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1. INTRODUCTION 

The management of debris from the excavation operations necessary for the construction of 

numerous civil engineering works is one of the most important issues related to the planning of 

such works and has significant environmental and economic consequences. Excavated rocks 

and soils are very often characterised by mechanical properties that make them unsuitable for 

reuse in civil works in their natural condition. In some cases, in order to reuse poor excavated 

materials, preliminary treatments are used to modify their physical and mechanical properties 

(e.g., treatments with lime, cement or other binders).  

Among the possible treatments, procedures aimed at obtaining so-called Lightweight 

Cemented Soils (LWCS) appear to be of particular technical and economic interest. Generally, 

these are materials obtained by mixing in fixed quantities soils (both coarse-grained and clayey 

soils), hydraulic binders and foaming agents. Thus the mixture produced immediately after 

preparation is fluid, but over time, through the chemical reactions associated with the activation 

of the binder, results in a material with significant strength and high lightness and porosity. 

These characteristics make LWCS suitable for: 

• Earthworks construction (i.e., embankments) in presence of highly compressible soil 

• Embankments construction on landslide sites where overloads must be limited in 

order not to aggravate the general stability conditions 

• Filling the underground cavities 

• Backfills construction behind retaining structures, as these give rise to reduced 

thrusts while ensuring adequate stiffness. 

The reduction of the environmental impact and the economic advantages are considerable: 

in fact, it is possible to reintroduce the material into the production cycle, reducing the costs 
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related to the purchase and transport of quarry material and, at the same time, those related to 

the disposal of excavated soil. 

The literature on treatment of soils shows a variety of solutions that can be utilized in 

engineering practices. In the field of soil improvement techniques it is possible to find deep 

mixing, jet grouting, etc and lime stabilization by means of binding agents (i.e., cement and 

lime ) with the aim to improve the mechanical properties of soils. Marzano (2017) indicates 

that deep mixing and jet grouting belong to soil mixing category, in which soil is shattered and 

mixed with binding agents with the aid of rotating utensils to realize a new geomaterial with 

improved mechanical properties on construction site.  

On the other hand, lime stabilization technique is based on the reuse of soil by mixing it with 

binding agents to improve their initial poor mechanical properties and to use it as construction 

material. Cement or lime are the most commonly used agents, but also fly ash, silica fume and 

geopolymers can be used for the same aim (Kaniraj and Havanagi, 1999; Wild et al., 1998; 

Zhang et al., 2013). LWCS method falls into this category with the application of cement as 

binding agent.  

The use of lightweight cemented soil (LWCS) is especially widespread in Japan in coastal 

constructions, backfilling of underground works (Tsuchida and Egashira, 2004) and lightened 

embankments (Horpibulsuk et al., 2012). In 1992 in Japan, this type of construction material 

was first used as backfill material for the quay at the port of Fushiki-Toyama to reduce the 

pressure of the soil behind the quay. One year after construction, analyses of the soil samples 

showed that the density and strength met the design criteria, proving the applicability of the 

method. Then, in 1996, the lightened soil was used in the recovery of Kobe harbour after the 

Hyogoken-Nambu earthquake of 1995, being used to reduce the pressure behind the docks and 

to ensure greater stability in a future seismic event. It was the first major job ever, with around 

20000 m3 of treated soil used. The following year, it was used for work at the Kyoto 

International Airport. 
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The preparation of a LWCS specimens generally takes place in four distinct phases. In the 

first phase, the soil is mixed with water in order to obtain the slurry. In the second phase, the 

grout is prepared by mixing anhydrous cement with water. In the third phase, the grout is added 

to the soil slurry and mixed with it until a homogenous mixture is obtained. The fourth stage 

involves preparing the foam and adding it to the previously produced soil-cement-water 

mixture. The foam is prepared by blowing pressurised air into a solution of water and surfactant. 

The addition of a suitable amount of foam allows the porosity to be adjusted and a very light 

material to be obtained. The setting and hardening of the cement ensure that the air bubbles are 

fixed in the structure of the material and then result as additional voids. 

The treatment parameters to be adjusted for the production of these materials are the amount 

of water to be used for the preparation of the soil slurry, which is commonly indicated by means 

of gravimetric water content (wslurry), the value of which in the most frequent applications varies 

in the range between 1.5 and 3 times the liquid limit wL of the soil to be used; the cement/soil 

weight ratio (c/s); the water/cement ratio (wc/c) for the production of the grout; the volume 

fraction of foam (nf), equal to the ratio between the volume of foam and the total volume of the 

mixture. A diagram that represents the distinct preparation phases is reported in Figure 1-1.  

 

Figure 1-1. Diagram of LWCS preparation phases (De Sarno, 2019).   
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This experimental study on lightweight cemented soil is in continuity with the earlier works 

of  De Sarno et al., (2019) and Vitale et al., (2020). The authors deeply investigated the chemo-

physical and microstructural characteristics with some aspects of the mechanical behaviour of 

certain LWCS. In particular, the effects of cement and foam addition, together with the curing 

time, were examined via microstructural and mechanical tests on the soil.  

This research work is characterized by two main parts. In the first one, it is proposed a further 

insight into the chemo-physical and mechanical characterization of the LWCS. In particular, 

traditional mechanical tests and the adoption of non-destructive testing methods (i.e., ultrasonic 

tests and electrical resistivity measurements) made possible to find some correlation 

relationship in order to assess the properties of the LWCS and to estimate geotechnical 

parameters, starting from measured quantities. Moreover, these techniques offer the possibility 

of a quick and non-invasive quality control of the treatment (LWCS method) executed on the 

soils.  

The second part deals with the durability issue under environmental loads. Application of 

wetting-drying cycles, suction measurements and performance of mechanical tests (i.e., 

unconfined compression tests and triaxial tests) allowed the study of the evolution, and eventual 

degradation, of the mechanical response of LWCS. Effects of different environmental 

conditions and the role of suction have been investigated.  

In the 2nd chapter a literature review on the main topics of this research work is presented. It 

is organized in sections. Section I deals with the mechanical aspects of the cemented and 

lightweight cemented soils behaviour. In section II a literature review of non-destructive testing 

methods (i.e., ultrasonic testing and electrical resistivity measurements) is reported. Section III 

is dedicated to the durability of treated soils. 

In the 3rd chapter a description of soil, cement and foam is given. Clay and water interaction 

behaviour, with rheological properties and features of soil slurry, are explained. Moreover, 

cement and its hydration reactions, structure of hardened paste and rheology of fresh cement 
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paste are examined. Finally, foam, the effects of surfactants within and its bulk properties are 

described.  

In the 4th chapter materials and methods used in this experimental work are presented and 

explained.  

The 5th chapter is dedicated to the results of the first part of this experimental study. 

Unconfined compression test and torsional shear test results are discussed, together with the 

results of P-waves velocity and electrical resistivity measurements.  

In the 6th chapter the experimental results (i.e., unconfined compression tests, triaxial tests) 

of durability part are presented.  

Finally, in 7th chapter conclusions are drawn and possible further developments are 

proposed.   
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2. LITERATURE REVIEW 

In this chapter a description of the state of art about the main topics of this experimental 

work is presented. It is divided into three sections: the first one is about the mechanical 

behaviour of cemented soils and lightweight cemented soils; the second one is dealing with the 

non-destructive testing method; finally, the third one is about durability aspects.  

2.1. CEMENTED SOILS  

2.1.1. NATURAL AND ARTIFICIAL CEMENTED SOILS 

Leroueil and Vaughan (1990), in one of the most cited and influential paper of the last 

century, observed that many natural materials have strength and stiffness characteristics that 

cannot be treated by reference to the porosity and tensional history of the material. They are 

natural soils and weak rocks (i.e., soft and stiff clays, granular and residual soils, weak and 

eroded rocks). What these materials have in common is the “structure”. Soil structure includes 

soil fabric used to describe the particle arrangement in both cohesive soils (clays) and granular 

soils (silts, sands, and gravels) and bonding. The formation of structure in a material, in terms 

of bonding, may depend on artificial causes (as the addition of a bonding agent) and natural 

ones such as solution and deposition of silica in sands between particle contacts, cold welding 

under high pressures between inter-particle contacts, deposition of carbonates, solution of 

hydroxides and organic matter, recrystallisation of minerals during erosion, modification of the 

adsorption water layer and inter-particle attraction forces in clayey soils (Leroueil and Vaughan, 

1990).  

Their mechanical behaviour, both in situ and in the laboratory, cannot be analysed without 

considering their structure properties, as well as their initial porosity and stress history. Several 

publications have appeared in the past years documenting the effects of cement and lime 

addition on the mechanical behaviour of soils in terms of strength increase (Clough et al., 1981; 

Locat et al., 1990; Mitchell, 1981; Sariosseiri and Muhunthan, 2008).  For instance, Consoli et 
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al. (2007) argued that a small addition of cement to a compacted cemented silty sand is already 

enough to obtain an increment in strength as it can be seen from the linear increase of the 

Unconfined Compressive Strength (UCS) with the cement content. Horpibulsuk et al. (2003) 

studied the effect of cement addition on unconfined compressive strength of cemented high 

water content clays, considering the variation of cement content between 5% and 200%. What 

they saw was a significant increase in the strength of the cemented clays by passing from a 

cement content of 5% to up of 70%. In fact, at cement content of 5% the augment of strength 

was marginal, owing to the small amount of cement per intercluster site, compared to a cement 

content of 40%. In that last case, the authors thought of a continuity in clay fabric and a 

discontinuity in the hardened structure of the cement paste. Going beyond a cement content of 

70%, the clay particles were completely embedded in a continuous cement paste.  

2.1.2. MECHANICAL BEHAVIOUR OBSERVED UPON ISOTROPIC AND K0 

COMPRESSION  

In Figure 2-1 is illustrated a schematic diagram of the compressibility behaviour of a 

cemented soil (Cuccovillo and Coop, 1999; Lade and Trads, 2014; Leroueil and Vaughan, 

1990). 

 

Figure 2-1. Schematic representation of compressibility behaviour of strongly cemented soil, after Leroueil and 

Vaughan (1990), Cuccovillo and Coop (1999); PY: Primary Yield, PYCL: Post-Yield Compression Line (Rotta et 

al., 2003). 

Although the causes are different, the effects produced by the structure on the materials are 

ultimately similar. There is an increase in strength and a widening of the tensional domain 
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within which these materials exhibit rigid behaviour, both together and separately from the 

tensional history they have undergone. The concept of yielding, thus developed to explain the 

effects of the tensional history, can also be safely adopted with regard to the effects produced 

by the structure. The shape of the yield curve and the yielding stress itself, due to the structure, 

reflect both density and bond strength. Furthermore, in a clay with structure or in sedimentary 

rocks, the shape of the yield curve reflects the anisotropy induced during initial sedimentation 

(Leroueil and Vaughan, 1990).  

In agreement with the previous authors, Cuccovillo and Coop (1999) studied by 

experimental investigations the mechanical behaviour of artificially cemented carbonate sands. 

The addition of cement induced an enlargement of the elastic domain in the stress space (the 

space where the strains are reversible) and an increment of the initial stiffness at small strain 

level; higher strains were observed after the yielding condition. What is important to underline, 

is the behaviour in the tension-void ratio plane after the execution of isotropic compression tests 

on cemented sand: it is possible to obtain points that can reach states impossible for a 

reconstituted uncemented sample of the same sand. They showed that in a calcarenite, in which 

the structure is predominantly characterized by bonding, the shear behaviour is cohesive. The 

peak strength is only cohesive and the soil exhibits brittle behaviour. For these soils, frictional 

behaviour is only shown at high confining stresses leading to bond failure due to yielding. 

Frictional behaviour is then dominated by compression and particle crushing. On the other 

hand, for a sandstone in which the predominant aspect of the structure is the fabric, several 

characteristics of its behaviour can be identified. The shear mechanism is dominated by the 

dilatancy that causes the peak resistance; the shear stress-strain behaviour is non-linear for most 

of the confinement stress range and linearity is only present in the first part of the shear phase.  

Compression and fracture of the particles are only limited to the case of high confining 

pressures and, if the sand in question has a low degree of bonding, the cohesion peak can only 

be seen at low confining stresses. 
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As reported by Rotta et al. (2003), curing stress had an effect on the isotropic yielding stress 

for a compacted cemented silty sands. In fact, it was observed that raising the curing stress 

before the cementation process starts, in that case by simulating the curing of samples at 

different depths in a sedimentary deposit, there was an increment in the isotropic yielding stress. 

What is more after the achievement of the primary yield (PY) in Figure 2-1, considering 

samples at different initial void ratios, their compression paths followed a post-yield 

compression line (PYCL). There was a single PYCL for each cement content and, when the 

confining stresses were up to 30 MPa, it joined the intrinsic compression line (ICL) of the soil 

without cementation. The PYCL widened and became sharp at the increase of cement content. 

As shown in Figure 2-1, there is also an area called “Structure permitted space” by Leroueil 

and Vaughan (1990), between the intrinsic compression line (ICL) and the post-yield 

compression line (PYCL). In this space, there are structured materials with a higher initial void 

ratio than a material without structure, that reach stress states not possible for the latter one.  

The results obtained by Verástegui Flores and Van Impe (2009) on an artificially cemented 

clay were in good agreement with the previous authors. In particular, they observed the 

behaviour of an artificially cemented kaolin beginning from a slurry state prepared at a water 

content equal to two time the liquid limit wL: by executing a k0 compression test and increasing 

the cement content, the yield stress reached values above the reconstituted soil’s ICL, showing 

a higher post-yield compressibility behaviour.  

