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Abstract Scaly clays are stiff and highly fissured clays

often used as construction materials. This paper presents

the results of triaxial compression tests carried out on

saturated and unsaturated samples of a compacted scaly

clay. Complementary investigation on the microstructural

features and their evolution with the amount of water

stored into the material are also presented in order to shed

light on the evolution of the micro- and macroporosity with

suction. The water retention behaviour of the compacted

scaly clay is also addressed. The results from the controlled

suction triaxial tests are used to discuss the applicability of

a single-shear strength criterion to compacted double-

structured clays when the effective stress concept for un-

saturated soils is used. The choice of the degree of

saturation to be included in the effective stress definition

for obtaining a satisfactory representation of the shear

strength is addressed. It is shown that the best results are

obtained when the macropore degree of saturation is con-

sidered along with its evolution during the applied stress

path.

Keywords Compacted clay � Effective stress �
Microstructure � Scaly clay � Shear strength � Suction �
Unsaturated soils

1 Introduction

Scaly clays are stiff tectonized clays widespread in Sicily

and South Italy. Due to their complex geological history,

they are strongly over-consolidated and highly fissured. A

thick network of discontinuities subdivides the clays in

tightly interlocked small stiff clayey fragments (scales),

almost always angular, whose size ranges from a few

millimetres to several centimetres. This peculiar structural

pattern greatly controls the mechanical behaviour of the

material. Scaly clays also have received significant interest

as construction materials, since their structural character-

istics and natural water content allow their compaction as

excavated, in order to obtain a material with low perme-

ability and appreciable shear strength and stiffness, suitable

for the realization of dam cores and waste confinement

liners.

Intense research work has been carried out to analyse the

structural features and hydro-mechanical behaviour of

natural and compacted scaly clays. Airò Farulla and

Nocilla [5] analysed the effects of the discontinuities on the

shear strength of undisturbed samples by means of direct

shear tests; the study pointed out the strong influence on the

strength of the orientation of the discontinuities with re-

spect to the imposed failure surface. Airò Farulla and

Valore [8] studied the shear strength of compacted scaly

clay samples collected from different sites showing that the

scales survive the compaction process although their size

decreases and they still govern the shear strength behaviour

of the material. Picarelli et al. [23], analysing geotechnical
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works involving tectonized stiff clay outcropping along the

Italian Apennines, pointed out how their mechanical be-

haviour is strongly governed by fabric, structural and

physico-chemical environmental conditions. Vitone et al.

[31] investigated the mechanical behaviour of the natural

clays in the light of their different fissuring features and

underlined that for clays of fissuring intensity from high to

very high, structure is detrimental to strength so that

undisturbed fissured clay strength is even lower than that of

reconstituted clay.

Scaly clays compacted on the dry state of optimum

present some typical features of double-structured clayey

materials [19, 22, 29]. A comprehensive microstructural

investigation campaign has been carried out to provide a

better insight into the fabric features of scaly clay and its

evolution during the compaction and saturation phase [3, 4,

7]. The as-compacted state always presents a clear double

porosity arrangement, where the micropores are related to

the pores within the clay assemblages (composed of scaly

fragments and clay aggregates formed during sample

preparation), while macropores refer to the pore network

between the assemblages. Hydro-mechanical processes

have strong effects on this structural arrangement. Upon

suction cycling, the assemblages and then the micropores

present a reversible volume change behaviour, while the

macropores evolve in an irreversible manner during the

first cycles and attain a reversible behaviour after three to

four cycles. In particular, it has been observed that upon

saturation, assemblages swell invading macropores so that

a monomodal pore diameter distribution is obtained. Dur-

ing compaction, macropores are reduced strongly as com-

paction energy increases, while micropores are not

influenced and their initial distribution within the assem-

blages is preserved.

The microstructural features and their evolutions have a

strong impact on the volumetric and retention behaviour of

compacted scaly clays. The swelling/shrinkage response of

the material upon suction variations is a consequence of the

evolution of the different structural levels; in particular, the

material can undergo cumulative swelling or settlement

depending on stress level [2, 3] and the over-consolidation

condition [14]. Retention curves are strongly influenced by

the void ratio in terms of air entry value and hysteresis

domain [1].

For saturated samples, the effects of the presence of the

scaly fragments have been discussed by Airò Farulla and

Rosone [6], showing that even after saturation the scales

are still present as discernible units and they govern the

overall strength of the material.

Limited evidence is available for the shear strength in

unsaturated conditions. A deep understanding on the ef-

fects of suction on the shear strength of the material is a

fundamental requirement in order to predict the stability of

the constructions. It should be considered that the scaly

clays are compacted in an unsaturated state and will be

subjected to variations in the degree of saturation of dif-

ferent intensities depending on the environmental boundary

conditions.

With regard to this topic, the paper presents a compre-

hensive assessment of the shear strength of compacted

scaly clay in unsaturated conditions. Controlled suction

triaxial tests were run with the aim to quantify the suction

contribution to the shear strength. Complementary mi-

crostructural studies and some peculiar aspects of the water

retention behaviour are presented initially in order to shed

light on the effects of the double-structural features of the

material on the strength in unsaturated conditions. An in-

sight into the evolution of the microstructure with the

amount of water stored into the material is provided. Fi-

nally, the choice of the shear strength parameters is dis-

cussed considering the effective stress definition for

unsaturated soils.

