of the erosion set-up. The evolution of pore

pressure along the column is measured using six

sensors (C1, C2, C3, C4, C5, C6) installed at different

points.

The suffusion column is a Plexiglas tube of

250 mm diameter and 600 mm height, which allows

a visual inspection during experiments. In this study

the height of the specimen is 160 mm along which

only three pressure sensors are placed at the top of the

specimen (Fig. 6). The column is arranged vertically

and is supplied by a water tank for an upward flow. It

should be noted that the top of the column is not

blocked by a watertight cover. An overload of 1.6 kPa

(half of the stress due to the weight of the sample) is

Table 2 Characteristics of the fine soils used

Characteristics C4–K

Atterberg limits Liquid limit xl (%) 33

Plastic limit xp (%) 21

Plasticity index IP 12

Grain size distribution \ 80 lm 65%

\ 2 lm 30%

D60 (lm) 60

Table 3 Lime characteristics

Characteristics Value at 20 �C

Bulk density (t/m3) 0.7–1.3

pH on saturated solution 12.3
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Fig. 4 X-ray diffraction for lime
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applied to prevent the sample from moving. The tank

position depends on the target hydraulic gradient,

knowing that this latter represents the piezometric

head drop per unit length. The effluent is collected in

order to determine the total mass of eroded particles.

The soil sample was deposited within the suffusion

column in two layers of 80 mm each which were

compacted using the normal Proctor hammer at the

target density of 95% SPD. The specimen rests on a

lower mesh screen (80 lmopening size), supported by

a metal grid, placed itself on a gravel layer of

approximately 10 mm in diameter. The mesh screen

placed between the grid and the soil sample allows

avoiding a loss of fine particles (Fig. 7). Once the

reconstituted sample is set up and the tubing circuit is

saturated, the test circuit is closed. The saturation of

the sample is started by applying a low hydraulic

gradient of approximately 1.

3.2 Experimental Setup for Modified Crumb Test

This simple test is carried out based only on visual

observations for a qualitative assessment of clay

dispersion. It is derived from crumb test as detailed

in ASTM standard D 6572-13 (2013); some modifi-

cations were made in order to adapt it to our samples.

The complete setup consists of a 100 mm diameter

and 200 mm height PVCmold for soil samples, a glass

water tank of 380 9 380 mm horizontal section and

430 mm height (50 L working volume), the lighting, a

grid used to lift the sample and a camera (Fig. 8).

The soil sample was deposited in the PVC tube in

one layer of 200 mm each which are compacted using

the normal Proctor hammer at the target density of

95% SPD.

Overload

C5

C3

C1
C2

C4

C6

0,
16

 m

turbidity
flowmeter

Sieve

Effluent tank

Suffusion column

Data acquisition :
Pressure, turbidity, flow

Water supply

Tank with constant hydraulic
loading

Pump

supply system and 
water recycler

Camera

4,
20

 m

0,25 m

Fig. 6 Functional diagram of the internal erosion testing device

Metal grid

Gravel layer

First layer
Second layer80mm

80mm

Fig. 7 Descriptive diagram of the sample in the column

Profile view Top view

Camera

Glass tank

Fig. 8 Functional diagram of crumb test device
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3.3 Unconfined Compression Test

Unconfined compression tests were carried out

according to AFNOR (1997) NF 94-077. The soil

specimens prepared for the unconfined compression

tests are 100 mm diameter by 200 mm height. The

used device is an MTS press with a moving speed of

1 mm/min. This loading speed was previously used by

Maubec (2010) for the evaluation of the unconfined

compression strength of clay soils. These mechanical

tests are carried out on samples to study the influence

of the lime treatment on the mechanical behavior after

compaction and on samples after the crumb test if they

do not collapse after 6 days of immersion.