 

Figure 2-2. Schematic diagram of compressibility behaviour of cemented clay (Sasanian and Newson, 2014). 
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 As it can be seen in Figure 2-2, the value of void ratio for a cemented soil is higher than the 

value of an uncemented soil, at very low confining stress. Sasanian and Newson (2014) studied 

the behaviour of the Ottawa clay, artificially cemented with a bonded structure in also its natural 

state. In both the cases (i.e., undisturbed and artificially cemented with a water content up to 

the liquid limit wL and after 28 days of curing time), the initial void ratio values and the stiffness 

before the yield were higher than the reconstituted soil.  

 

2.1.3. STRESS-STRAIN AND VOLUME CHANGE BEHAVIOUR IN TRIAXIAL 

COMPRESSION 

Much research on the triaxial compression behaviour of cemented soils and their shear 

strength has been done in literature. Bressan and Vaughan (1989) showed that a yielding surface 

can be defined by the results of drained triaxial compression tests. Yield strength for low stress 

levels could occur only slightly before peak deviatoric stress. At higher stresses it occurred well 

before failure.  Failure coincided with the critical state and complete destruction of the bonds 

at large strain levels. According to Lade and Overton (1989) after yielding, debonding occurred 

and the stress-strain behaviour was highly non-linear. The triaxial compression behaviour 

became more contractive due to the increase in the confining pressure.  

Similar results were achieved by Airey (1993). He studied the behaviour of a calcarenite, 

carbonate cemented soil, after the execution of conventional and stress-path triaxial tests. The 

stress-path tests were carried out  to investigate the shape of the yield loci. The soil response 

was similar to that of other cemented and structured soils. Cementation contributed to the 

enlargement of the yielding loci but had a small effect on the volumetric soil response. Airey 

agreed with the previous authors saying that when the bonds broke due to the application of 

deviatoric stress, the samples reached the critical state. During the drained triaxial tests the 

deviatoric stress increased linearly up to the yield point, followed by a further gradual increase 

towards the ultimate state, accompanied by significant volumetric strains. The linear response 
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of deviatoric stress and axial strain suggested an elastic response up to yielding, however, a 

more detailed analysis of the response in terms of volumetric deformation reveals a departure 

from linearity well before the yield point. As in the case with rocks, there was a detachment 

from linearity in soils associated with the breaking of the weakest and most highly stressed 

bonds up to the yield point where there was a more rapid and progressive disintegration of the 

bonds. The point of detachment from linear behaviour was defined as an elastic limit. It was 

thus distinguished from yielding, defining the boundary of a rigid, low-strain response. 

Together with Airey (1993), also Coop and Atkinson (1993) investigated the behaviour of a 

natural calcarenite that was shown to agree with the general framework developed for tests on 

artificially cemented carbonate sand and this framework can also be applied to other naturally 

cemented soils. Yielding was associated with the breakage of cementation bonds, and in the 

case of carbonate soils, with the initial breakage of soil particles. The most important effect of 

cementation was on stiffness and stress-strain behaviour at high confining stresses, while at low 

confining stresses there was a little influence in relation to bond strength. Moreover, at lower 

confining stresses the shear phase resulted in yielding at higher strengths than the frictional 

failure envelope of uncemented soil and continued loading of the specimen led to softening. At 

high confining stresses yielding occurred during the compression phase, in which case the soil 

had a behaviour characterized by hardening and its strength was frictional. The results show 

that the transition from cohesive to frictional behaviour was not well defined. Finally at 

intermediate confining stresses, there was the yielding of the specimens during the initial shear 

phase. Their peak strengths were slightly above the frictional failure envelope, indicating some 

post-yielding influences of cementation.  

Another example of the mechanical behaviour of artificially cemented sand was reported by 

Schnaid et al. (2001). They put in evidence the effect of the increase of cement content on the 

peak strength and stiffness of the soil. The deviatoric stress, after the maximum value, tended 

to reach a constant value regardless of the level of cementation. From the point of volumetric 
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behaviour, there was an initial phase where the behaviour was mostly contractive, then followed 

by a dilatative behaviour and the maximum dilation was right after the peak strength.  

Studies on the undrained behaviour of a cemented clay were made by Horpibulsuk et al. 

(2004). They showed the typical stress-strain curve for a cemented soil, identified by a peak 

value of the deviatoric stress, followed by softening. They attributed peak strength to 

cementation instead of particles interlocking.  

Sariosseiri and Muhunthan (2008, 2009) studied the effect of cement content and confining 

pressure on the behaviour of two soils, called Aberdeen and Everett soils, from Washington 

state in America. They observed an increment in the deviatoric stress at peak stage by increasing 

the confining pressure; in addition, the effect of the increase of cement content was reflected in 

the increase of peak deviatoric stress at low strain levels. They also noted that the increase in 

cement content was responsible for the high brittleness and the stress-strain curve was 

characterised by a relevant softening in the final part.  

Another study on the mechanical behaviour of an artificially cemented clay was conducted 

by Jiang at al. (2017). They said that during the isotropic compression tests, the interparticle 

bonds increased the yielding stress for the structured soil. The compressibility of the cemented 

clay before yielding was very low, and then increased rapidly when the yielding stress was 

exceeded. The microstructure, linked to the interparticle bonds, was damaged and the 

compressibility increased in the loading-unloading cycles. For the anisotropic compression tests 

and at high stress level the damage of the soil structure was controlled by the mean effective 

stress and volumetric strains. In case of low stress level, it was controlled by the deviatoric 

stress and shear strains. During the drained and undrained consolidated triaxial tests, the elastic 

strains were predominant before the yielding where the confining stress was lower than the 

yielding stress.  

Ali Rahman et al. (2018) presented the results about a series of drained triaxial tests on soil 

samples without structure and with bonds to study the stress-strain behaviour and the critical 
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state for soils with weak bonds. The bounding surface for samples without structure could be 

defined as a straight line characterized by q/p′ and friction angle. On the other hand, structured 

soils had a bounding surface with curvature but it went back to that of structureless soils at high 

stress levels. That phenomenon indicated the presence of bonds resulted in higher strength until 

when there was the breakage of the bonds. At low stress levels, the influence of bonds on the 

shear strength was relevant until the applied stress was lower than the yielding stress. As that 

threshold was exceeded, the degradation of the cementing began. At higher stress levels, the 

strength attributed to the bonds was completely destroyed and the behaviour of those soils 

tended to follow that of unstructured soils. The critical state was defined as a sudden change 

that could be associated with the formation of a shear surface. In the v-lnpꞌ plane, the critical 

state showed a curvature of the critical state line for cemented soils towards structureless soils. 

That meant that the effect of cementation decreased as soon as the stress level went beyond the 

yield stress of cemented soils. Samples on the dense side of the critical state were bounded by 

the Hvorslev surface, while those on the loose side were bounded by the Roscoe surface. 

 

2.1.4. FAILURE ENVELOPE 

Mohr-Coulomb criterion has been widely used to describe the failure of soil.   

The theory of Mohr-Coulomb failure criterion is based on two variables: the shear strength 

(τ) and the effective normal stress (σ’). It is represented in (τ- σ’) space by drawing Mohr semi-

circles, that symbolize stress states at failure, and a tangent line to the semi-circles which is a 

depiction of Mohr-Coulomb failure envelope. An assumption of this criterion is a linear 

variation of the shear strength (τ) with the effective normal stress (σ’). Two parameters 

characterize the equation of this criterion: effective cohesion intercept (c’) and effective angle 

of shearing resistance (φ’), as follows in Eq. (2-1) and Figure 2-3.  
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 𝜏 =  𝑐′ + 𝜎′ tan 𝜑′ (2-1) 

 

Figure 2-3. Mohr-Coulomb failure criterion. 

 

Several authors have seen that the determination of the Mohr-Coulomb failure criterion 

requires the performance of many triaxial tests (Consoli et al., 2000, 2007; Dalla Rosa et al., 

2008) or of simple shear tests (Festugato et al., 2013), instead of other complicated tests that 

take much longer. As reported by Consoli et al., (2012) the Mohr-Coulomb criterion requires a 

large number of experimental tests at different confining stresses on artificially cemented soils 

to define the failure envelope considering two different factors: cement content and porosity. 

However, Sariosseiri and Muhunthan (2008) evidenced some irregularities when Mohr-

Coulomb was applied to cement treated soil. It is owing to the fact that in a range of confining 

pressures the failure envelope shows a curvature that makes it not possible to establish only one 

friction angle parameter. The authors suggested to adopt other failure criteria in order to 

illustrate the failure behaviour of geomaterials, for example Hoek and Brown (1988) and 

Johnston (1985).  

Consoli et al., (2012) proposed the application of Griffith criterion (Griffith, 1924) to 

describe the behaviour of cemented soils. Griffith’s failure criterion is characterized by a 

parabolic envelope and in same features could be more reasonable than the Mohr-Coulomb 
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criterion with a linear failure envelope. The representative Griffith failure envelope is the 

following one:  

 𝜏2 = 4𝜎𝑡(𝜎𝑡−𝜎𝑛) (2-2) 

 

where σt is the tensile stress, σn is the normal stress acting on the failure surface and τ is the 

shear stress acting along the failure surface. Nevertheless, Hoek and Bieniawski (1965) put in 

evidence a phenomenon of the closure of the cracks in compressive stress conditions: when it 

happened, it meant that the tensile stress at crack extremity was not so high to cause the fracture 

and the shear resistance among the two faces of the crack had to be surmounted before the 

propagation of crack started. A modification of the Griffith failure criterion was made by 

McClintock and Walsh (1962) to take account of that issue. In fact, with the Modified Griffith 

theory formulation, the failure criterion could be utilized also when the normal stress was in 

compression case.  

The modified equation is as follows: 

 𝜏 = 𝜇𝜎𝑛 − 2𝜎𝑡 (2-2) 

 

where μ is the internal friction coefficient. The modified equation was a straight-line similar 

to Mohr-Coulomb envelope. 

In addition, Schnaid et al., (2001) found a linear equation at failure conditions, obtained from 

conventional drained triaxial tests: 

 𝑞𝑓 = 𝑘1 ∙ 𝑝𝑖
′ + 𝑘2 ∙ 𝐶 (2-3) 

 

where k1∙pi′ is the deviatoric stress at failure for the uncemented soil, obtained in drained 

triaxial tests; k2 corresponds to the rate of change in the deviatoric stress with cementation, 

which is not dependent on the effective stress level; and C is the quantity representing the degree 

of cementation, which is suggested to be expressed by the unconfined compressive strength.  
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2.1.5. CONSTITUTIVE MODELLING 

The literature on structured soils shows a variety of constitutive models. Gens and Nova 

(1993) described the basic concepts to develop a constitutive model for structured soils and 

weak rocks, in reference to the framework of hardening plasticity. The starting point was the 

yielding phenomenon, as separation threshold between linear soil behaviour, in which there 

were reversible strains, and the one in which the behaviour became nonlinear with irreversible 

strains. In their model they formulated the expression of a yielding surface. What is important 

to put in evidence is the consideration of the bonding effect on the yielding loci. In Figure 2-4, 

the presence of bonding is visible in the different yielding surface size between a structured and 

structureless soil. For the first one, the surface is bigger than the second one.  

 

Figure 2-4. Successive yield surfaces for increasing degrees of bonding. Surface A corresponds to unbonded 

material (Gens and Nova, 1993). 

 

Moreover, the bonding gave a real cohesion and a tensile strength (pt) to the soil, that was 

reflected in the expansion of the yield surface to the left. The pco stress controlled the yield of 

bonded soil during isotropic compression; the pt stress instead was relative to the cohesion and 

the tensile strength of the material. The evolution of yield surface was regulated by two different 

phenomena: from one side to the plastics conventional hardening or softening without bonding 

and to the other side by the bonding degradation. The bonding amount diminished with the 

developments of irreversible plastic strains. When there was bonding degradation, the 
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hardening modulus could become negative and there was a reduction of yield domain and 

strength.  

An extension to the models of Nova (1988, 1992) was proposed by Lagioia and Nova (1995). 

They presented an elasto-plastic strain hardening model that considered the material 

degradation owing to debonding, by studying the mechanical behaviour of a natural calcarenite. 

The expression of yield surface derived from the previous formulation of Nova (1988), but two 

new parameters were introduced: pt and pm; the first one was linked to the tensile strength and 

the second one to the widening of the elastic domain in the compression range. 

Rouainaia and Miur Wood (2000), Kavvadas and Amorosi (2000) developed two 

constitutive models characterized by more than one yielding surface. The latter authors 

introduced the Plastic Yield Envelope (PYE) and the Bond Strength Envelope (BSE). By means 

of the second surface, the pre-consolidation stress was described as a process that induced 

structure in the soil. Another important distinction was among the yield concept viewed as the 

beginning of irreversible strains and the achievement of PYE while, on the other hand, the 

beginning of loss of structure when the frontier of the second BSE surface was reached. As a 

consequence, that new model bypassed the concept of elastic domain typical of Critical State 

Model and allowed the development of important irreversible plastic strains also for little 

variations of the tensional state.  

Liu and Carter (2002) proposed a constitutive model called Structured Cam Clay (SCC) 

which had at the base the Modified Cam Clay (MCC) but generalized it considering the 

isotropic variation of mechanical properties resulting from the presence of structure in the soil. 