2 Tested material

Tested samples were prepared using a stiff and highly

fissured clay outcropping near Palermo (Sicily), used for

core construction in two earth dams. The tested material is

a silty clay having liquid and plastic limits within the range

of wl = 60–64 %, wp = 20–26 %, mean specific gravity

Gs = 2.76 and natural water content wn = 20 %.

The material was excavated at depth of 3–4 m from soil

surface and air-dried at laboratory conditions (temperature

T = 20 �C and relative humidity RH & 45 %). The dried

clay having a hygroscopic water content wh & 5 % was

disaggregated by means of a rubber pestle, and the fraction

passing through a No. 4 ASTM sieve was selected; this

fraction was constituted by scales, fragments of scales and

powdered clay. The selected material was moistened to the

water content w = 15 % and dynamically compacted to

the target dry density cd = 17.4 kN/m3. These initial

physical characteristics of the specimens were fixed as the

mean values of results from control tests on field-com-

pacted scaly clay during construction of the two core earth

dams [8]. Dynamic compaction was carried out by means

of a modified Harvard apparatus with a cylindrical mould

of 76 mm height and 38 mm inner diameter. The adopted

procedure made use of five layers (14 tamps per layer) and

a tamping force of 275 N, giving optimum values

wopt = 17 %, cd,max = 17.5 kN/m3. Therefore, all speci-

mens were prepared on the left side of the optimum. The

water content and the initial dry density after compaction

were in the range of w = 15 ± 0.4 % and cd = 17.4 ± 0.2

kN/m3. Corresponding initial void ratio, water ratio (ratio

of the volume of water to the volume of solid phase,
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ew = w Gs) and degree of saturation values were as fol-

lows: e0 = 0.56 ± 0.03, ew0 = 0.41 ± 0.02, and

Sr0 = 0.74 ± 0.04 (Table 1). A vertical total stress of

about 1 MPa was required to prepare specimens with the

similar characteristics by static compaction. Initial total

suction of the as-compacted material was measured by

means of a dew-point chilled-mirror psychrometer [11, 21]

and was approximately 2 MPa; the air entry value for the

corresponding void ratio was about 100 kPa [1].

3 Microstructure and water retention features

The hydro-mechanical behaviour of scaly clays is influ-

enced deeply by the fabric arrangement at the mi-

crostructural level. With the aim to provide a solid

background for the interpretation of the unsaturated scaly

clay shear strength data, this section presents results from a

complementary investigation programme on the mi-

crostructural features of the compacted scaly clay and on

their evolution along suction changes. Some peculiar

aspects of the water retention behaviour along main wet-

ting and drying paths at constant void ratio values are also

outlined.

Microstructural analyses were carried out by combining

mercury intrusion porosimetry (MIP) tests and scanning

electronic microscope (SEM) observations. MIP tests were

performed using a porosimeter (Pascal 140–240 series,

Thermo Scientific Corp.) attaining a maximum intrusion

pressure of 200 MPa, which corresponds to an entrance

pore diameter of approximately 7 nm. Macropores were

detected at the beginning of the tests in the low pressure

unit operating between 0 and 400 kPa. The advancing non-

wetting contact angle between mercury and the clay min-

erals was assumed to be 140� [26]. SEM observations were

performed on a FEI Quanta 200f microscope. MIP tests and

SEM observations were carried out on samples dehydrated

by means of a freeze-drying technique consisting in quick

freezing the samples by dipping them in liquid nitrogen

(boiling temperature -198 �C) and sublimation with

vacuum pump at -60 �C for 24 h.

As-compacted specimens for SEM and MIP tests were

prepared by initially moistening the selected air-dried

material passing at No. 10 ASTM sieve (mesh aperture of

2 mm) at the target water content and by compacting

statically the material in a small rigid cylindrical mould of

9 mm inner diameter and 9.3 mm height. Other specimens

were recovered by means of a small cylindrical sampler

(inner diameter of 10 mm and height of 10 mm) from

samples subjected to different hydro-mechanical stress

paths in oedometric tests.

Figure 1 depicts the results from MIP tests in terms of

cumulative intruded void ratio (eHg) and pore size density

function PSD ¼ �DeHG=D logDð Þð Þ as a function of the

Table 1 Characteristics of tested specimens

Test ID Initial characteristics Stresses before shearing Characteristics at equalization Characteristics at failure

Void

ratio

e0

Water

ratio

ew0

Degree of

saturation

Sr0

Mean net

stress

pnet

Suction

s

Void

ratio

e

Water

ratio

ew

Degree of

saturation

Sr

Void

ratio

e

Water

ratio

ew

Degree of

saturation

Sr
(-) (-) (-) (kPa) (kPa) (-) (-) (-) (-) (-) (-)