3.4 Microstructure Characterization Tests

The microstructure of treated and untreated soil

samples were characterized by means of several

techniques: mercury intrusion porosimetry (MIP),

the grain size analysis (Malverne multisizer) for the

size fraction lower than 1 mm and SEM observations.

The microstructure characterizations by MIP had to

be performed on dry samples prepared using freeze-

drying method. The soil samples were immersed in

liquid nitrogen for freezing and placed in a freeze dryer

for 24 h of sublimation. Quick freezing minimizes

microstructural change due to water departure (Delage

and Pellerin 1984). At the first, the grain size analysis

provided grain size distribution of the soil’s fine

fraction. Subsequently, micro-level observations were

recorded on fresh samples using SEM. And finally, the

mercury intrusion porosimetry (MIP) was selected to

investigate the fabricof the samples because thismethod

allows themeasurement of a wide pore-size range, from

a few nanometers up to several tens ofmicrometers, and

the identification of different soil pore classes.

4 Results and Discussion

4.1 Erosion Tests

In this section, we present the detailed results of two

tests performed with untreated soil and with 1% lime

treated soil for 24 h of curing time. A comparison was

performed with other curing duration (7, 28, 90 and

365 days) in the aim to detect the best/optimal curing

time for improvement of soil characteristics against

suffusion.

4.1.1 Untreated Soil

In this part, we will identify and explain the initiation

and development of internal erosion processes

observed in the case of untreated soil subjected to an

upward unidirectional flow.

Figure 9 shows the evolution of pressure on the

three sensors C1, C2 and C3. There is a general

decrease of pressure on the three sensors only 5 min

after applying the mean gradient i = 3. This decrease

is more pronounced at the sensor C3 located at the

bottom of the sample. The pressure at the sensor C3

decreases from 5.3 to 1.7 kPa. This pressure drops at

the upstream of the soil sample may be explained by a
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detachment and a massive erosion of particles allow-

ing the free flow of the water, whose rate increases

immediately from zero to 1.5 cm3/s (see Fig. 10).

Figure 10 shows the evolution of the flow rate

during the loading phase. During the application of the

gradient i = 3, there was a fast increase of the flow

rate, probably due to the moving of particles, reaching

a value close to 1.5 cm3/s. Then, there is a flow rate

fluctuation, due to the restructuration of fine particles

into the specimen matrix. At the gradient i = 4, the

flow rate stabilizes around 1.9 cm3/s and at the

gradient i = 5 there is a slight decline of the flow rate

at the first 30 min before it stabilizes around 2 cm3/s.

Figure 11 displays the evolution of effluent con-

centration (obtained from turbidity measurements

correlated to fines concentration), and indicates a first

peak of solid flow 5 min after applying the gradient

i = 3, confirming the particles migration hypothesis

advanced earlier after the fall of pressure. This proves

that there is a restructuring of the particles within the

granular matrix by generating clogging. Another peak

was observed 30 min after the start of the application

of the gradient i = 5, and was due to the expansion of

the clogging phenomenon after plugging. This process

results in the flow decrease observed on Fig. 10.

Figure 12 shows the evolution of the erosion rate

from the concentration of the effluent and the flow rate,

and also gives the evolution of the cumulated mass

eroded during the test. The initiation to the suffusion (at

the gradient i = 3) is coupledwith a rapid increase of the

effluent concentration (and, therefore, of eroded cumu-

lative mass). At the end of the load at a gradient i = 3,

the mass of eroded particles is approximately 18 g

(22.5% of the total eroded mass). The rapid increase of

the cumulativemass of eroded particles at the beginning

of the test reflects the important contribution of the peak

concentration to the total mass mobilized.

From the gradient i = 4, a slower and quasi-linear

increase is observed for the cumulative eroded mass,

indicating a low contribution of the concentration

curve. The curve of cumulative mass eroded in Fig. 12

is composed of two parts. The first one (until 120 min)

corresponds to the massive suffusion for i = 3, then

followed by a steeper slope part representing the

moderate suffusion kinetics in the following gradients.