Successively, some authors (Carter and Liu, 2005; Horpibulsuk et al., 2010; Suebsuk et al., 

2011) presented a modification of the SCC model and developed the Structured Modified Cam 

Clay model (SMCC) in order to take in account the effect of cementation. In fact, the SCC 

model was suitable for naturally structured clay with low or negligible cementation. They 

borrowed from the SCC model the elliptical shape of the yielding surface but considered the 
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cementation effect by the introduction of a Δe, the difference in void ratio between cemented 

and uncemented clays. When the yielding was achieved the breakage of cementation intervened 

and the additional voids diminished. Horpibulsuk et al., (2010) proposed a modification of the 

mean effective stress to consider the cementation in the following way: 

 𝑝′̅ = 𝑝′ + 𝐶 𝑀⁄  (2-4) 

 

where C was the shear strength contribute of cementation, and M is the slope of failure 

envelope of cemented clay. There were three different conditions: in the first one C was constant 

until the strength peak with  𝑝′̅ > 𝑝′; the second one from the post-peak zone, where 𝑝′̅ 

decreased due to the degradation of cemented soil structure; finally the third one, 𝑝′̅ = 𝑝′ when 

the critical state was achieved and C was equal to 0.  

According to Nova et al. (2003), Nova (2005) and Suebsuk et al. (2011) the destructuration 

phenomenon depended also on the deviatoric plastic strains (εd
P). Suebsuk et al. (2011) 

described the effect of degradation and breakage of the cemented soil structure, through the 

reduction of the mean effective stress due to the structure (pꞌb). There were three diverse cases 

for the pꞌb value: one where it was constant until the yielding on the virgin line; two where pꞌb 

during the yielding gradually diminished and then three when pꞌb was equal to zero and there 

was structure breakage.  

Before and after structure breakage the following equations were applied, respectively for 

the two cases: 

 𝑝𝑏
′ = 𝑝𝑏0 

′ 𝑒−𝜀𝑑
𝑝

 

𝑝𝑏
′ = 𝑝𝑏𝑓 

′ 𝑒
−𝜉(𝜀𝑑

𝑝
−𝜀𝑑𝑓

𝑝
)
 

(2-5) 

 

(2-6) 

 

Another constitutive model proposal was proposed by Nguyen et al. (2014). They introduced 

a model, based on the original Cemented Cam Clay model (CCC), to describe the behaviour of 

cemented clay. The formulation of the failure envelope in that model was thought to agree with 
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the Critical State Line of reconstituted clay-cement mixture: they illustrated that the effect of 

cementation decreased owing to the fact that there was the bonding degradation when the 

confining stress increased. One of the most important features of the new model was the 

modified formulation of the mean effective stress to take into account the cementation decline. 

Moreover, it is important to underline that when effect of cementation is null, the CCC model 

goes back to MCC model. In fact, CCC model was formulated in the background of the 

Modified Cam Clay and of the Critical State concept.  

The shape of CCC yield surface is represented in Figure 2-5, compared to that of the 

Modified Cam Clay. The CCC model yield function was different than the one of MCC model 

by the means of a new function that considered the effect of cementation (𝑝′𝛺), influenced by 

the parameter C.  

  
 

Figure 2-5. a) Yield surface and failure envelope of Cemented Cam Clay model compared to the Modified Cam 

Clay yield surface and Critical State Line. b) Proposed yield surface with increasing effect of cementation 

(Nguyen et al., 2014). 

 

 

 

 

 

 

a) b) 
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2.1.6. PARAMETERS CONTROLLING THE BEHAVIOUR OF CEMENTED 

SOILS 

Several papers have appeared in the last twenty years with the aim to find the parameters 

that affected the behaviour of cemented soils. One of the first examples is presented in Schnaid 

et al. (2001), where they linked the deviatoric stress at failure qf with the degree of cementation 

(equation 2-3), expressed by the Unconfined Compressive Strength (qu). According to Schnaid 

et al. (2001), UCS parameter took into account density, gradation, amount and nature of cement, 

and mineralogy of soil: 

 
𝑞𝑓 =

2 ∙ 𝑠𝑖𝑛 𝜑

1 − 𝑠𝑖𝑛 𝜑
∙ 𝑝′

𝑖
+ 𝑞𝑢 

(2-7) 

 

where φ is the friction angle and p′i is the initial mean effective stress.  

Consoli et al. (2007) evaluated the effect of water/cement and voids/cement ratios on the 

unconfined compressive strength (UCS) for an artificially cemented sand. The results of their 

experimental tests showed that it was not possible to demonstrate the existence of a relationship 

between the water/cement ratio (wc/c), defined as the water mass divided by the cement mass, 

and the UCS. The problem was the non-complete filling of pores by water, so as a result the 

water content did not reflect the amount of voids. Due to that fact, for a soil in unsaturated 

conditions, it was more appropriate to establish a relationship between porosity and cement 

content in order to control the mechanical strength of soil, instead of using water/cement ratio 

that affected the soil structure and not the strength features. For this reason they proposed a 

relationship between UCS and Vv (absolute volume of voids (water+air))/Vci (absolute volume 

of cement). However, they found that a more elegant formulation to express that function was 

to use the porosity η and the volumetric cement content Civ (as percentage of the total volume) 

in place of voids and cement volumes, respectively.  
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The final form of the equation was as follows: 

 
𝑈𝐶𝑆 (𝑘𝑃𝑎) = 𝑐1 [

𝜂

(𝐶𝑖𝑣)𝑐2
]

−𝑐3

 
(2-8) 

 

where c1, c2, c3 were constants.  

Consoli et al. (2009) correlated the ratio between the volume of voids (Vv) and the volume 

of cement (Vci) with initial shear modulus (G0) and effective strength parameters (c′, φ′) of an 

artificially cemented sand. The results reported that qu, G0, c′ and φ′ diminished as the value of 

Vv / Vci increased. They said that void/cement ratio in (Vv/Vci) shape was more useful than in 

(η / Civ) shape for the designers to decide the optimum amounts of cement and compaction 

stress to calculate the right mixture with the appropriate strength and stiffness features.  Finally, 

Consoli et al. (2011) demonstrated that it was possible to write a direct relationship between η/ 

Civ and qu also for artificially cemented clays.  

Abram (1918) stated that the strength (S) was only dependent on water/cement ratio (w/c), 

with A and B two empirical constants: 

 
𝑆 =

𝐴

𝐵(𝑤/𝑐)
 

(2-9) 

 

Horpibulsuk et al. (2011a, 2011b, 2012a) proposed a new formulation for blended cement 

admixed clay: 

 
𝑞𝑢 =

𝐴

(
𝑤𝑐

𝐶𝑖 + 𝐶𝑒
)

𝐵 =
𝐴

(
𝑤𝑐

𝐶𝑖(1 + 𝑘𝑎)
)

𝐵 
(2-10) 

 

where qu was the compressive strength of blended cement admixed clay at a specific curing 

time, A, B and k empirical constants, wc was the clay water content in (%), Ci was the cement 

content in (%), a was the ash content in (%). Moreover they proposed an interrelationship 
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among strength, clay-water/cement ratio, and curing time. Starting from the equation (2-10), 

they introduced the effect of the curing time as: 

 𝑞(𝑤𝐶/𝐶)𝐷

𝑞(𝑤𝐶/𝐶)28

= [
(𝑤𝐶/𝐶)28

(𝑤𝐶/𝐶)𝐷
]

𝐵

(𝑐1 + 𝑐2 𝑙𝑛 𝐷) 

(2-11) 

 

where  𝑞(𝑤𝐶/𝐶)𝐷
 was the strength of the blended cement admixed clay to be estimated at 

clay–water/cement ratio of  (𝑤𝐶/𝐶)𝐷 after D days of curing and 𝑞(𝑤𝐶/𝐶)28
 was the strength of 

the blended cement admixed clay at clay–water/cement ratio of 𝑤𝐶/𝐶 after 28 days of curing 

and 𝐶 =  𝐶𝑖(1 + 0.75𝑎); c1 and c2 were two constants. 

In a recent paper by Sassanian and Newson (2014), the authors proposed an expression to 

correlate the undrained shear strength cu to the curing time. They noted that there was an 

increase in residual strength with the curing time, attributed to the progressive formation of 

hydration products of cement. They normalized the undrained shear strength cu by the one at 

28 days (the reference time) and proposed the following equation: 

 𝑐𝑢

𝑐𝑢,28 𝑑𝑎𝑦𝑠
= 0.96 (

𝑡

𝑡28 𝑑𝑎𝑦𝑠
)

0.31

 

(2-12) 

 

To derive the equation (2-12) they analysed more than 440 data for 12 types of clay, with a 

wide range of liquidity index (LI = 0.4 - 3.0) and cement content (c = 1 – 100%). In addition, 

they studied the effects of clay activity (A) and cement/water ratio (c/w) on the undrained shear 

strength (normalized by the atmospheric pressure Pa=101.3 kPa), by introducing the parameter 

β: 

 𝛽 = 𝐴3.2
𝑐

𝑤
 

(2-13) 

 

 𝑐𝑢,28 𝑑𝑎𝑦𝑠

𝑃𝑎
= 125.24𝛽2 + 7.47𝛽 + 0.42 

(2-14) 
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2.1.7. LIGHTWEIGHT CEMENTED SOILS (LWCS) 

Very few publications are available in the literature to address the issue of the foam effect 

on the physical and mechanical behaviour of cemented soils. Tsuchida and Egashira (2004) 

proposed an in-depth investigation on the Lightweight Treated Soil Method.  

The use of Lightweight Treated Soils responds well to two different demands: from one side 

the lack of waste disposal sites in seaports has become a serious problem and, moreover, there 

have been strong calls due to social and environmental aspects for the reuse of dredged soils in 

port and harbour construction works. The authors described the Lightweight Treated Soils as a 

ground materials with a density between 0.6 and 1.5 g/cm3, made by mixing sea water, lightener 

and stabilizing agent with dredged soil or other source soil. What they put in evidence was the 

Lightweight Treated Soils flowability immediately after the material was mixed; in addition, 

the reaction with the stabilizing agent ultimately produced hardened soil with strength 

properties equal to or superior to good quality material.  

 

2.1.8. MAIN TECHNICAL APPLICATIONS OF LWCS 

The first use of Lightweight Treated Soil as a ground material in the history of port 

construction projects in Japan was for quay wall damaged by Hanshin-Awaji Great Earthquake 

in 1995. After that first application, Lightweight Treated Soils were used in many other seaports 

and airports projects in Japan (Wako et al., 1998; Okumura et al., 2000; Hirasawa et al., 2000).   

Satoh et al. (2001) presented the case study of Kumamoto Port (Kyushu Island, Japan) where 

to build a new quay wall to the depth of 10 m below the sea level the LWTS technology was 

employed. Full scale field placing tests were carried out and summing up the results it was 

found that LWTS technology could be applied to a water depth of 10 m. Thanks to lightweight 

of the whole quay wall structure due to the backfill of LWTS and the reduction of 10 m in the 

width of the concrete caisson owing to the decrease of the seismic earth pressure, the 
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proportions of the ground improvement was drastically reduced and the economic costs of the 

works decreased by 20≈25% with respect to an ordinary technology. The UCS value after 1 

year of curing was higher than the one at 28 days of curing. Moreover, the mean UCS value 

was around 1 MPa, higher than 200 kPa selected value. Otani et al. (2002) proposed a study 

about evaluation of physical and mechanical properties of an in-situ (Kumamoto Port) 

lightweight soil with air foams by the means of X-Ray CT scanner. The instrument was 

employed during the execution of unconfined compression tests to determine the density 

evolution of the sample. The result showed that the changes of density during the UCS tests 

was due to the effect of strains localization development. The progression of shear bands was 

not monotonic but intermittent. Watabe et al. (2009, 2011) summarized 10-year follow-up study 

of the lightweight soils that were placed as backfill at the seawall in Kobe Port Island and Tokyo 

International Airport. Those two sites were the early case examples of construction undertaken 

in 1996 after the Kobe earthquake disaster and the offshore expansion project of the Tokyo 

International Airport. For Kobe Port Island, its earthquake seismic resistance was improved 

after the utilization of airfoam-treated lightweight soil. The layer of LWTS was covered by sand 

and then a pavement. In agreement with the framework of cement-treated soils, the shear 

strength of the airfoam-treated lightweight soils was much higher than the target value and, in 

addition, it increased with curing time. The compressive yield stress py tended to increase with 

the depth and was lower in the upper part, due to the heterogenicity of the material, and not for 

the deterioration from the surface. The airfoam content was lower than 30%, with a target unit 

weight around 11 kN/m3 and minimum UCS value of 196 kPa. 

 

2.1.9. EXPERIMENTAL EVIDENCES OF LWCS MECHANICAL BEHAVIOUR 

Tsuchida and Egashira (2004) confirmed the agreement of the Lightweight Cemented Soils 

behaviour in the general trend of cemented soils: in fact, the UCS of LWCS tended to increase 

as the cement content raised and to decrease as the slurry water content increased. Moreover, 

they indicated that E50 (i.e., secant Young modulus at 50% of deviator stress) was about 
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100≈200 times UCS and also it depended on the confining cell pressure (σc/qmax): when the 

relative cell pressure was less than 0.5 its effect on E50 could be neglected, otherwise when it 

was higher than 0.5 the effect needed to take in account. The minimum range value for the 

Poisson’s ratio was 0.1≈0.2 for axial strains around 1% to 2% to reach an ultimate value of 0.4 

for larger strains. Finally, they executed K0-consolidation tests and they showed a reduction in 

the K0 value up to 0.1 for axial strains about 0.5≈1%, and it meant an important diminution of 

the earth pressure. Some authors focused on studying the effect of the foam (i.e., air content) 

on the permeability of LWCS. They noted than an increase in the foam content caused an 

augment in the permeability, due to the fact than beyond an air content of 30% the pores could 

not be impermeable (Kikuchi et al., 2005, 2006, 2011). 