A1 0.550 0.420 0.77 50 50 0.644 0.573 0.89 0.631 0.583 0.92

A2 0.564 0.403 0.71 50 100 0.648 0.564 0.87 0.620 0.572 0.92

A3 0.568 0.411 0.72 50 200 0.642 0.552 0.86 0.634 0.544 0.86

A4 0.548 0.414 0.75 100 50 0.624 0.562 0.90 0.603 0.573 0.95

A5 0.568 0.414 0.72 100 100 0.634 0.552 0.87 0.595 0.545 0.92

A5* 200 100 0.592 0.546 0.92 0.552 0.542 0.98

A6 0.542 0.408 0.74 100 200 0.620 0.523 0.84 0.598 0.517 0.86

A6* 200 200 0.594 0.512 0.86 0.574 0.508 0.88

A7 0.550 0.425 0.78 200 50 0.567 0.560 0.99 0.541 0.539 1.00

A8 0.543 0.420 0.77 50 500 0.553 0.459 0.83 0.549 0.453 0.82

B1 0.542 0.414 0.77 50 0 0.649 0.649 1.00 0.651 0.651 1.00

B2 0.568 0.425 0.75 100 0 0.642 0.642 1.00 0.610 0.610 1.00

B3 0.550 0.406 0.73 200 0 0.586 0.586 1.00 0.541 0.541 1.00

B4 0.586 0.420 0.72 300 0 0.554 0.554 1.00 0.510 0.510 1.00

* Refers to the second applied failure stage
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entrance pore diameter (D). Tested specimens include an

intact stiff clay fragment (scale), as-compacted specimens

at two different dry unit weights (equal to 16 and 18 kN/

m3) and specimens saturated after compaction in free and

constrained conditions. Collected data analysis shows that

the structure at microscopic level of as-compacted un-

saturated scaly clay presents a clear double porosity net-

work where two main levels of porosity are identified: the

largest pores (macropores) can be associated with the inter-

assemblage porosity between assemblages composed of

scaly fragments and clay aggregates, while the lowest pores

(micropores, d\ 1 lm) are located inside particle assem-

blages (intra-assemblage porosity). Pore volume reduction

induced by increased compaction energy, at the same water

content, derives only from the inter-assemblage pore vol-

ume reduction, while intruded volume and PSD function of

the intra-assemblage pores remain constant. The prevalent

macropore entrance diameters decrease from 50 to 30 lm
as cd increases from 16 to 18 kN/m3, while the prevalent

micropore diameter coincides with the prevalent pore di-

ameter (0.09 lm) of the intact scale. Besides, only minor

differences are detected between intruded volume and PSD

distribution in the micropore domain of compacted mate-

rial and intact stiff clay scale. There is clear evidence that

the microstructure of the as-compacted unsaturated scaly

clay depends mainly on the microstructure of intact stiff

clay fragments (scales) that survive irrespective of the in-

tensity of compaction stress.

The PSD of the specimen compacted to cd = 16 kN/m3

would suggest that inter-assemblage pores larger than

100 lm exist, which are not detectable by the MIP

technique.

Saturation modifies the structure of as-compacted scaly

clay. Starting from the clear bimodal pore size distribution

of the as-compacted clay specimen (cd,0 = 18 kN/m3),

saturation leads to a prevalent monomodal pore size dis-

tribution by means of swelling of assemblages and reduc-

tion in the inter-assemblage pore volume. As a

consequence, intra-assemblage and inter-assemblage pores

are not distinguishable and the single-pore mode can be

assigned to one or other group of pores. So, the dominant

peak of the PSD function, determined by MIP after wetting

in free swelling conditions, can be assumed as reference

diameter to separate micro- and macropore domains [25].

This pore entrance diameter is assumed equal to d = 1 lm,

very close to the prevalent monomodal pore diameter

d = 0.91 lm of the free swelling saturated sample. Swel-

ling of assemblages depends on mechanical boundary

conditions; the characteristic monomodal pore diameter of

constant volume saturated samples (swelling pressure equal

to 200 kPa) is significantly lower (0.45 lm) than the one

observed in free swelling conditions.

The observation of the SEM photomicrograph of Fig. 2a

highlights the structure of the as-compacted clay, charac-

terized by large assemblages and macrovoids between

them. Micropores inside aggregates are not easily dis-

cernible at photomicrograph magnification. Effects of

saturation are well evident in the SEM photomicrograph of

Fig. 2b: scale fragments and particle aggregations formed

during compaction strongly expand invading the macro-

pores. Expanded aggregates are arranged in a very uniform

pattern with macrovoids (d = 5–30 lm) between them.

However, scale fragments are still discernible as distinct

units.