At the end of the test, the cumulative weight

calculated from measurements of turbidity and flow

rate indicates a value close to 79 g. In order to identify
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the nature of eroded particles, X ray diffraction

analysis was carried out and showed that the eroded

particles are kaolinite (Fig. 13) without any sand

particles. In fact, the obtained spectrum is identical to

the one of the original kaolinite used in this study.

Pictures of Fig. 14 illustrate the state of the

specimen before stopping the flow at the end of the

application of the gradient i = 6, one can observe a

massive departure of the fines on the different sides on

the column.

4.1.2 Lime Treated Soil

The hydraulic pressure within the specimen is an

indicator of the effectiveness of the lime treatment

which is expected to limit the soil erosion. The

pressure variations recorded in the three sensors are

presented in Fig. 15. Six levels of hydraulic gradient

(from 2 to 7) have been applied to the sample. The first

hydraulic gradient which represents the saturation step

is not shown on the graph. A pressure drop is observed

at the sensor C1 (top of the sample) during the

application of the gradient i = 5. This is due to the

beginning of the soil fracturing, which is not yet

visible, but creates a preferential pathway for water

pressure release.

At the gradient i = 6, small fractures develop in the

sample, which are progressively enlarged until a part

of the soil is lifted, creating a water pocket.

It should be noted that the first cracks, visible to the

naked eye, always appear at the top (Fig. 16b). This

can be explained by a downstream clogging (the

particles are carried downstream where they are

accumulated) causing a sudden drop pressure in the

cracks area.

Through time, the cracks disappear when the

pressure in the sample is stabilized; these cracks are

replaced by other cracks which appear in the lower

part of the sample. They open and close during the

destructuring of the sample until the occurrence of a

large crack through the entire cross section of the

sample. This large crack expands creating a water

pocket and so the phenomenon progresses from the

beginning of loading until the uplifting of a portion of

the sample (Fig. 16c). Figure 17 illustrates the evolu-

tion of the erosion phenomenon from the beginning of

the loading up to the lifting of a part of the sample.

This division of the soil is the result of the

exceeding of the total vertical stress that the soil can

withstand due to the development of sufficiently high

excess pore pressure in this zone situated under a layer

which has become ‘‘almost’’ impermeable, as a result
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Fig. 14 Pictures of the sample taken at the end of the test
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of clogging. The effective vertical stress has been

reduced to zero leading to the appearance of fine

fractures and consequently the appearance of a water

pocket, then a progressive uplift of the soil surface and

finally the total failure of the soil sample. An

assessment of the local stresses state is needed for a

better understanding of the triggering conditions of

this phenomenon.

The lateral friction is assumed to be zero since the

wall of the Plexiglas column is supposed to be

perfectly smooth. Figure 18 shows the stresses applied

to the base of the sample as well as the theoretical

fracturing pressure.

At the bottom of the sample, theoretical fracturing

pressure resulting from the stress balance sheet is

5.3 kPa (taking into account the stress due to the

weight of the sample, 20 mm layer of water and the

stress due to the overload, see Fig. 18). However, the

measured fracturing pressure recorded on the pressure

sensor C3 (10 kPa) is much higher, about twice the

theoretical fracture pressure. This increase can be

Visible fracture

Water pocket

(a) (b) (c)

Fig. 16 Evolution of fracturing during erosion test for the treated soil

Filtration - Clogging Destruction 
of the soil

Pocket of water uplift

Fig. 17 Illustration of hydraulic fracturing evolution through the sample during the erosion test for treated soil
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Fig. 18 Diagram expressing stresses assessments

123

Geotech Geol Eng



explained by the immediate effect brought by the lime

treatment.