The effects of water and air content on the compressibility behaviour of lightweight 

cemented clays was studied by Horpibulsuk et al., (2013). The void ratio increased with 

increasing water and air contents. As a consequence of the higher void ratio, samples were 

characterised by a lower yield stress and higher rate of destructuring in terms of fabric (pore 

space among the clay particles). The residual additional void ratio esr played a crucial role in 

compressibility behaviour of lightweight cemented clays, it was intrinsic and irrespective of the 

initial void ratio parameter. At higher effective vertical stresses, all the compression curves 

tended to come closer together but they were not identified by a unique final path 

(destructuration line). Those results were in agreement with others about the Bangkok clay on 

features of residual additional void ratio esr, presented by Horpibulsuk et al., (2007).  

Several authors proposed the individualization of parameters that could define the behaviour 

of lightweight cemented soils. For instance, Jongpradist et al., (2011) identified a parameter, 

namely effective void ratio est, in order to estimate the relation between the mechanical 

properties of cemented-clay admixtures on the influencing parameters, starting from 

mechanical tests (i.e., triaxial, oedometer and unconfined compression tests): 
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 𝑒𝑠𝑡 = 𝐶𝑤 ∙ 𝑙𝑛(𝑒𝑜𝑡 𝐴𝑤⁄ ) (2-15) 

where Cw was the clay-water content, eot was the void ratio after curing time and Aw the 

desired cement content (%), defined as the percentage ratio of the weight of cement to the dry 

weight of soil.  

For a mix design aims, Horpibulsuk et al., (2012b) identified a relationship between strength 

and V/C at a certain water content, taking in account the Abram’s law and their findings for 

cemented clays (Horpibulsuk et al., 2011a, 2011b, 2012a): 

 
𝑞𝑢 =

𝐴

(𝑉/𝐶)𝐵
 

(2-16) 

where qu was the unconfined compressive strength, A and B were two constants and V/C 

was the absolute volume of void/absolute volume of cement ratio. Moreover, to consider the 

effects of water content and curing time the authors proposed another relationship about the 

lightweight cemented Bangkok clay: 

 𝑞(𝑤𝑉/𝐶)𝐷

𝑞(𝑤𝑉/𝐶)28

= [
(𝑤𝑉/𝐶)28

(𝑤𝑉/𝐶)28
]

𝐵

(𝑐1 + 𝑐2 𝑙𝑛 𝐷) 

(2-17) 

 

where  𝑞(𝑤𝑉/𝐶)𝐷
 was the strength of the lightweight cemented Bangkok clay to be estimated 

at water-void/cement ratio of  (𝑤𝑉/𝐶)𝐷 after D days of curing,  𝑞(𝑤𝑉/𝐶)28
 was the strength of 

the lightweight cemented Bangkok clay at water-void/cement ratio of  𝑤𝑉/𝐶 after 28 days of 

curing  and c1, c2 were two constants.  

Teerawattanasuk et al., (2015) carried out a study about the possibility to use the Bangkok 

clay to build a lightweight pavement material. The results of the UCS tests showed that the 

unconfined compressive strength tended to increase with the cement content and to decrease as 

the foam content became higher. They developed three different mix design charts 

characterized by a specific cement content that could be used to fix the input values of foam 
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and cement contents for a unit weight target to reach, time after time for each lightweight 

pavement material.  

De Sarno (2019) and De Sarno et al., (2019) deeply investigated the chemo-physical 

evolution and mechanical behaviour of lightweight cemented soils (LWCS). They carried out 

microstructural (i.e., XRD, TGA analyses, MIP and SEM observations) and mechanical tests 

(i.e., oedometer and direct shear tests) on two different types of soils: Speswhite Kaolin and 

Caposele Clay. The first one was a clayey silt commercially produced and the second one a 

natural clay with silt.  

From the point of view of the chemo-physical evolution of the soil-cement-foam system, the 

hydration of cement played a crucial role together to the development of pozzolanic reactions. 

In particular, the addition of foam did not affect the chemo-physical evolution of the LWCS.  

In fact, the XRD and TGA analyses highlighted the presence of Portlandite (Ca(OH)2) 

precipitation and successive cement hydration products since the early stages of curing (i.e., 24 

hours). The progressive dissolution of clay minerals and Ca(OH)2 precipitation determined the 

development of pozzolanic reactions.  

The creation of a well joined interconnection due to the formation of hydration products had 

an effect on the microstructural features of LWCS studied. In particular, the MIP results showed 

at increasing curing time a slight shift in modal pore size towards a smaller pore size, as 

hydrated compounds increased the frequency of smaller pores between 0.6 – 4 μm. The SEM 

observations were in agreement with the MIP results. In fact, they showed how the 

interconnection of cement hydration products tended to fill the gap around groups of particles.  

Vitale et al. (2020) noted in the SEM observations the existence of large voids as footprints 

left by air bubbles during mixing. Those led to an increase in the porosity and reduced the unit 

weight of the sample, thanks to an increment of the void ratio, but did not alter the 

microstructural matrix. As reported by De Sarno (2019), foam bubbles had the capacity to 

maintain the soil-water-cement system during the mixing phase. They were stable along the 
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cement setting phase and the hardening of the matrix: those two phenomena were responsible 

for the augment of LWCS porosity. Moreover, MIP analyses put in evidence the inability of 

detecting the footprints of foam bubbles on the external sample surface with diameter > 300 

μm; on the other hand, the bubbles in the inner part of the samples could be discovered only in 

the case they were linked to the pores of soil matrix, accessible from the outer surface. That 

feature was confirmed from the cumulative curves characterized by higher mercury intrusion 

volume that was related to the modal size of soil matrix, the volume of the internal bubbles and 

the high porosity of the lightweight cemented sample. In addition, the foam content had an 

effect on the pores frequency that was higher relative to the largest voids. At the increasing 

curing time, the pores frequency reduced due to the progressive filling of cement hydration 

products of the voids and it was more evident as the foam content increased (pores entrance 

diameter 10 mm – 250 μm).  

De Sarno (2019) also investigated the effects of foam on the bulk density for Lightweight 

Cemented Soil samples and for the ones only cemented. For the latter, the theoretical value of 

bulk density was almost the same as the measured one; however, for the LWCS samples the 

theorical value was lower than the measured one, due to the breakage of air bubbles during the 

mixing phase. The mechanical tests (i.e., oedometer tests) showed a reduction in the yield stress 

owing to the addition of foam; on the other hand, yield stress increased with increasing the 

cement content from 20% to 40% and direct shear tests evinced an increase in the peak strength 

with a more brittle and dilatative behaviour, due to the increased cement content and curing 

time. When foam was added to the soil-cement-water system, there was a decrease in the peak 

strength with a more ductile and contractive behaviour. It was owing to the higher porosity 

present in the Lightweight Cemented Soil samples.   

The void ratio of bonds eb, defined by the ratio between the volume of hydrate cement (i.e. 

volume of bonds) and volume of solid soil, was a unique identified parameter in order to 

describe the degree of cementation, but considering the cement content and curing time. Finally, 

a failure surface was determined that was dependent on different parameters such as vertical 
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stress, degree of cementation, foam content and three other constants φ (friction angle), cb0 

(parameter that took into account the effect of bonds on cohesion) and cf  (fitting parameter).  

 

2.2.  NON-DESTRUCTIVE TESTING 

Non-Destructive Testing (NDT) is defined as the course of inspecting, testing, or evaluating 

materials, components, or assemblies without destroying the serviceability of the part or system 

(Workman and O. Moore, 2012). The goal of using Non-Destructive Testing methods is to be 

able to carry out quality checks on the material without compromising its integrity. This 

contrasts with destructive testing techniques that investigate failure mechanisms to determine 

certain mechanical properties of materials: for instance, yield stress, compressive strength, and 

tensile strength. 

Non-Destructive Testing are techniques used to apply physical principles in order to 

determine properties of materials, components and systems and moreover, with the aim of 

identify inhomogeneities and defects without compromising the integrity and subsequent use 

of the analysed object. In Table 2-1 are reported pros and cons of Non-Destructive Testing 

versus Destructive Testing (Beldev et al., 2002).  

 

Table 2-1. Destructive and Non-Destructive tests comparisons (Beldev et al., 2002). 
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In the following sections it is reported a brief description of two different non-destructive 

testing methods that are applied in this experimental study: ultrasonic testing and electrical 

resistivity measurements.  

The decision to use these two non-destructive techniques lies in their ability to provide 

indications of the physical and mechanical properties of the studied material, which are highly 

dependent on its microstructure. These techniques can be used during various stages of curing 

time of cemented soils and lightweight cemented soils, to study the chemo-physical evolution 

of the soil-water-cement and soil-water-cement-foam systems, respectively.  

They are a good tool to realize in situ quality checks about the right execution of the 

treatment on the material, due to the possibility of detecting the presence of hydration products 

by means of P-waves velocity or electrical resistivity trends. An increase in the measured 

geophysical quantities (i.e., P-waves velocity and electrical resistivity) is due to the increase in 

the gel/space ratio during paste hydration. The lower volume of pores leads to an increase in P-

waves velocity and electrical resistivity through the samples. In addition, also the effects of 

artificial porosity can be checked by means of these techniques. In fact, the presence of 

additional voids determines on the one hand the reduction in P-wave velocity and, on the other 

hand,  the increase in electrical resistivity. 

Finally, there is the possibility to find relationships between the measured quantities and 

geotechnical parameters (for example UCS, Eoed). The relevance of these technologies is the 

capability of using the measured geophysical quantities (i.e., P-waves velocity and the electrical 

resistivity) to estimate certain geotechnical parameters, in all those cases where mechanical 

tests cannot be performed.  
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2.2.1. ULTRASONIC TESTING METHOD 

The concept behind the ultrasonic testing method is the generation, transmission, and 

reception of a train of small amplitude waves with varying pulse lengths and frequencies. Wave 

propagation can be defined as a passage of strain energy in a medium (Eringen, 1980; Jaeger et 

al., 2007). The microstructure of a material, in terms of void index, size, shape, grain 

distribution and arrangement, can determine the rate of dissipation energy by defining the 

velocities of different modes of propagation, such as compression and shear. The wave velocity 

is related to the physical and mechanical properties of the material and strongly depends on its 

microstructure. Rummel and Van Heerden first and ISRM after (Rummel and Van Heerden, 

1978; ISRM, 2007) proposed the original methods that consisted of three different approaches 

utilizing waves characterized by different frequency ranges and specimens of different shapes, 

testing and analysis procedures. In a recent paper by Ulusay (2014), it is presented an upgrade 

method that joins the high (100 kHz-2 MHz) and low (2-30 kHz) frequency ultrasonic pulse 

technologies in a generalized scheme applicable to any kind of specimens in terms of shapes, 

size, and frequency within ultrasonic range >20 kHz. In this procedure of ultrasonic testing, 

called pulse method, the wave trains propagation through solids can be detected by a single 

transducer (pulse-echo technique) or by a pair of transducers (pitch-catch technique). The first 

one is used to determine flaws that constitute seismic impedance contrasts inside the material. 

The second one is characterized by three different modes to set the transducers on the surface 

of the specimen: direct (through) transmission, indirect (surface) transmission, and semi-direct 

(edge) transmission, as represented in Figure 2-6. 
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Figure 2-6. Basic configurations of transducer pairs (transmitter-receiver) used in pitch-catch technique: (a) 

direct (through) transmission; (b) indirect (surface) transmission; (c) semi-direct (edge) transmission. (ISRM, 

2007-2014) 

The direct transmission is better than the others because in this case the length and the 

direction of the wave trains are known and there are not effects of damage or deterioration of 

specimen surface and edges on the results (ISRM, 2007-2014). 

Ultrasonic test apparatus is made up of these components: a signal generator to trigger timer 

to mark the beginning of each excitation pulse interval, an arrival timer in form of a threshold 

trigger and/or an oscilloscope for visual analysis of the wave form, amplifiers and filters for 

signals enhancement, and a data acquisition unit interfacing with the apparatus (Figure 2-7). 

Two different transducers are necessary to detect P- and S-wave velocities. The piezo-electric 

transducers are characterized by an interval of frequency that goes from 20 kHz to 2 MHz, but 

for the practical utilization the suggested range is 50-500 kHz.  

 

Figure 2-7. A simplified layout of basic components of an ultrasonic apparatus: E transmitter excitation signal, 

T timer trigger signal (ISRM, 2007-2014). 

In the test procedure the length of wave travel path L and the length of travel time of each 

wave type tP and tS are necessary to determine VP and VS.  
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It is important to highlight that: a) a thin layer of coupling medium must be used to guarantee 

the most uniform and efficient energy transmission from one transducer to the other one; b) the 

pair of transducers must be positioned in the right centre of the two opposite surfaces of the 

specimen; c) to have a coaxial positioning of the transducers a benchtop load frame with a low 

capacity load transducer can be used in direct-transmission configuration.  

The velocities of P- and S-waves can be estimated considering that VP= L/tP and VS= L/tS, 

where L is for the travel path length and tP and tS are for travel times of P- and S-waves (ISRM, 

2007-2014). 

Galaa et al. (2011) studied the applicability of the ultrasonic testing technique to cemented 

paste backfill and they showed the evolution of stiffness of that material during one week of 

curing time in two different conditions: air-dried and submerged under water. The degree of 

saturation was responsible for the variations in the measured values of VP. In particular, the air-

dried samples showed a reduction in VP due to the air entry into the samples, that caused the 

loss of pore fluid influence on the bulk modulus of the overall material. Hence changes in the 

stiffness of soil skeleton can be seen in the measured VP values. On the other hand, for samples 

submerged under water VP does not change.  

Yesiller et al. (2000) demonstrated the applicability of the ultrasonic testing method to detect 

the characteristics of stabilized clay with lime, cement, and lime-fly ash mix. Curing time is 

one of the main factors that influenced the velocities of the treated soil. In addition, they 

observed that soil stabilized by cement had higher velocities values than the mixtures with lime 

and lime-fly ash. An increase in the soil strength, together to an augment of samples density, 

matched to higher velocity values.  