To quantify the evolution of the microstructure of

compacted clay upon suction changes, Romero et al. [25]

proposed a linear evolution of the microstructural void

ratio em (accounting for intra-assemblage porosity) with the

amount of water stored in the material (expressed as the

water ratio, ew, the ratio of the volume of water to the

volume of solid):

em ¼ e�m þ b� ew � e�m
� �

for ew [ e�m ð1Þ

Fig. 1 Cumulative intruded void ratio (a) and pore size density

function (b) on intact scale, as-compacted samples (cd = 16–18 kN/

m3) and samples saturated after compaction
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where the parameter b accounts for the swelling tendency

of the assemblages and e�m represents the intra-assemblage

void ratio corresponding to saturated micropores and

empty macropores. When the water ratio is higher than e�m,

water is starting to fill the macropores and the micropores

start to swell significantly. This approach is used here to

quantify the swelling potential of the assemblages resulting

from the compaction of the scaly clay. In this sense, the

results of MIP tests are plotted in Fig. 3, after calculation

of the microstructural void ratio on the base of intruded

void ratio in the range of diameter lower than 1 lm; in the

same plot, data from an ESEM microphotography cam-

paign to quantify the swelling/shrinkage behaviour of scaly

clay assemblages are also reported [13]. In this campaign, a

clay aggregate was selected and subjected to suction-con-

trolled wetting/drying cycles by modifying relative hu-

midity and temperature in the ESEM chamber and the

induced volumetric behaviour was monitored.

For every image, corresponding to an equalization stage

along the imposed suction paths, aggregate areal defor-

mation e2D was calculated relating the change in area with

the initial area of the aggregate. The volumetric strain ev of
the aggregate at the different wetting and drying equal-

ization stages was quantified by means of the expression

introduced by Romero and Simms [26] in order to take into

account isotropic straining in the direction perpendicular to

the image plane in which e2D was determined. The data are

plotted in Fig. 3 converting suction into water ratio by

means of the main wetting and main drying retention

curves of the compacted clay [1], and calculating corre-

sponding microstructural void ratio values on the base of

volumetric strain and the initial void ratio, em0 = 0.29.

This last value was determined on an intact scale fragment,

equalized at the same total suction applied at the beginning

of the experiment in the ESEM chamber [3].

With reference to Eq. (1), data represented in Fig. 3

suggest a value of e�m ¼ 0:31 and an interpolating slope

b = 0.19 to calculate the evolution of the intra-assemblage

void ratio at increasing water ratio in the domain ew [ e�m.

The value of e�m is very close to the microstructural void

ratio em = 0.30 of the as-compacted scaly clay that can be

obtained by analysing the water retention curves in terms

of water ratio ew versus suction at constant void ratio equal

to e = 0.55, 0.60 and 0.65 (Fig. 4). The retention curves in

Fig. 2 SEM photomicrographs on freeze-dried samples: a as-com-

pacted scaly clay cd = 18 kN/m3); b compacted scaly clay saturated

under free swelling conditions

Fig. 3 Evolution of microporosity void ratio with water ratio from

MIP and ESEM results
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Fig. 4 were obtained by least squares fitting of data rep-

resentative of equalization conditions of samples subjected

to main wetting and main drying paths, by using a modified

form of the van Genuchten’s type [27]. For each of the

selected void ratios, only experimental data relative to

samples with void ratio differing ±0.025 from the con-

sidered one were fitted [1]. In Fig. 4, points representative

of equalization and failure conditions of the samples sub-

jected to the triaxial tests referred in the paper are also

indicated.

Analysis of water retention curves suggests that the

water ratio ew = 0.30 can be assumed to subdivide the

plots in two regions in which a different evolution of main

retention curves with void ratio can be observed. For water

ratio lower than 0.30, independent of the void ratio con-

sidered, water retention curves converge along two linear

(semilog plot) envelopes related to drying and wetting

paths, respectively, stemming from the point at hygro-

scopic water ratio (ewh) (where drying paths end and wet-

ting paths start). The two linear envelopes are very close

but distinct. Suction values corresponding to ew equal to

ewm = 0.30 are about 10 and 6 MPa, respectively, for the

main drying and the main wetting retention curves. For

water ratio values greater than 0.30, as void ratio increases

main drying and main wetting retention curves move to the

right and depart each other. This behaviour may be inter-

preted considering the double porosity features of the

material structure.

Finally, it is not trivial to observe that the different

values of e�m, determined by the different independent

procedures outlined before, are in very good agreement.

4 Shear strength in unsaturated conditions

A comprehensive experimental programme was developed

and executed with the aim to quantify suction effects on the

shear strength of unsaturated compacted scaly clay. Suc-

tion-controlled triaxial compression tests on unsaturated

samples and consolidated drained triaxial compression

tests on saturated samples were carried out in order to in-

vestigate compacted clay shear strength in variable

saturation conditions.

4.1 Experimental techniques and programme

Tests were carried out using a triaxial apparatus for testing

unsaturated soil samples under controlled suction and stress

path conditions [24]. The suction was controlled by means

of the axis-translation technique: the required suction value

was applied by setting constant pore air pressure (ua) at the

top base of the sample and varying water pressure (uw) at

the bottom of the sample through two different high air

entry value porous discs (HAEV equal to 500 kPa and

1500 kPa).

Sample axial strains were calculated on the base of the

piston axial displacements measured by means of a LVDT

outside the cell. Radial strain values were obtained by

monitoring water level variations in an inner cell coaxial to

the sample [24]. A differential pressure transducer was

used to measure the difference in water pressure between

the base of the inner cell and that of a reference burette,

with a resolution of ±1 Pa (Der = 0.03 %). A similar

system connected to the water drainage line allowed us to

measure water content variations.