In Fig. 19, the flow rate is practically constant at the

first three loading stages (i = 1, 2, 3). Then, when

applying the gradient i = 5, the flow rate decreases

from 0.7 to 0.5 cm3/s, at the end of this stage. This can

be explained by the hypothesis advanced above

concerning the filtration and clogging of eroded

particles in the sample. At the gradient i = 6, a sudden

increase of flow rate reaching 1.5 cm3/s is observed

when the first fractures occur. Then the flow rate

decreases progressively until the last gradient i = 7 is

applied, where the formation of the water pocket

occurs. Therefore, the maximum recorded flow rate

reaches 2.7 cm3/s.

As regard to particles erosion, Fig. 20 shows a

concentration peak recorded at the beginning of

loading at gradient i = 2, which can be attributed to

the stagnation of water loaded with lime downstream

the sample. This is confirmed by X-ray diffraction and

fluorescence analysis performed on an effluent recov-

ered at the end of this gradient i = 2 (Table 4,). In

Fig. 20, for the higher loading stages, there is a quasi-

constant turbidity around 1.5 g/L, which again proves

that there is no particle erosion, but only lime leaching,

and this was confirmed once again by X-ray diffrac-

tion analyzes, showing the same results as those

presented in Fig. 21.

According to the X-ray fluorescence and X-ray

diffraction analysis, one can observe the presence of

carbonate lime in the form of CaCO3 in the effluent

(Fig. 21), with a fraction of about 96% (Table 4). This

is confirmed by several studies (Bell 1996; Le Runigo

2008; Rossi et al. 1983) which showed the formation

of calcite (CaCO3) during lime treatment. This result

comes from the carbonation reaction of the lime with

the carbon dioxide of the air. According to Maubec

(2010), for these treated soils, the mechanical perfor-

mances are not, or weakly, improved by the presence

of carbonates. This point will be more discussed in the

presentation of the results of the mechanical tests.

Figure 22 shows the evolution of the erosion rate

and the cumulative eroded mass. As previously

reported, the evolution of the erosion rate presents

the same trend as the turbidity during the first 40 min

of experiment at a gradient i = 2. For higher gradients,

the evolution of this curve follows the flow rate curve
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Fig. 20 Evolution of concentration during the loading phase

for the treated soil

Table 4 X-ray

fluorescence analysis of the

harvested effluent

Chemical formula Concentration (%) Chemical formula Concentration (%)

CaCO3 96.56 SO3 0.26

SiO2 1.75 K2O 0.18

Al2O3 0.61 SrO 0.13

Cl 0.37 Fe2O3 0.09
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until the end of the test because the turbidity is quasi-

constant.

The cumulative eroded mass in this case is more

important than the cumulative mass of leached lime.

There are three distinct slopes, the first one

corresponding to the stagnation of the leached lime

during the saturation which corresponds to 20% of the

total mass of leached lime. The second part of the

curve, with a quasi-linear slope, indicates that the

quantity of leached lime is constant throughout the

loading phase. During destructuration of the soil, we

observe a greater increase in the mass of leached lime

which is probably due to the collapse (uplift) of the soil

releasing more lime trapped between the particles.

The total mass of leached lime from the sample,

calculated at the end of the test, is about 24 g, which

represents 16.5% of the total mass of introduced lime

(Fig. 22). It is important to note that for lime-treated

soil samples, the amount of lime is calculated (based

on turbidity and flow rate measurements) and not

measured because the water is loaded with lime and it

is impossible to recover the whole quantity of leached

lime even if sheets are formed as the effluent is

released. This does not represent the whole leached

quantity (Fig. 22). Figure 23 show the appearance of

the effluent collected at the end of the test,as

mentionned previously there is no erosion of particles

bu only lime leaching. The color and texture of the

effluent collected confirm it.

4.1.3 Repeatability of Tests

In order to verify the reliability of the obtained results,

the tests presented previously were duplicated a

second time (Fig. 23).

The results are synthesized in Fig. 24 in terms of

the gradient of fracture and total mass of eroded

particles. It should be noted that the mass of the eroded

particles was measured at the same time for the two

tests.