As reported by (Hasanzadeh A. & Shooshpasha I., 2019), the ultrasonic pulse velocity 

depends on different parameters, for example type of materials, age and length of the sample 

and the pore distribution inside it. As a result, the lower the number of discontinuities (pores, 

cracks, poor quality) within the sample, the higher the velocity value; on the contrary the higher 
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the number of discontinuities, the lower the velocity value. Moreover, they studied the effects 

of silica fume on the characteristics of resistance of those cemented soils. There was an 

increment in ultrasonic pulse velocity and in unconfined compressive strength because silica 

fume was responsible for filling and pozzolanic reactions. Therefore, materials became less 

porous and so there were an augment of ultrasonic pulse velocity and unconfined compressive 

strength.  

In a recent paper, Pu et al. (2019) examined the applicability of the ultrasonic wave 

transmission method to find a correlation between the ultrasonic parameters and the properties 

of Foamed Mixture Lightweight Soil (FMLS). They found that the ultrasonic wave transmission 

method was useful to determine the crack evolution inside the FMLS earthwork. Moreover, the 

ultrasonic parameters were linked to the curing age of the FMLS: at 30 days of curing time, the 

velocity was constant.   

2.2.2. ELECTRICAL RESISTIVITY MEASUREMENTS 

Geophysical methods are widely used in site investigations, and they may avoid the 

limitations of traditional site investigation methods. In particular, electrical resistivity imaging 

(RI) has been gaining importance in recent years from the whole field of engineering for site 

surveys. Resistivity imaging is a method identified to be non-destructive, fast, and cost-

effective that can be useful in soil characterization. There are several advantages in comparison 

to conventional in situ investigation methos, for instance to have a continuous image of 

subsurface conditions, to cover a large area in a reduced time, to detect the heterogeneity and 

zones characterized by high moisture content and to have simple and quick data processing. 

Moreover, one of the most important features of this non-destructive method is the possibility 

to determine engineering parameters necessary in analysis and design (Hossain et al., 2019).  

Early examples of the use of electrical resistivity method were in 1720 by Gray and Wheeler 

with the aim to define the conductivity of rocks (Jakosky, 1950; Van Nostrand and Cook, 1966). 

In 1912, Conrad Schlumberger made one of the most rewarding experiments to quantify the 
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electrical resistivity by means of the application of the DC current. In 1915, Frank Wenner 

developed the idea of different electrode combinations to improve the quality of subsurface 

images. Since then, they were used together to inversion models (Aizebeokhai, 2010). 

It is possible to perform electrical resistivity measurements of soil in situ or in laboratory on 

collected samples, using a resistivity meter. At laboratory scale, direct current (DC) and 

alternative current (AC) are used to determine the electrical properties of soil. Regard to AC, 

the range of adopted frequencies is between low Hertz and microwave. On the contrary, DC 

method is based on the principle of Ohm’s law, in which an application of electrical current 

makes possible the measurement of voltage drop across the electrodes. There are two different 

electrode combinations to employ in the measurements: two and four electrode configurations 

(Hossain et al., 2019). 

  

Figure 2-8. On the left, two-electrode electrical resistivity measurement system. On the right, four-electrode 

electrical resistivity measurement system (Hossain et al., 2019). 

Representative schemes of two-electrode and four-electrode configurations are shown in 

Figure 2-8. On the left, the two-electrode electrical resistivity measurement system is made up 

of soil box, current source, resistance measuring equipment and electrical connections. In this 

set up, the two electrodes are used for both current application and voltage measurements. The 

soil box needs insulated and durable material in order to avoid problems of short circuiting 

during the development of the experimental measurements. Polished and anti-corrosion metal 

is necessary for the two end plates utilized for the current flow and voltage measurements. The 

most important phenomenon that affects the two-electrode configuration is the polarization. 
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Because of the electrical conduction in the electrode and cable, it is possible to have an electron 

flow together to the flow of the current. As a result, there will be a charge accumulation at the 

soil-metal interface. Moreover, air space at the interface, non-uniform electric field and 

chemical reactions could be the reason for other errors in this electrode’s arrangement 

(Santamarina et al., 2001). 

In Figure 2-8, the four-electrode configuration is depicted on the right. Two electrodes are 

positioned at the two opposite extremities of the soil box, and they are used to supply the 

current; on the other hand, the potential drop is measured between the previous points by means 

of other two electrodes. The advantage of this kind of configuration is the possibility of avoiding 

the polarization phenomenon, thanks to the fact that potential drop is measured within the 

samples. What is more, the impact of chemical reactions on the electrical resistivity 

measurements is not relevant since there are different electrodes for voltage and current. 

Geotechnical parameters can influence the electrical resistivity of soils. In particular, one of 

the most important factors that has a relevant effect on the electrical resistivity is the moisture 

content. Moreover, also the degree of saturation, the pore water composition, the organic 

content, specific surface area and mineralogical and geologic formation can influence the 

electrical resistivity.  

First of all, an increase in moisture content causes a decrease in the electrical resistivity. In 

fact, moisture content is strictly linked to the electrical conductivity, that occurs through the 

precipitated ions in the soil pore water. Pozdnyakov et al., (2006) showed that the electrical 

resistivity is linked to the natural logarithmic of moisture content and different zones can be 

identified. They are called adsorbed water, film water, film capillary water, capillary water and 

gravitational water, as reported in Figure 2-9. An important decrease in electrical resistivity can 

be observed in the adsorption water zone. Then, the rate of reduction tends to decrease in the 

film water zone, due to the increase in van der Waals. Moreover, in film capillary water and  

capillary water zones the electrical resistivity decreases less quickly, owing to the fact that the 
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molecular attraction force is higher than the capillary force. Finally, in the gravitational water 

zone the electrical resistivity becomes independent of water content, because of the mobility of 

electrical charges is no longer linked to the movement of water molecule ions (Hossain et al., 

2019).  

 

Figure 2-9. Soil moisture content and electrical resistivity relationship (Pozdnyakov et al., 2006).  
 

Several publications have appeared in recent years documenting the effects of cemented soils 

properties on the characteristics of the electrical resistivity. As reported by Liu et al. (2008), 

cement-mixing ratio, water content, degree of saturation, water-cement ratio and curing time 

have been investigated to analyse their effect on the electrical resistivity measurements. In that 

work it was observed that the electrical resistivity of cemented soil increased with the increment 

of cement-mixing ratio and curing time, whereas the higher the degree of saturation and water-

cement ratio the lower the electrical resistivity. In addition, the authors showed that there was 

a good relationship between the measurements of electrical resistivity and the results of the 

unconfined compression tests.  

This kind of relationship between cemented soil and electrical resistivity has been confirmed 

by the experimental study of Chen et al. (2011) on cement-stabilized lead-contaminated soils. 

In particular, they investigated the effects of a change in porosity and degree of saturation on 
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the electrical resistivity and its link with the unconfined compression strength of those 

materials. Moreover, the authors analysed the trend of the electrical conductivity of soil pore 

fluid during the curing time: in fact, the electrical conductivity of soil pore fluid decreased with 

increasing the curing period, and, on the other hand, it increased with the cement content. 

A correlation between the standard compressive strength of cement and electrical resistivity 

was the aim of the experimental work of Wei et al. (2012), by measuring the ISO 679 cement 

compressive strength and the electrical resistivity of cement pastes, characterized by different 

strength grade cements. It is appropriate to emphasize the role of the hydration time on the 

electrical resistivity development for the pastes with different cements. In general, the 

development of hydration time determined an increase in the electrical resistivity values, even 

if there was a first drop to minimum point. What is more, the past with higher cement strength 

exhibited higher electrical resistivity values than the past with lower one.  

Relationships between electrical resistivity and geotechnical data in clays were also 

proposed by Fallahsafari et al. (2013). They put much attention on these geotechnical 

parameters: water content, degree of saturation, wet unit weight, air void ratio and compressive 

strength. Those parameters showed an important effect on the electrical resistivity; for instance, 

clays characterized by high water content or degree of saturation had low electrical resistivity 

compared to clays with high air void ratio. In addition, increasing of wet unit weight led to 

increase in the electrical resistivity.  

A study of the effect of soil parameters on the electrical resistivity has also been conducted 

by Zhou et al. (2015). For instance, the authors analysed the effects of the degree of saturation 

on the electrical resistivity: the lower the degree of saturation, the higher the electrical resistivity 

values. In addition, they underlined the importance of pore fluid on the measurements of the 

electrical resistivity. In fact, different kinds of electrolytes had dissimilar effects on soils 

electrical resistivity, because of the mobility of ions. In the end, they described the influence of 

temperature, and they said that abrupt variations of temperature lead to “jumps” in the electrical 
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resistivity measurements; thus, it is important to take in account this parameter to avoid wrong 

analysis of the data.  

In their research work, together to quantify the effects of cement content, porosity and curing 

time on the electrical resistivity and unconfined compression strength of cemented soils, Zhang 

et al. (2012) also proposed a modified Archie empirical law to put in evidence the role of cement 

content and curing time on the electrical resistivity values. The original Archie law is empirical 

and which relates the electrical resistivity of a saturated sand (ρ) to the electrical resistivity of 

its pore fluid (ρw) and the geometry of the porosity in the soil (n), as it can be seen in Equation 

2-30: 

 𝜌

𝜌𝑤
= 𝑛−𝑚 

(2-30) 

 

where m is the material-dependent empirical exponent, that measures the pore tortuosity and 

the interconnectivity of the pore network. During the years, in 1966 the Archie’s law went as 

far as partially saturated soils thanks to Keller and Frischknecht, as it can be seen in equation 

2-31: 

 𝜌

𝜌𝑤
= 𝑎 ∙ 𝑛−𝑚𝑆𝑟

−𝑝
 

(2-31) 

 

 where Sr is the degree of saturation, a is a constant and p is saturation exponent. However, 

those two models did not consider the effect of cement stabilization process on the electrical 

resistivity and the curing time. For those reasons, Zhang et al. (2012) introduced a new 

parameter called “after-curing porosity/cement content-curing time ratio”, nt/ (awT). They 

found a good correlation between that ratio and electrical resistivity of cement stabilized soils, 

expressed by the following equation. 

 
𝜌 = 𝐴 (

𝑛𝑡

𝑎𝑤𝑇
)

−𝐵

 
(2-32) 

 



  Chapter 2 

41 

 

where A and B are dimensionless constants. If a comparison between the equation (2-32) 

and the original Archie’s law is made, the Archie’s model can be applied to cement stabilized 

soils by means of a term called “after-curing porosity/cement content-curing time ratio”. They 

also argued that the cement content and the curing time influence the UCS of treated soils. 

Therefore, they added another parameter, the ratio nt/ (awT1/2). Consequently, they determined 

a power function for the relationship between UCS (qu) of cemented soils and the ratio nt/ 

(awT1/2), as:  

 
𝑞𝑢 = 𝐶 (

𝑛𝑡

𝑎𝑤√𝑇
)

−𝐷

 

(2-33) 

 

where C and D are dimensionless constants. 

Kibria and Hossain (2014) agreed to the previous authors about the dependency of electrical 

resistivity on the geotechnical parameters (i.e., moisture content, unit weight, degree of 

saturation, void ratio, specific surface area, cation exchange capacity), but they also put the 

accent on the presence of different clay minerals that can influence the electrical resistivity of 

clayey soils. In particular, they focalized the attention on the bentonite minerals and their effects 

on the variations of electrical resistivity values. It was observed that there was a decrease in the 

electrical resistivity  with increasing the Na-bentonite content from 20% to 100%, at a degree 

of saturation equal to 40%, and also for an increase in Ca-bentonite content from 20% to 100%, 

at the same degree of saturation. Summing up the results, it was clear that the presence of 

bentonite influenced a lot the soils electrical resistivity.  

Another insight into the aspect of the electrical resistivity measurements related to clay 

minerals was made from Kibria and Hossain (2019). They carried out a study to determine the 

electrical resistivity response of diverse clay minerals (i.e., smectite, illite and kaolinite), 

considering three degrees of saturation (i.e., 40, 60, 80 %) and their rapport to activity, porosity, 

cation exchange capacity, pore water properties. It was shown that the physical-chemical 

properties had an impact on electrical resistivity of the clay materials investigated. In particular, 
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an increment of pore water conductivity, pH, and sulphate concentration lead to a decrease in 

the electrical resistivity of the samples. Moreover, the rate of diminution decreased with the 

increase of the degrees of saturation. In addition, activity and cation exchange capacity had 

effects on the electrical resistivity since it decreased with the increments of those two properties.  

The electrical resistivity monitoring and its correlation with volume, strength and stiffness 

during curing time of expandable foam grout (EFG) was experimentally studied by (Han et al., 

2020). The results of the research work highlighted the effects of the hydration process on the 

electrical resistivity and on the strength of the cementitious material. In fact, strength, and 

stiffness of EFG developed because of the hydration of C3S. Throughout the time of that 

process, electrical conductivity decreased, as a result of the precipitation of hydration products 

that filled the pores, reducing the passage for ions flow. Consequently, the electrical resistivity 

tended to increase along the hydration process of calcium silicates.  

The objective of this study is to verify the applicability of a non-destructive investigation 

technique for the chemo-physical and mechanical characterisation of Lightweight Cemented 

Soils (LWCS). Electrical resistivity measurements of two different soils (i.e., SW Kaolin and 

Caposele Clay) prepared with different percentages of foam, will be performed in order to 

investigate the influence of the mineralogical characteristics of the untread soils and the 

treatment parameters on the electrical resistivity values and their evolution over the curing time. 