The experimental programme was defined on the basis of

two independent stress state variables, namely the mean net

stress (pnet = p - ua) and the matric suction (ua - uw),

where p is the total mean stress [9, 15]. The shear strength of

the unsaturated compacted scaly clay was investigated by

isotropically consolidated drained suction-controlled tri-

axial compression tests in the range of confining net stress

50–200 kPa and matric suction in the range of 50–500 kPa.

Specimens were subjected to different isotropic hydro-

mechanical stress paths before the deviatoric stage took

place. In the first step, specimens were equalized at

pnet = 50 kPa and s = 50 kPa. The equalization stage was

considered completed when sample water content varia-

tions lower than 0.02 % per day were measured. Required

time was in the range of about 700–800 h. Some of the

samples were then dried at constant confining stress

(pnet = 50 kPa) by increasing suction to s = 100–200 kPa.

Isotropic compression to pnet = 100–200 kPa was carried

out at constant suction. Specimen A8 was not subjected to

the initial wetting step at s = 50 kPa, but it was equalized

directly at pnet = 50 kPa and s = 500 kPa.

Fig. 4 Water retention curves for constant void ratio values equal to

e = 0.55–0.65
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Because of the long time required by equalization in the

wetting and drying stages, some tests (A4 ) A4*,

A5 ) A5*, A6 ) A6*) were carried out with a multistage

technique, increasing confining net stress (from 100 to

200 kPa) at constant suction after a first deviatoric step.

Specimen A7 was equalized to the same values used for the

test A4* (pnet = 200 kPa and s = 50 kPa) and was sheared

in order to evaluate the reliability of multistage test results.

As shown in Fig. 5, where the tests A4* and A7 are

compared, although initial stiffness is overestimated, the

multistage technique, for the observed ductile behaviour,

enables a reliable estimation of the failure conditions. For

all tests, failure was achieved at constant suction in drained

conditions (applied axial displacement rate equal to

0.028 mm/h). In order to verify that the displacement rate

was appropriate to ensure the drained conditions, some

preliminary experimental checks were carried out follow-

ing the methodology proposed by Escario and Saez [12].

The deviatoric stage was halted for 80 h in order to allow

dissipation of excess of water pressure, if any. Then, the

test started again with the same rate verifying that the shear

strength was not increased (Fig. 6).

Four complementary isotropic consolidated drained tri-

axial compression tests were carried out on saturated (back

pressure uw,0 = 400 kPa) compacted scaly clay at confin-

ing effective stress of 50–300 kPa (series B in Table 1). All

tests were performed at a constant temperature of

20 ± 1 �C.

4.2 Results of the controlled suction triaxial tests

In the initial equalization step, starting from the as-com-

pacted condition (ew0 = 0.42, Wo & 2 MPa), samples

were wetted with imposed suction equal to s = 50 kPa and

low isotropic stress (po,net = 50 kPa). Wetting followed

main wetting retention curves with variable void ratio

(Fig. 4), because the increase in water content at low

confining pressure induced volumetric swelling equal to

about ev = 5–6 % and increased degree of saturation to

Sr = 0.84–0.89. Successive drying at constant isotropic

stress occurred at almost constant volume and water ratio,

because of the moderate range of applied suction

(50–200 kPa). Similarly, isotropic compression to

pnet = 100 kPa did not induce any appreciable volumetric

deformation or Sr variations for all applied suction values.

However, in the A7 test, isotropic compression to

pnet = 200 kPa (s = 50 kPa) produced a significant

volumetric deformation (Dev % 3 %) at an almost constant

water content, increasing Sr to 0.99. Specimen A8 at the

end of wetting at s = 500 kPa (po,net = 50 kPa) showed a

moderate swelling (ev % -0.6 %) and a very low increase

in water content and degree of saturation.

Values of void ratio, water content (in terms of water

ratio) and degree of saturation of the tested samples at the

end of equalization steps and at failure are collected in

Table 1. Points representing void and water ratios of tested

samples at the end of equalization, isotropic compression

and deviatoric steps, as shown in Fig. 4, collect on (or very

near) the corresponding main wetting retention curves

(with reference to the current void ratio) [1].

The diagrams in Figs. 7, 8, 9 and 10 show deviatoric

stress (q = r1 - r3), volumetric deformation (ev) and

macropore degree of saturation, defined as the volume of

water inside the inter-aggregate pores over the macropore

volume SrM ¼ ew�em
e�em

� �
, in function of axial deformation

(ea) for matric suction equal to 50 , 100 , 200 kPa and

500 , respectively. The stress–strain curves (q–ea) show a

typical hardening behaviour with, generally, contractive

volumetric behaviour upon shearing. For matric suction in

the range s = 50–200 kPa, a maximum deviatoric stress

was reached for axial deformation between 10 and 12 %,Fig. 5 Multistage test compared with single stage test

Fig. 6 Experimental verification of the adopted displacement rate
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whereas for s = 500 kPa the sample A8 failed at axial

deformation of about 6 %. High initial stiffness charac-

terized samples tested with the multistage procedure (A4*,

A5* and A6*), because of the unloading–reloading cycle of

deviatoric stress necessary to increase the confining net

stress, r3net, from 100 to 200 kPa.