A good repeatability is observed. For the tests on

untreated soil, the suffusion is triggered at gradient
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Fig. 21 X-ray diffraction analysis of the harvested effluent
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Fig. 23 Visual appearance of the effluent collected at the end of the test: a container of the effluent harvested, b surface lime film,

c recovered lime sheets

123

Geotech Geol Eng



i = 3 (Fig. 24a) and for tests on treated soil the

beginning of breakage is at a gradient i = 5 (Fig. 24b).

4.1.4 Comparison with Long-Time Curing

In order to study the influence of the curing time on the

outbreak of the fracturing process and also to deter-

mine the chemical reactions which govern this

improvement of the resistance to fracturing, additional

tests were carried out at longer curing times (7, 28 and

90 days).

In Fig. 25, the results show that the fracturing

pressure at the sensor C3 approaches 11.8 ± 1 kPa,

whatever the curing time (less or equal to 3 months).

This result highlight the effectiveness of the treatment

after only 24 h. It means that the first chemical

reactions at short time of curing were responsible to

stop the erosion phenomenon. In order to identify

these reactions, the rest of this study will be focused

only at this first stage of curing.

4.2 Crumb Test

The untreated soil sample collapses immediately when

immersed in the water tank (Fig. 26), while the treated

soil cured during 24 h with 1% lime remains substan-

tially intact after 1 week of immersion (Fig. 27),

undergoing no significant change of dimensions. This

observation shows how the natural soil is susceptible to

internal erosion and how lime treatment contributes to

stabilize the fines against dispersion and, thus, against

erosion. Also in this part, the results highlights the

effectiveness of the treatment after only 24 h. It means

that the first chemical reactions at short time of curing

were responsible to stop the erosion phenomenon.

5 Unconfined Compression Tests Before and After

Immersion in Water

The Figs. 28 and 29 show the evolution of the

Unconfined Compression Strength (UCS) on

untreated and treated soil without immersion and after

immersion respectively. The results show a higher

UCS and higher rigidity for the treated soil comparing

to the untreated soil before immersion in water. After

immersion, the untreated specimens almost immedi-

ately began to disintegrate. Therefore, it was not

possible to determine the effect of immersion on the

UCS of untreated specimens. In the case of the treated

specimens, an immersion of 6 days (i.e. saturation of

specimens) leads to a significant UCS decrease. This

decrease was also observed by Le Runigo et al. (2011)

on the Jossigny silt treated with 1% of lime.

The UCS of the treated sample is 70 kPa without

immersion and approximately 12.8 kPa after immer-

sion. The immersion of the specimen in water results

in a loss of compression resistance.
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5.1 Microstructure Evolution

5.1.1 SEM Observation

Figure 30 presents the SEM observations of both

untreated and treated soils. At low zoom, Fig. 30a, c

show that their microstructure is totally different. For

the untreated specimen, a film of clay particles is

observed which covers and connects the sand grains

together. A few number of inter-aggregate pores can

be observed, these macrospores came from

30 s 1 min 5 min 10 min

Fig. 26 Evolution of untreated soil samples during the immersion in water until collapse

30 s 10 min 1h 6 days

Fig. 27 Evolution of soil samples treated with 1% lime over time during the 6 days of immersion in water
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Fig. 28 Evaluation of the unconfined compression strength

(UCS) for untreated and treated soil without immersion
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Fig. 29 Evaluation of the unconfined compression strength

(UCS) for untreated and treated soil after 6 days of immersion

into water

123

Geotech Geol Eng



compacting (Nguyen 2015). For the lime-treated

specimen, a group of agglomerates varying consider-

ably in size is observed. At higher zoom, Fig. 30b, d,

for the untreated specimen, the tightly-knit organiza-

tion between clay particles and quartz grains is clearly

visible which results in a few numbers of macropores.