In fact, electrical resistivity could represent one of the relevant parameters in site applications 

in the quality control of LWCS, in order to check the development of cement products in a 

reliable and expeditious manner, and the consequent suitability of the treated material. 

2.3.  DURABILITY OF TREATED SOILS UNDER ENVIRONMENTAL LOADS 

Durability is an important issue in geotechnical field and by this concept is meant the ability 

of the material to retain its stability and integrity while maintaining adequate long-term residual 

strength to cope with environmental stresses (Dempsey & Thompson, 1967). Under severe 

climatic stresses (i.e., wetting-drying, freezing-thawing, etc.), durability is a vital parameter in 
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case of  treated soil used as a building material: such as embankments, filling of underground 

cavities or excavations, infrastructures, and road pavements. Climatic stresses, especially in 

terms of wetting-drying cycles, can be considered one of the most destructive actions that may 

damage geotechnical engineering works, in particular infrastructures and road pavements 

(Allam & Sridharan, 1981; Sobhan & Das, 2007). During the alternance of wetting-drying 

cycles majority of engineering properties of soils, above all the strength, are severely 

compromised and, as a result, settlements and crack propagation occur (Al-Obaydi et al., 2010; 

Al-Zubaydi, 2011).  

In nature, soils are subjected to periodic wetting-drying cycles owing to the alternation of 

the rainy and dry seasons. Their variation produces effects on the mechanical behaviour and 

performance of treated soils used in geotechnical and environmental applications (Chen and 

Ng, 2013; Tang et al., 2016; Pasculli et al., 2017).  

Several studies have been proposed about the effects of wetting-drying cycles on the hydro-

mechanical behaviour of unsaturated soils. In particular, this type of climatic stress involves 

irreversible volumetric variations due to swelling and shrinkage strains: an accumulation of the 

latter occurs in an expansive soil after it has been subjected to wetting-drying cycles (Alonso et 

al., 2005; Cuisinier and Masrouri, 2005). The occurrence of irreversible swelling or shrinkage 

is a function of compaction conditions and the resulting change in net stress and suction, rather 

than being determined solely by the soil type (Nowamooz and Masrouri, 2008). Moreover, the 

authors investigated the influence of suction cycles on the soil fabric of two reconstituted clayey 

soils, by the means of MIP technique. They observed that suction cycles determine a cumulative 

swelling strain for dense soil, while a cumulative shrinkage for a loose one. In addition, they 

show a presence of an equilibrium in which samples have an elastic behaviour. The analysis of 

fabric in that stage reveals how suction cycles provide macrostructural modification in terms of 

reorganization of meso-pores towards a smaller dimension (Nowamooz and Masrouri, 2010). 
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On the other hand, Kalkan (2011) suggested that the addition of silica fume can reduce the 

progressive swelling strain of a clayey soil, when it is submitted to wetting-drying cycles. In 

fact, when silica fume is added to clayey soil, the pH values increase. This phenomenon causes 

the dissolution of silica from clay minerals. As a result, the soil with low values of clay minerals 

and a low liquid limit shows a reduction in swelling behaviour.  

Chen and Ng (2013) proposed a study on the volumetric response of unsaturated compacted 

clay linked to the effects of wetting and drying cycles. The volumetric behaviour was 

characterized by irreversible swelling after wetting and irreversible shrinkage after drying 

phase. From the mechanical point of view, the swelling post wetting led to a reduction in the 

preconsolidation stress. This behaviour was attributed to irreversible modification in degree of 

saturation. Those two combined effects (i.e., swelling and increment of degree of saturation), 

led to a soil that was more susceptible to yielding and a softening effect.  

Another study on the topic of durability against wetting-drying was carried out by 

Neramitkornburi et al., (2014), focusing on Lightweight Cellular Cemented construction 

material. They studied the effect of soil’s cemented structure, in terms of fabric and bonding, 

on the strength of Lightweight Cellular Cemented construction material. It was found that the 

strength reduction is attributable to cemented structure degradation. Wetting-drying cycles 

involve swelling or shrinkage of clay particles, leading to crack formations. Because of fissures, 

the amount of pore spaces increases a lot leading to a rise in water content.    

In the field of cemented soils, the condition of partial saturation plays an important role. In 

fact, suction is a key feature in the understanding of the mechanical behaviour of unsaturated 

soil. In particular, it exerts its influence through two different mechanisms (Karube and Kato, 

1994; Wheeler and Karube, 1995):  

a) by varying the skeleton stress through alterations in the average fluid pressure acting in 

the soil pores 
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b) by supplying an additional bonding force at the particle contacts, often attributed to 

capillary phenomena occurring in the water menisci. 

The value of suction is related to the degree of saturation of the soil. The relative area over 

which the water and air pressures act depends directly on the degree of saturation (the 

percentage of pore voids occupied by water), and at same time this parameter influences the 

number and intensity of capillary-induced inter-particle forces. The authors have pointed out 

that the phenomenon of soil particle slippage, under partially saturated conditions, is inhibited 

by the presence of interparticle forces due to the menisci with negative pressure water inside, 

behaving as additional bonding. Thus, from the point of view of the elasto-plastic behaviour, 

many features depend on the phenomenon of bonding and de-bonding among soil particles 

owing to the presence or absence of water menisci at the contacts (Gallipoli et al., 2003).  

The literature on this topic shows that suction contributes to the strength of the cementing 

materials, in the sense that its action goes to sustain together groups of particles and the 

behaviour of the soil becomes as if has a coarser grading, and thus it shows a dilatant tendency. 

It is opposed to what can be seen for a soil in saturated conditions where samples consolidated 

at higher effective confining pressures tend to reveal less dilatant behaviour. If in a condition 

of bonded soil, cementing bonds among soil particles play a dominant role in shear strength, on 

the other hand in an unsaturated soil the most important role in shear strength is due to the 

suction that helps the cementing fabric not to break completely at large strains, since it sustains 

groups of soil particles kept together by cementing agent (Toll et al., 2017).  

Another contribution to literature on this topic was made by Rinaldi et al., (2007). They 

underlined that the stress-strain behaviour of soils characterized by the presence of structure is 

a combination of different factors: water content, degree of cementation, strain level and 

confining pressure. In fact, as stated by some other authors (Airey and Fahey, 1991; Maâtouk 

et al., 1995; Rinaldi and Capdevila, 2006), before yielding the stress-strain behaviour is that of 

cemented material, with a linear relationship between volumetric and axial strain. In fact, no 
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plastic deformations appear, and the stiffness of soil depends on the cemented bonds. When the 

sample is in unsaturated condition, the process of decementation starts and the yield stress is 

dominated by water meniscus. In this case, the difference between saturated and unsaturated 

condition is the position of the yielding locus that takes place at a higher strain level in the latter 

condition. Right after the yielding, the shear resistance could be of frictional or cohesive nature, 

and it depends on the confining pressure, capillary forces, and cement resistance. As asserted 

by Lambe (1960), when the degree of cementation is high, high suction level and low confining 

pressure generate a very fixed structure and the frictional behaviour is due to the size 

distribution and the shape of the aggregates. Stress localization and shear bands occur.  

Many studies have focused on the shear strength of unsaturated soils and they have shown 

that a higher shear strength is linked to a lower degree of saturation or water content, owing to 

the increase in suction (Fredlund et al., 1987; Fredlund et al., 1996; Goh et al., 2014).  

Drying is responsible for the increase in soil stiffness, brittleness and a reduction in strain at 

failure. These effects are due to an increase in suction value. In fact, it is responsible for the 

improvement of soil cohesion and effective stress between particles. The increase of suction 

sustains soils structure and has positive effects on the strength and deformation of soils. In 

particular, suction goes to improve bonds between soil particles and strength of soil skeleton. 

Its importance on the mechanical behaviour of soils becomes even more relevant at lower water 

content. Moreover, when bonds between soil particles are broken due to external load, the 

positive effects of suction are completely lost (C.-S. Tang et al., 2020).  

However, the issue of the durability of Lightweight Cemented Soil (LWCS) has not been 

deeply investigated in literature. Nevertheless, an insight into the effects of the addition of 

cement and foam on the water retention properties of LWCS, has been recently provided by 

Vitale et al., (2020b). They defined the water retention curves for kaolin treated by cement and 

foam at two different percentages by osmotic technique, at increasing curing time. The 

influence of the latter parameter is very low on the water retention properties of treated soils, 
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owing to the fact that in long term the hydration process of cement is very slow and as a result 

there is a slight influence on the chemo-physical evolution of the soil-cement-foam system. 

What is important to know is that foam does not affect the water retention properties of these 

materials. Moreover, from the microstructural point of view, the increase of porosity due to the 

addition of foam, does not alter the soil matrix, which on the contrary is responsible for the 

water retention facility.  

This is the starting point for the durability study of Lightweight Cemented Soil under the 

effect of environmental loads. In particular, the aim of this part of the research is to analyse the 

impact of wetting-drying cycles on the mechanical behaviour of Lightweight Cemented Soils.  
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3. SOIL, CEMENT AND FOAM 

In this chapter a brief description of three components of the lightweight cemented soils is 

presented. They are soil, cement and foam. In this experimental work the attention was put on 

clayey soils, but the lightweight cemented soil technology can be adopted for different types of 

soils, except for the coarse ones that may provoke the segregation phenomenon of the particles 

to the bulk 

3.1.  CLAY AND CLAYEY MINERALS 

As reported by Grim (1968) clay can be defined as “natural, earthy, fine-grained material 

which develops plasticity when mixed with a limited amount of water”.  In geotechnical field, 

A.G.I (1963) referred to the term clay as particles with a diameter < 2 μm. Moreover, Andrade 

et al. (2011) described the plasticity property for a substance as its capacity to preserve the 

shape under the continuous deformation of a finite force, when it is removed or unless reduced. 

Clayey minerals are characterized by the presence of silica, alumina, water with percentage of 

iron, alkalis and alkaline soils.  

The clayey minerals with a diameter <2 μm  belong to the group of hydrated aluminosilicates 

(Barton ad Karathanasis, 2002). Martin et al. (1991) reported a nomenclature and classification 

of clay minerals, suggested by The Clay Mineral Society (Table 3-1).  
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Table 3-1. Nomenclature and classification of clay minerals, Copyright “The Clay Minerals Society” (Martin et 

al., 1991). 

 

3.2.  CLAY-WATER INTERACTION BEHAVIOUR 

Water is strongly correlated to the structure of clay minerals and in some cases is a principal 

component of the structure for a number of clay minerals. The interaction between water and 

clay minerals works through the presence of ion-dipole, hydrogen covalent bonding, dipole-

dipole interactions, due to the water polarity (Johnston, 2018). The clay minerals surface is 

characterized by hydroxyl groups and oxygen atoms and there are electrons that can be derived 

from the replacement of cations of the grid. 

It is possible to define the electrical double layer where there are the negative electrical layer 

on the surface of clay particles and the positive electrical layer present in the adsorbed water. 

A representation of electrical double layer in the simplest model by Helmholtz is presented in 

Figure 3-1a, as reported by Paunovic and Schlesinger (2006).  Together to the Helmholtz model 

there is Gouy-Chapman model also known as the diffuse layer model (Figure 3-1b). The main 

reasons for the formation of diffuse layer model are the concentration of counter-ions that is 

higher on the particle surface, lower in the bulk solution and, as a consequence, there is a 

diffusive force of counter-ions through the bulk solution; the presence of an electrostatic surface 

repelling force that provokes a leak of ions of the same charge around the layer.   
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Figure 3-1. Nomenclature and classification of clay minerals, Copyright “The Clay Minerals Society” (Martin 

et al., 1991). 

 

In the case of the double layer being characterized by adsorption of potential-determining 

ions the electrical potential Φ can be defined by Nernst equation (3-1): 

 
𝛷0 =

𝑘𝐵𝑇

𝑣𝑒
𝑙𝑛 (

𝑐

𝑐0
) ⇒ 𝑐 = 𝑐0𝑒𝑥𝑝 (

𝑣𝑒𝛷0

𝑘𝐵𝑇
) 

(3-1) 

 

where kB is the Boltzmann constant, T is the temperature, c is the concentration of the ions 

in bulk solution, ve is the valence of ions and c0 is the concentration of ions at the zero point of 

charge when Φ = 0, (van Olphen, 1977).  

When two particles come into contact with each other, there is a repulsive force between 

them and work needs to be done to move them together. Nevertheless, there are also attractive 

forces and the flocculation process proves their existence. These forces are defined as van der 

Waals forces and they are determined as the sum of all the attractive forces of all atoms 

constituent in one particle and all atoms of the other particle. The feature of this kind of force 

is that the sum of all the attractive forces contributes decreases with the increasing distance. If 

the attractive forces do not depend on solution, repulsive forces depend on ion concentration 

and valence. As represented in Figure 3-2, there are three different cases to show the behaviour 

of a suspension, with decreasing ion concentration.  

a) b) 
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Figure 3-2. Double layer repulsive forces (Frep) and Van der Waals forces (Fatt) with the distance (De 

Sarno, 2019). 

In case a, the high ion concentration at the contact between two particles determines 

flocculation, owing to the fact that attractive forces are dominant. The case b is a situation in 

the middle of the two other cases. In case c, the repulsive forces are dominant and there is no 

possibility of flocculation (van Olphen, 1977). 

In the framework of diffuse double layer, there is also another model that is a combination 

of Helmholtz and Gouy-Chapman models and it is called Stern model. In fact as stated by 

Helmholtz, some ions are confined to a little plane near to the particle and others are present in 

solution, as said by Gouy-Chapman (Paunovic and Schlesinger, 2006).  