In the failure steps, sample volumetric deformations

were generally of compression type and in the range of

1–2.5 % for all applied suction values. An initial dilating

behaviour, indeed of very low intensity (ev % -0.5 %),

was observed at low stresses for suction equal to 50 kPa for

sample A1 (Fig. 7), 200 kPa for samples A3, A6 (Fig. 9)

and 500 kPa for samples A8 (Fig. 10). In this last case,

however, volumetric deformations almost nil were ob-

served for axial strain greater than 1 %.

An interpretation of the volumetric behaviour during the

deviatoric loading phase can be provided by bearing on the

concepts of the BExM [17], consistent with the double

porosity network of the tested material. Effects of accu-

mulated plastic volumetric strains on the loading collapse

curve, LC, are shown in Fig. 11, which illustrates the

calculated positions of the yielding locus in the plane

(rv,net - s) as wetting and drying paths would be applied to

the compacted scaly clay samples at a constant vertical net

stress equal to rv,net = 50 kPa [28]. More precisely, the

results depicted in Fig. 11 were obtained by modelling the

Fig. 7 Results of triaxial compression tests for s = 50 kPa Fig. 8 Results of triaxial compression tests for s = 100 kPa

Fig. 9 Results of triaxial compression tests for s = 200 kPa
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suction variation at constant vertical stress on compacted

scaly samples having the same initial (preparation) prop-

erties of the triaxial test samples using the BExM model

parameters derived by Airò Farulla et al. [3]. Although the

simulation was carried out in oedometric conditions, results

could be useful to highlight the behaviour of the material in

the suction-controlled triaxial compression tests presented

in this paper. Initial (equalization step) wetting at low

confining pressure induces dominant plastic swelling

strains that cause the LC locus to move to the left. The

stress state at the end of the equalization step

(rv,net = 50 kPa, s = 50 kPa), however, stays still at the

left of the yield limit. LC curves of the samples subjected

to the subsequent drying steps at s = 100 kPa and

s = 200 kPa (only drying at s = 200 kPa is represented in

Fig. 11) do not substantially move the LC curve to the

right. As a consequence at the beginning of the loading

steps, the stress points stay at a moderate distance on the

left of the corresponding LC curves, that is, they share

moderate OCR values. Indeed, the volumetric behaviour

during shearing for those samples is of general moderate

compression. In some cases, as for tests A1, A3 and A6 it

possible to note very low swelling strains (lower or equal to

0.5 %) at the beginning of the deviatoric phase (ea in the

order of 1 %) that, however, do not obscure the prevalent

compressive sample behaviour.

In the case of test A8, swelling strains induced by

wetting the sample at s = 500 kPa, as shown in Fig. 11,

move the LC curve on the left in an intermediate position

compared to the effects of equalization at s = 50 kPa. As a

consequence, test A8, after an initial moderate swelling

(ev % -0.4 %), shows (Fig. 10) a stiff volumetric be-

haviour (very low volumetric deformations) due to the high

applied suction (s = 500 kPa) or to the higher OCR (dis-

tance from LC curve), that, however, is not enough to in-

duce a fully dilatant behaviour.

With reference to the water content variation during the

deviatoric loadings, according to the approach later dis-

cussed, diagrams in Figs. 7, 8, 9 and 10 present the evo-

lution of macropore degree of saturation versus axial strain,

ea. The evolution of the macropore degree of saturation,

SrM, during the failure stage is affected by the applied

suction. Except for the test on the specimen A7 that was

nearly saturated at the beginning of the failure stage, SrM,

increases for s = 50 and 100 kPa achieving values be-

tween 0.79 and 1.00; the corresponding total degree of

saturation values is in the range Sr = 0.92–1.00. For matric

suction higher than the air entry value (*100 kPa), mac-

ropore degree of saturation retains almost constant values:

for s = 200 kPa, it was in the range of 0.67–0.70, corre-

sponding to a total degree of saturation equal to about 0.86,

while for s = 500 kPa it was about 0.54, corresponding to

a total degree of saturation equal to about 0.83.

The diagrams in Fig. 12 show deviatoric stress q and

volumetric deformation as function of axial deformation ea
for saturated samples. All the stress–strain curves (q–ea)

Fig. 11 Yielding curve in the as-compacted condition, after wetting

at s = 50 kPa, after wetting at s = 50 kPa and successive drying

stage at s = 200 kPa, after wetting at s = 500 kPa

Fig. 10 Results of triaxial compression tests for s = 500 kPa
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show a typical hardening behaviour although at high de-

formation shear stress seems to be lightly decreasing. At

the same time, the initial contractive behaviour changes

into a dilatant one, very moderate for confining effective

stress higher than 200 kPa.

Mohr circles at failure are shown in Fig. 13 for the

different suction values, along with the circles related to

saturated samples. The best fitting lines of each set of

circles (least squares method) are characterized by shear

strength angles u0 in the range of 20�–22� and intercept

cohesions increasing as suction increases.