For the lime treated specimen, the structure is less tight

than the structure of the untreated soil. The clay

particles are in fact aggregated because of the addition

of lime and form a film that coats the larger-sized

quartz particles. This view of the microstructure

reveals pores capable of measuring up to a few

hundred microns between the agglomerates.

5.1.2 Mercury Intrusion Porosimetry (MIP)

Figure 31a shows differential mercury intrusion

curves obtained for untreated and 1% lime treated

soil samples at the first day of curing. On the two

specimens, the pore size distribution is of a bimodal

type. This type of structure is usually observed on

compacted clay soils and is called ‘‘double structure’’

(Ahmed et al. 1974; Delage et al. 2006; Diamond

1971; Lioret et al. 2003; Stoltz et al. 2012). On

untreated soil, the first mode is characterized by pore

sizes ranging from 0.01 to 5 lm. From Lemaire et al.

(2013) this smaller diameter class of pore may be

attributed to intra-agglomerate micropores. The pore

size range for the second pore family is from 20 to

120 lm, which is attributed to inter-agglomerate

macropores (Fig. 31b).

After 1% lime treatment, one can observe that the

pore size of the first family is also ranging from 0.01 to

5 lm; but in this case this family has much more

volume. The pore size range of the second mode is

from 5 to 400 lm.

The Fig. 31b shows curves of the cumulative

mercury intrusion. One can observe that the total pore

volume increases with lime treatment, which is

compatible with SEM observations presented in

Fig. 31a, b. This increase can also be attributed to

the difference in the dry density between the untreated

and treated soils.

Fig. 30 SEM pictures of untreated and treated soil. a Untreated soil 1 mm, b untreated soil 500 lm, c treated soil, cure 24 h 1 mm,

d treated soil, cure 24 h 500 lm
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This increase of macro porosity after 24 h of

treatment can be explained by the flocculation phe-

nomenon and agglomeration of particles which occurs

during the addition of the lime. Table 5 details the

total void index measured from the mercury intrusion

et, and the void index corresponding to the two pore

families. After treatment, it is found that the quantity

of the voids of the two families is greater than the ones

in the untreated soil.

6 Conclusion

The study carried out aimed to study the effect of lime

treatment on coarse soils in order to improve its

erosion characteristics and be able to use it in

embankment and hydraulic structures. The results of

experimental study shown that the efficiency of

treatment appears only after 24 h of curing. The

increase of curing time until 3 months seems not to

bring a subsequent change in the efficiency of lime

treatment. This relatively quick stabilization seems to

be related to the agglomeration of the fine particles.

From the results of crumb test and unconfined

compression test, this agglomeration remains main-

tained even under the effect of internal fluid flow. The

results of the microstructure observation show an

increase in the pore volume in general and more

particularly in micro pore family. This phenomenon

causes an increase in constrictions but the agglomer-

ation of fine particles around the sand particles seems

to prevent this departure and thus stabilize the soil

against suffusion.
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19:151–160

Delage P, Marcial D, Cui Y-J, Ruiz X (2006) Ageing effects in a

compacted bentonite: a microstructure approach.

Geotechnique 56(5):291–304

Diamond S (1971) Microstructure and pore structure of com-

pacted clays. Clays Clay Miner 19(4):239–241

Feia S, Dupla JC, Ghabezloo S, Sulem J, Canou J, Onaisi A,

Lescanne H, Aubry E (2015) Experimental investigation of

particle suspension injection and permeability impairment

in porous media. Geomech Energy Environ 3:24–29
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Howard AK, Bara JP (1978) Lime stabilization on Friant- Kern

Canal. U.S. Bureau of Reclamation, Report No REC-ERC-

76-20

Hunter D (1988) Lime induced heave in sulfate-bearing clay

soils. J Geotech Eng ASCE 114(2):150–167

Khattab SAA (2002) Etude multi-échelles d’un sol argileux
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