 

3.2.1. CLAY PARTICLES ASSOCIATIONS 

The flocculation of clay particles determines three different particles associations that 

depended on the plate-like morphology. It is possible to have Face to Face (FF), Edge to Face 

(EF) and Edge to Edge (EE) associations. The resulted agglomerates from EF and EE 

associations are called “flocs”, instead FF association is the “aggregate”; on the other hand, the 

dissociations of EF and EE is called “deflocculation” and FF separation is a “dispersion”. 

Explicative images of these clay particles associations is reported in Figure 3-3. The way in 

which clay particles tended to associate themselves has an  effect on the rheological behaviour 

of clay suspensions.  

a) b) c) 
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Figure 3-3. Clay particles associations: (a) Deflocculated and dispersed; (b) Deflocculated and aggregated; (c) 

EF flocculated and dispersed; (d) EE flocculated and dispersed; (e) EF flocculated and aggregated; (f) EE 

flocculated and aggregated; (g) EE and EF flocculated and aggregated (van Olphen, 1977). 

 

3.2.2. RHEOLOGICAL PROPERTIES AND BEHAVIOUR OF CLAY 

SUSPENSIONS 

The rheological behaviour can be described by the relationship between the shear stress τ 

and the rate of shear D, measured in sec-1. When the relationship between the two terms is 

linear, passing through the origin, the fluid to deal with is Newtonian. Viscosity η is the constant 

of proportionality and it is expressed in Poiseuille (Pl), 1∙Pa∙sec.  

 𝜏 = 𝜂𝐷 (3-2) 

 

The dilute suspensions behave as Newtonian fluid, on the contrary concentrated suspensions 

behave as non-Newtonian fluid. It is possible to define a property that is valid only for 

suspensions dispersed enough and it is the relative viscosity, as the ratio between suspension 

viscosity η and liquid medium viscosity η0, called relative viscosity of suspension ηr. As 

reported by van Olphen (1977), using a theorical relation derived by Einstein, it is possible to 

correlate the relative viscosity to the concentration of solids by volume Cs, considering a 

constant kηr, equal to 2.5 for spheres and with higher value for anisometric particles.  

 𝜂𝑟 =  1 + 𝑘𝜂𝑟
𝐶𝑠 (3-3) 
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Typical examples of non-Newtonian fluids are presented in Figure 3-4. In these kinds of 

trends in each point it is possible to determine the apparent viscosity τ/D and the differential 

viscosity dτ/dD. The fluid is dilatant or shear thickening when apparent viscosity and 

differential viscosity increase with increasing shear stress; while the fluid is shear thinning 

when they both decrease with shear stress.  

 

Figure 3-4. Rheological behaviour in laminar flow (De Sarno, 2019). 

It is also possible to describe the two behaviours (shear thickening and thinning) by means 

of a power law model (3-4), characterized by two constants K and n (when n > 1 shear 

thickening, n < 1 shear thinning). 

 𝜏 =  𝐾𝐷𝑛 (3-4) 

 

Moreover, there is Bingham pseudoplastic fluid where it can be defined a threshold shear 

stress τ0 (yield stress) and the differential viscosity decreases until a constant value, 

corresponding to linear τ-D trend. Considering the linear line, but at low shear rates, it can be 

defined the τB ordinate (Bingham yield stress) and the corresponding behaviour is the Bingham 

plastic fluid described by the equation (3-5) as follow: 

 𝜏 = 𝜏𝐵 + 𝜂𝐷 (3-5) 
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3.2.3. PROPERTIES OF SOIL SLURRY 

In lightweight cemented soils technology the first phase is the soil slurry preparation. It is 

produced by mixing soil with water: to reach the slurry the sectioned water content is very high, 

above the soil liquid limit. The properties of soil slurry are independent of the initial condition 

of soil, due to the dispersion of soil particles in the water to obtain a suspension. In addition, 

the absence of air implies the absence of the gas phase. 

It is possible to define some relationship about the bulk properties of soil slurry.  

 
𝜌𝑠 =

𝑊𝑠
𝑠

𝑉𝑠
𝑠  

(3-6) 

 

 
𝑤𝑠 =

𝑊𝑤𝑠

𝑊𝑠
𝑠  

(3-7) 

 

where ρs is the density of the soil, 𝑊𝑠
𝑠 and 𝑉𝑠

𝑠 are the weight and volume of solid soil, while 

Wws is weight of water in the slurry and ws is the water content for the slurry.  

 𝑊𝑠𝑙𝑢𝑟𝑟𝑦 = (1 + 𝑤𝑠)𝑊𝑠
𝑠 (3-8) 

 

Therefore, in absence of gas phase it is possible to define the volume and the unit weight of 

slurry: 

 
𝑉𝑠𝑙𝑢𝑟𝑟𝑦 = 𝑉𝑠

𝑠 + 𝑉𝑤𝑠 =
𝑊𝑠

𝑠

𝜌𝑠
+

𝑊𝑤𝑠

𝜌𝑤
= 𝑊𝑠

𝑠 (
1

𝜌𝑠
+

𝑤𝑠

𝜌𝑤
) 

(3-

9) 

 

 
𝛾𝑠𝑙𝑢𝑟𝑟𝑦 =

𝑊𝑠𝑙𝑢𝑟𝑟𝑦

𝑉𝑠𝑙𝑢𝑟𝑟𝑦
=

1 + 𝑤𝑠

1
𝜌𝑠

+
𝑤𝑠

𝜌𝑤

 
(3-10) 

 

where ρw is the water density.  
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3.3.  CEMENT 

Cement is the binding agent used in lightweight cemented soil technology with the aim to 

gain strength, by the hardening of the fresh paste. As reported by Neville (2001), the patent of 

Portland Cement is due to Joseph Aspdin in 1824, but it was Isaac Johnson in 1845 that 

advanced the prototype of the cement that is known nowadays. Portland cement belongs to the 

category called CEM I and its percentage is more than 95%. CEM II is the category of cements 

that are a mixture of Portland cement and other materials, for instance fly ash, pozzolana, silica 

fume furnace slag, limestone. Then there are other cement categories namely CEM III, CEM 

IV and CEM V and they are characterised by blastfurnace, pozzolanic and composite cements 

respectively.  

Moreover there is a classification based on the value of minimum compressive strength at a 

specific term of time, that is 28 days. In particular, there are three classes: 32.5, 42.5, 52.5 MPa. 

In addition, there are sub-classes that depend on the early stage of strengthening; cements 

characterised by ordinary early strength are Normal hardening with letter N, while cements 

characterised by higher early strength are Rapid hardening with letter R.  

 

3.3.1. CHEMICAL COMPOSITION AND HYDRATION REACTIONS 

Cements are made up of four different types of components, reported in the list as follows. 

• Tricalcium silicate 3CaO∙SiO2 ≡ C3S 

• Dicalcium silicate 2CaO∙SiO2 ≡ C2S 

• Tricalcium aluminate 3CaO∙Al2O3 ≡ C3A 

• Tetracalcium aluminoferrite 4CaO∙Al2O3∙Fe2O3 ≡ C4AF 

 

There is a time during which the cement paste changes its state from fluid to rigid. This 

process in which cement gains stiffness is called setting. The setting time has a beginning and 

an end and they are arbitrary, but as suggested by ASTM (2008) they can be determined by 
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Vicat needle. It is important to make a difference between hardening and setting time: the first 

one is related to the gain of strength of a set cement paste. Both of them depend on the hydration 

process of cement compounds C3S and C2S and their hydration products. The hydration process 

is a question of time and its rate depends on the main compounds. For instance, calcium 

aluminates hydrate faster than calcium silicates, and moreover, tricalcium silicate (C3S) than 

dicalcium silicate (C2S).  

Hydration reactions of calcium silicate can be written as follows: 

 2𝐶3𝑆 + 6𝐻 → 𝐶3𝑆2𝐻3 + 3𝐶𝑎(𝑂𝐻)2 (3-11) 

 

 2𝐶2𝑆 + 4𝐻 → 𝐶3𝑆2𝐻3 + 𝐶𝑎(𝑂𝐻)2 (3-12) 

 

where Ca(OH)2 is called Portlandite and it is calcium hydroxide, C3S2H3 is a lower basicity 

calcium silicate and it is usually reported as C-S-H gel. It is called gel due to its amorphous 

nature, even if the electron microscopy referred a crystalline nature. Taylor (1950) described 

its structure as disordered and made up of fibrous and plate particles like clay minerals.  

The reactions of Portlandite with silica and alumina, due to a continuous supply of moisture, 

determine other hydration products and their name is pozzolanic reactions: 

 𝐶𝑎(𝑂𝐻)2 + 𝑆𝑖𝑂2 → 𝐶𝑆𝐻 (3-13) 

 

 𝐶𝑎(𝑂𝐻)2 + 𝐴𝑙2𝑂3 → 𝐶𝐴𝐻 (3-14) 

 

Bergado (1996) asserted that the first hydration reactions (3-11, 3-12) are stronger than the 

second ones (3-13, 3-14); however they always produce a contribution to the bond strength 

between particles by the presence of more cementing substance.  
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In the group of hydration reactions there is also the hydration of tricalcium aluminate that is 

faster than the (3-11, 3-12): 

 𝐶3𝐴 + 6𝐻 → 𝐶3𝐴𝐻6 (3-15) 

 

This reaction is very impactful due to its exothermic nature thanks to the absence of gypsum; 

the produced effect is called flash set, that provokes an instantaneous stiffness of the fresh 

cement paste. On the contrary when gypsum is present in the system, there is a reaction between 

the tricalcium aluminate with SO4
-2 and water: the resulted product is called ettringite (3-16) 

and it goes to coat C3A.  

 𝐶3𝐴 + 3𝐶𝑎𝑆𝑂4 + 32𝐻 → 3(𝐶3𝐴 ∙ 𝐶𝑆̅ ∙ 32𝐻) (3-16) 

 

It is important to underline that the presence of tricalcium aluminate is relevant only to lower 

the burning temperature of the clinker and to easily combine silica and lime. Its contribution to 

the resistance of hardened paste is not so relevant, in particular in the case of attack of sulphates 

where there is the expansion of ettringite and the breakage of the hardened cement paste.  

Finally, there is also a temperature effect on the hydration products as reported by Alarcon-

Ruiz et al. (2005).  

• From 30 to 105 °C, there is the escape of all the evaporable and part of the bound 

water. Indeed, 120 °C is the temperature at which all the evaporable water is 

removed. 

• From 110 to 300 °C, there is the loss of water present in the hydration products. In 

particular, between 110 – 170 °C there is the decomposition of gypsum and ettringite 

with part of carbo-aluminate hydrates. Between 180 - 300 °C there is the 

disintegration of the residual part of carbo-aluminate hydrates and of C – S – H.  

• From 450 – 550 °C, disintegration of Portlandite occurs. 

• From 700 – 900 °C, there the decarbonation of CaCO3. 
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3.3.2. STRUCTURE OF CEMENT HARDENED PASTE 

The cement hardened paste is characterized by a matrix with very small and joint crystals of 

calcium silicate hydrates (nanometre order of magnitude). They constituent a gel in which other 

hydration products are immersed  (i.e., portlandite, aluminates, alumina-ferrites etc). The nature 

of the cement paste is highly porous due to the voids left by hydration water and water-filled 

spaces. Therefore, there are the presence of “capillary pores”, in addition also the C – S – H gel 

matrix is porous (around 28%) and the voids are called in this case “gel pores”, with a diameter 

of 3 nm, instead of capillary pores with a diameter of one or two order of magnitude higher than 

the previous ones.  

It is possible to distinguish three types of water fraction that are present in the cement paste. 

The first one is called “chemically combined water”; the second one, namely “interlayer or 

zeolitic water”,  is retained between the surface of gel sheets; the third one is the “adsorbed 

water” and it is held by surface forces. 

The condition of this water is not free and if the cement sample is sealed cured to avoid the 

evaporation of water, the components of cement will use the water present in the mix and the 

water content will decrease. In this case, a “self-desiccation” phenomenon occurs. 

3.3.3. EFFECTS OF ALKALIA PRESENCE 

Alkalis are minor components but they have an important effect on the cement paste. First 

of all, they have an effect on the alkalinity of cement paste in terms of pH that is equal to 12.5. 

Secondarily, they act on the early ages strength of cement paste (i.e., 3 days) even if it tends to 

diminish in long-term (i.e., 28 days).  

Alkalis can also produce an alkali-silicate gel by means of their reaction with aggregates, in 

particular silica. This kind of gel could be a problem being a plane of weakness in the 

aggregates, or by coating them, or compromising the structure of cement paste with the 

alteration of bonds among aggregate surface and cement paste. In addition, alkali-silicate gel 
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has swelling properties under the water imbibition, causing the formations of cracks and 

disintegration in the hardened paste due to its expansion and internal pressure produced.  This 

type of phenomenon can be avoided by putting pozzolana in the mix, because in this way 

Ca(OH)2 is eliminated and, as a result Ca+2 ions.  

 

3.3.4. RHEOLOGY OF FRESH CEMENT PASTE 

Two important concepts in the framework of rheology of cemented paste are the workability 

and the consistency. The definitions reported by ACI Committee (2008) for these two concepts 

are the following one: workability is the “property of freshly mixed concrete or mortar that 

determines the ease with which it can be mixed, placed, consolidated, and finished to a 

homogeneous condition”, consistency is the “degree to which a freshly mixed concrete, mortar, 

grout, or cement paste resist to deformation”. In addition other two properties are related to the 

rheological features of fresh cement paste: the viscosity and yield.  

Taking into account the description of the rheological behaviour of clay suspension in 

paragraph (3.2.2.), the rheological behaviour of cement paste can be paragoned to that of 

Bingham fluid, by the Bigham plastic model. The majority of the tests made on the fresh cement 

paste are able to measure only one factor related to these two properties (i.e., viscosity and yield 

stress).  