According to the collected data, shear strength of the

compacted scaly clay can be characterized by a shear

strength angle u0, which as first approximation can be

considered constant, for both saturated and unsaturated

samples and equal to 22�, and by an intercept cohesion c,

which depends on applied suction. Shear strength envelope

for s = 500 kPa was plotted assuming shear strength an-

gles u0 equal to 22�.
In Fig. 14, intercept cohesion values c are fitted, in the

range of the considered suction, by a hyperbolic envelope

[16], having equation:

c ¼ c0 þ s= cotu0 þ s=c�ð Þ ð2Þ

where the saturated intercept cohesion c0 is equal to 15 kPa

and c� is a fitting parameter (calculated by least squares

method) equal to c� ¼ 256 kPa.

For suction values lower or equal to 100 kPa, intercept

cohesion values increase according to tanu0, indicating that

suction increments are equivalent to effective normal stress

increments as in saturated soils. However, for s = 200 kPa,

the increment of shear strength attenuates considerably.

This observation agrees with the air entry value of com-

pacted scaly clay samples, which is in the order of 100 kPa

for void ratio e = 0.55–0.65 (Fig. 4).

5 Shear strength criterion in terms of effective stress

There is wide consensus in using an effective stress ap-

proach in order to interpret and model experimental data

related to shear strength of unsaturated soils. Among the

advantages of this approach, it is worth mentioning the

smooth transition from saturated to unsaturated conditions

and the possibility to evaluate shear strength of an un-

saturated soil by using the parameters that characterize its

behaviour when in a saturated state [10, 18, 20].

With reference to the effective stress, r0ij, derived from

the initial Bishop’s proposal by assuming the degree of

saturation, Sr, for the v parameter [10]:

Fig. 12 Results of triaxial compression tests for saturated samples

Fig. 13 Shear strength envelopes as a function of the applied matric

suction

Fig. 14 Intercept cohesion values at increasing suction
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r0ij ¼ rij � uadij þ Sr ua � uwð Þ � dij; ð3Þ

where dij is Kronecker’s delta, the failure criterion in the

plane q; p0 can be written as:

q ¼ qc þM � p� uað Þ þ Sr ua � uwð Þ½ � ð4Þ

where qc and M are, respectively, the intercept and the

slope of the saturated envelope on the plane q; p0ð Þ.
It is known that in some circumstances the quantity Sr

(ua - uw) assumes unrealistic high values leading to er-

roneous evaluations in contrast with experimental data

[10]. However, these evident shortcomings can be easily

clarified and avoided considering the fundamental effects

of microstructure characteristics on retention properties of

unsaturated soils and their overall coupled hydro-me-

chanical behaviour [10, 27].

The question is very significant for compacted un-

saturated high plasticity clays characterized, at microscopic

level, by an aggregated structure with a double porosity

network. As previously discussed, the double porosity af-

fects deeply the water retention features of these materials,

owing to the different retention mechanisms operating

within micropores and macropores, respectively [27]. At

high suction values, or low water contents, when water is

present in the micropores and macropores are dry, void

ratio changes, mainly due to a variation in macropore

volume, do not induce any variation in retention properties.

Adsorption mechanisms depend on mineralogical clay

properties such as specific surface and plasticity.

At low suction values, when water content is high

enough to partly fill the inter-assemblage voids and to form

menisci at assemblage contacts, the dominant mechanism

of water storage in the macropores is capillarity [29].

Analysis of the compacted scaly clay retention curves

reported in Fig. 4 suggested that the water ratio ew = 0.30

(corresponding to w = 11 %) can be assumed to distin-

guish regions in which the two different evolutions of main

retention properties with void ratio can be observed. When

the water ratio is higher than e�m, the macroporosity degree

of saturation, SrM, is higher than zero and water is starting

to fill macropores. Capillary mechanism is dependent on

prevalent macropore entrance diameters that are linked

with the void ratio. Menisci, formed at assemblage con-

tacts, mechanically act as a skeleton stress governing

stiffness and shear strength of the aggregated material.

According to this point of view, capillarity or suction ef-

fects should be considered linked only to the amount of

water partially filling the macropores. This observation

seems well applicable to the case of scaly clays in which

the shear strength behaviour is highly influenced by the

mutual interactions among the scales.

In order to consider in an appropriate way the effects of

suction on the shear strength of the unsaturated scaly clay,

the effective stress formulation reported in Eq. (3) has to be

modified taking into account only the macropore degree of

saturation as follows:

r0ij ¼ rij � uadij þ SrM ua � uwð Þ � dij ð5Þ

Therefore, a shear strength criterion for unsaturated

double structure soil can be defined as:

q ¼ qc þ pnet þ s� SrMð Þ �M

¼ qc þ pnet þ s
ew � em

e� em

� �
�M ð6Þ

where qc and M are, respectively, the intercept and the

slope of the saturated envelope on the plane q; p0ð Þ. This
relation is similar to the one suggested by Tarantino and

Tombolato [30]. However, the new proposal takes into

account the interaction between the two main porosity

networks, considering micropore volume variations when

calculating macropore degree of saturation. To this aim, in

order to evaluate the evolution of the saturated intra-ag-

gregate pore volume when water ratio is higher than e�m, the

linear relationship between em and ew reported in Eq. (1)

and depicted in Fig. 3 can be used.

Diagrams in Fig. 15 represent the stress paths of the

triaxial compression tests on unsaturated and saturated

compacted scaly clay obtained by representing measured

deviatoric stress q values versus mean effective stress p0

values, calculated according to the definition:

p0 ¼ p� uað Þ þ s
ew � em

e� em
: ð7Þ

Because macropore degree of saturation presents very

low variations during drained compression, for the range of

Fig. 15 Stress paths on the plane (p0, q) of triaxial compression test
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applied matric suction values, stress paths relative to the

unsaturated compression tests are approximately linear

with slope (dq=dp0) close to 3. As evident from Fig. 15,

stress paths of unsaturated tests terminate, with only minor

scatters, on the same failure envelope recovered from

triaxial tests on saturated samples. Parameters of this

unique failure envelope are as follows: qc = 28.4 kPa and

M = 0.902.

In order to stress the importance of considering the

macropore degree of saturation when using a shear strength

criterion in terms of effective stress for unsaturated soils,

failure stress points are computed with Eq. (7) and plotted

in Fig. 16 for three alternative choices of the Bishop’s

parameter v; the points were obtained assuming v equal to:

(i) the evolving macropore degree of saturation (calculated

by assuming b = 0.19, as it was the case in Fig. 3), (ii) a

constant macropore degree of saturation (em = 0.31,

b = 0) and (iii) the total degree of saturation.

Data represented in Fig. 16 highlight that the best rep-

resentation is obtained when the macropore degree of

saturation is used and the evolution of the microstructural

void ratio is taken into account. The fitting is still good also

when a constant microstructural void ratio is assumed and

clearly unsatisfactory, especially for higher suction values,

when the total degree of saturation is considered.

The choice of macropore degree of saturation as Bish-

op’s parameter v is very effective to consider the most

relevant aspects of suction influence on the shear strength

of double porosity unsaturated soils. To this aim, consid-

ering the shear strength angle constant as applied suction

varies, values of intercept cohesion c ¼ c0 þ s SrMtanu0

(where c0 is the intercept cohesion of the saturated en-

velope) in the full range (1–0) of the macropore degree of

saturation, SrM, for constant void ratio values (0.55–0.65)

are calculated and represented in Fig. 17. As suction in-

creases (or SrM decreases), c initially increases, reaches a

maximum value and then decreases. When macropores are

empty and SrM becomes equal to zero, c, obviously, is

again equal to intercept cohesion of saturated envelope c0.
From the mathematical point of view, fitting curves are of

polynomial type. However, for suction values in the order

of some hundreds of kPa, as shown in Figs. 14 and 18,

experimental data and calculated c values can be fitted very

well by segment of hyperbola. As shown in Fig. 17, at

equal suction values, c values in drying paths are greater

than corresponding value in wetting paths; c values also

increase as void ratio e decreases. The proposed approach

could be very significant in modelling the behaviour of

double porosity unsaturated soils subjected to generalized

Fig. 16 Failure stress points for different definition of Bishop’s

parameter

Fig. 17 Intercept cohesion modelled considering the macropore

degree of saturation

Fig. 18 Hyperbolic envelopes of intercept cohesion modelled con-

sidering the macropore degree of saturation in the range of suction

s = 0–600 kPa
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stress paths with high intensity suction variations as in the

case of highly variable environmental conditions.

6 Conclusion

The paper presents results from an experimental campaign

aimed at analysing the shear strength of a compacted, un-

saturated scaly clay. Results of the triaxial tests carried out

on saturated and unsaturated samples give further support

to the suitability of effective stress approach in analysing

shear strength behaviour of unsaturated compacted clays.

In fact, it has been shown that points representative of

failure conditions, expressed in terms of effective stresses,

depict a unique failure envelope for both saturated and

unsaturated samples. However, for compacted double-

structured clays, a proper choice for the quantification of

the water stored into the material is a crucial component to

define the shear strength criterion. It has been shown that

the best representation is obtained when the macropore

degree of saturation is used in the definition of the effective

stress and its evolution with the suction is taken into ac-

count. Indeed, the use of the macropore degree of satura-

tion as Bishop’s parameter v permits to define the

evolution of the intercept cohesion as a function of suction.

According to this approach, cohesion vanishes when the

interaction of menisci, formed at assemblage contacts,

disappears due to the desaturation of the macropores.

Furthermore, hydraulic hysteresis induces, at the same

suction, different contribution to the shear strength. From a

practical point of view, the microstructural void ratio and

hence the macropore degree of saturation can be obtained

in a quite straightforward way by porosimetry analysis of

the as-compacted state. The determination of its evolution

with suction (or water ratio) requires instead a more

elaborated testing campaign. However, for the tested

compacted clay, a satisfactory correlation can be achieved

according to a simpler approach which assumes an in-

variant micropore void ratio. This assumption may not

apply to clays with higher activity.
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7. Airò Farulla C, Rosone M (2012) Microstructure characteristics of

unsaturated compacted scaly clay. In: Mancuso C, Jommi C,

D’Onza F (eds) Unsaturated soils: research and applications.

Springer, Berlin, pp 123–130. doi:10.1007/978-3-642-31116-1_16
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