As reported by Banfill (1991), the cement paste in fresh state can be seen as a solid particles 

suspension in water at high concentration; in the early stage its behaviour can be assumed to be 

that of unreactive silica suspensions, in agreement with Chougnet et al. (2008). The increase of 

water/cement ratio by weight (wc/c) determines a high workability, but low yield stress and 

viscosity.  

From the experience of Struble and Sun (1995), it is possible to see that the behaviour of 

cement fresh paste tends to that of Newtonian fluid in case of dilute suspension and to that of 

Bingham pseudoplastic in case of concentrate suspension, and so decreasing viscosity with 
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shear stress. The viscosity range of variation observed is between 5 and 0.01 Pl, and it depends 

on the typology of cement, the parameter wc/c, strain rate and the presence of additives.  

Chougnet et al. (2008) proposed two ranges of viscosity values in relation to wc/c. The first 

one is 60 – 0.3 Pl with wc/c = 0.3, the second one is 10 – 0.03 Pl with wc/c = 0.5. As a result, 

the viscosity decreases as the shear strains increase. Considering the Bingham plastic 

behaviour, the yield stress value is comprised in the range from 200 – 40 Pa, by increasing the 

water/cement ratio by weight (wc/c).  

Finally, Banfill (1991) found another range of yield stress and viscosity values: 10 – 100 Pa 

and 0.01 – 1 Pl, respectively.  

 

3.4.  FOAM 

It is possible to define foam as a system of dispersed bubbles that are separated by liquid 

layers. There are two different situations: one is called emulsion, with low gas content and the 

shape of bubbles is spherical; the other one is the case of gas content higher than 50% and 

polyhedral bubbles shape.  

In addition there are different methods to produce foam, as reported by Ekserova and 

Krugl︠ ia︡kov (1998).  Condensation method comports the reduction of the external pressure to 

generate the gas bubbles, thanks to the increasing of temperature or by chemical reactions. 

Dispersion methods is characterized by the direct injection of gas into the foaming solution by 

means of capillaries, porous plates and gauzes or by blowing into wetted gauzes surfactant 

solutions. In other case, there is a flow of solution and gas to create foam, and gas can be 

pressurized by the use of compressor.  

The “Foam Expansion Ratio” (FER), together with the foam dispersity and foam stability, 

are the fundamental parameters for polyhedral type of foam. The following equation can define 

the FER, as volume of foam and volume of the liquid content. 
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𝐹𝐸𝑅 =  

𝑉𝑓

𝑉𝑓
𝑙 =

𝑉𝑓
𝑔

+ 𝑉𝑓
𝑙

𝑉𝑓
𝑙  

(3-17) 

 

where  Vf
g
 is the volume of gas in foam. FER parameter is the ability of solution to foaming 

and, as a result, to create foam. By neglecting the weight of gas phase with respect to the weight 

of liquid phase, the weight of foam can be written as the weight of liquid phase: 

 
𝐹𝐸𝑅 =  

𝑉𝑓

𝑉𝑓
𝑙 =

𝑊𝑓 𝛾𝑠𝑜𝑙

𝛾𝑓 𝑊𝑓
𝑙 ≅

 𝛾𝑠𝑜𝑙

𝛾𝑓
 

(3-18) 

 

where γsol and γf are the unit weights of solution and foam. The lower the density of foam, 

the higher is the FER (i.e., it can reach value above 1000). The problem is that when the FER 

becomes higher the assumption of neglecting the weight of gas phase is no longer valid, and so 

to estimate the FER other methods should be used.  

The other parameter is the foam dispersity and its kinetic of changes is the means to indicate 

at what rate the bubbles begin to break. The indicators are the bubbles size distribution, the 

average bubble size or, in addition, the specific foam surface ε can be used. ε is the ratio between 

total surface area of all liquid – gas interfaces in foam and volume of foam εf, the volume of 

liquid phase εl and the volume of gas phase εg.  

Finally foam stability is defined as the capability of foam to keep the FER and foam 

dispersity constant during the time. The easier way to measure the stability of the foam is the 

foam lifetime. Owing to the fact that the foam is not thermodynamically stable because of the 

increasing interfacial area and interfacial energy, the foam will be destroyed. When the lifetime 

of foam is about days it is called “metastable”, otherwise when the lifetime is question of 

seconds the foam is “unstable”.  

The key component for producing foam together with water is a surfactant, that is a surface-

active agent.  
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3.4.1. SURFACTANTS CLASSIFICATIONS 

The structure of a surfactant molecule is composed of two groups: one is the polar head, with 

hydrophilic character, the other one is the non – polar tail that is hydrophobic. Figure 3-5 shows 

the structure of soap, the simplest surfactant which is composed of only one head and one tail. 

But there are other more complex structures, such as two heads and one tail or one head and 

two tails etc.  

 

Figure 3-5. An example of surfactant molecule structure (De Sarno, 2019). 

 

The hydrophilic group is at the base of the classification of surfactants, in fact it can be of 

different natures: anionic, cationic, non – ionic and amphoteric. The anionic and cationic 

dissociate in water in charged ions negative and positive and the hydrophilic head is negatively 

charged in the case of anion and positively charged in case of cation. The most common and 

less expensive are the anionic surfactants. Non – ionic surfactants have no dissociative 

characteristics in water and also the head is with neutral charge. The last ones, the amphoteric, 

have all the behaviour together, but it depends on the pH value.  

The structure of the hydrophobic tail is characterized by a hydrocarbon chains, that derived 

from animal fats, vegetable oils or of petrochemical nature.   

3.4.2. SURFACE TENSION 

The surface tension (γ) is the amount of work (dW) needed to have a unit area expansion 

(dA). It is a thermodynamic property; for instance, the surface tension for water is equal to 72.8 

mN/m at 20 °C. 
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 𝑑𝑊 = 𝛾𝑑𝐴 (3-19) 

 

As a result of the interactions of different molecules in bulk fluid and at the interface, surface 

tension is present. Farn (2008) reported that in bulk liquid, the molecules are accumulated of 

attractive forces in all directions and the resultant force is null; if the gas side is considered, the 

molecules at the interface are diffused and there are interactions among surface molecules and 

subsurface liquid molecules. As a consequence, in the last case the resultant force is not equal 

to zero and the molecules on the surface are characterized by the presence of free energy in 

excess, that is surface tension.  

On the contrary, between two immiscible phases (i.e., A and B) it is possible to define the 

interfacial tension (γAB) as the sum of the two separate surface tensions γA and γB, but minus 

the interaction energy between them per unit area ψAB. 

 𝛾𝐴𝐵 = 𝛾𝐴 + 𝛾𝐵 − 𝜓𝐴𝐵 (3-20) 

 

Different situations can happen. For example, in the case of similar molecules (water and 

ethanol) the interfacial tension is very low and the interaction energy is high; in the case of 

liquid – gas interface, the interfacial tension is equal to the condensed phase (A), due to the fact 

that the interaction in the gas phase (B) and among A and B is not relevant.  

 𝛾𝐴𝐵 = 𝛾𝐴 (3-21) 

 

Another important feature of the behaviour of the surface tension is its non-linearity trend 

with surfactant bulk concentration. There is limit concentration value called “Critical Micelle 

Concentration” (CMC) and when it is overcome the surfactant molecules begin to form 

aggregates, namely micelles.  
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3.4.3. EFFECTS OF SURFACTANT IN THE FOAM 

Bubbles in foam are present in dispersed mode (image a) in Figure 3-6) and a thin films of 

liquid, namely lamellae, act as a separation between them. The intersection lines of lamellae 

make capillaries, known as plateau borders (image b) in Figure 3-6), that all together create a 

network in the foam. The pressure inside the plateau borders is lower than that in the adjoining 

lamella and, as a result, the fluid goes through the borders and there is a thinning of the film. 

The increasing of the thinning determines the increase of the pressure in the lamella. It is owing 

to the electrostatic and steric repulsion forces among the adsorption layers on the surfaces. This 

pressure is called disjoining pressure and it increases until the equilibrium and the end of the 

drainage phase. Image c) in Figure 3-6 shows micelles and other molecules moving in the bulk 

(in the case of concentration higher than CMC limit value) and surfactant molecules moving in 

the interface between gas and liquid (in the case of concentration not too low).  

 

Figure 3-6. Representation of a) bubbles in foam, b) plateau borders, c) foam lamella (De Sarno, 2019). 

 

The phenomenon of liquid drainage from film to the borders causes the stretch of lamella 

and the diminution of surfactant molecules concentration in the thinner zone. As a consequence, 

the surface tension in this zone increases a lot with the surface gradient tension along the 

surface. As reported by Ekserova and Krugl︠ ia︡kov (1998) and Farn (2008), thanks to this 

gradient there is a surfactant mass transfer together to a diffusion of fluid from the bulk to the 

film surface and, also, a surface flow in the concentration gradient direction. This effect is 

known as Marangoni effect and it has a stabilising power on the foams. But it is worth to know 
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that it is an advantageous effect in case of compensation via the surface flow and not in the case 

of molecules diffusion from the bulk.  

3.4.4. INTERNAL COLLAPSE AND FOAM DRAINAGE 

The stability of foam is governed by two distinct phenomena: foam drainage and internal 

collapse. The first one is concerned with the losing of liquid volume (ΔVL) during the time, to 

re-establish the hydrostatic equilibrium. Foam drainage starts when the foam is created and the 

liquid begins to move in plateau borders and through them in layers of foam, due to the gravity 

force. Several equations have been formulated to describe this phenomenon, one example of 

them is reported by Ekserova and Krugl︠ ia︡kov (1998) in (3-22). 

 

 
∆𝑉𝐿 =

𝑉𝐿,0𝜏

𝑉𝐿,0

𝑤0
+ 𝜏

 
(3-22) 

 

where VL,0 and w0 mean the initial liquid volume in foam and the initial volumetric flow rate 

in relation to a unit cross-sectional foam area, respectively. There is the dependency of the foam 

drainage to many parameters, such as FER, viscosity, concentration and type of surfactant etc. 

When all other parameters being constant, w0 is inversely proportional to the foam viscosity. 

Moreover, w0 is proportional to the square of FER and when the latter increases, at constant 

dispersity, w0 decreases due to the thinner radius of plateau borders. In addition, an increase in 

the concentration of the surfactant provokes a decrease in foam drainage rate, and finally, also 

the foam dispersity has an effect on the w0 because of its proportionality to the square of the 

average radius.  

It is possible to define the internal collapse as the separation of liquid and gas that occurs in 

foam. The internal collapse is due to the diffusion bubble expansion and to the bubble 

coalescence. In the last case, the coalescence means the fusion of two bubbles because of the 

breakage of the unstable film that separates them. Instead, the phenomenon of diffusion bubble 

expansion takes place in polydisperse foams, owing to the different pressure presents between 
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the bubbles of different dimension. What happens is a movement of gas from the smaller 

bubbles to the bigger ones. In both of the phenomena (i.e., coalescence and diffusion bubble 

expansion) the specific foam area diminishes. 

 

It is important to underline that the drainage and the internal collapse of the foam have an 

effect on the general stability of the foam and its lifetime. The natural cause is the intrinsic 

thermodynamic instability of the system but also external actions could affect the stability of 

the foam. For example, in lightweight cemented soils technology during the mixing and 

vibration phases further foam instability may occur.  

 

3.4.5. FOAM BULK PROPERTIES 

It is possible to define the weight of foam as follows, considering the weight of gas in bubbles 

and of residual solid in foam negligible: 

 

 𝑊𝑓 = 𝑊𝑓
𝑠 + 𝑊𝑓

𝑔
+ 𝑊𝑓

𝑙 ≅ 𝑊𝑓
𝑙 (3-23) 

 

In addition, the volume of foam can be expressed as the contribution of the volume of 

solution 𝑉𝑓
𝑙 and the volume of air in bubbles 𝑉𝑎𝑖𝑟,𝑓𝑜𝑎𝑚 : 

 𝑉𝑓 = 𝑉𝑓
𝑙 + 𝑉𝑎𝑖𝑟,𝑓𝑜𝑎𝑚 = 𝑉𝑓

𝑙 + 𝑉𝑓
𝑔

 (3-24) 

And from equation (3-24), the expression of volume of air in foam 𝑉𝑓
𝑔

 can be derived, 

assuming the density of solution equal to the one of water: 

 
𝑉𝑓

𝑔
= 𝑉𝑎𝑖𝑟,𝑓𝑜𝑎𝑚 = 𝑉𝑓  − 𝑉𝑓

𝑙  =  𝑊𝑓 (
1

𝛾𝑓
−

1

𝜌𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
)

≈ 𝑊𝑓 (
1

𝛾𝑓
−

1

𝜌𝑤
)  

(3-25) 
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4.  MATERIALS AND METHODS 

In this chapter a description of utilized materials and applied methods is reported. For an 

extended explanation about the relations between the different components (i.e., amount of soil, 

cement and foam) of the lightweight cemented soils mixture refer to De Sarno (2019). In fact, 

the author derived the equations that can be applied to design the mixture, in order to have 

particular properties that can be correlated to the mechanical strength of the lightweight 

material. Moreover, from the derived relations, it is possible to fix the precise quantities of soil, 

cement and foam that are necessary to produce the material, used in construction site. In the 

following paragraphs, a description of the adopted mix design technique, materials and methods 

used in this experimental work is presented.  

4.1.  TREATMENT PARAMETERS DESIGN 

The lightweight cemented soil method is characterized by treatment parameters design. The 

first state parameter defined is water content of slurry, ws. It indicates the water content for 

which to prepare the soil slurry. It is strictly related to the liquid limit of the soil wL; generally 

it is 1.5 and 3 times wL.  

The amount of water for the grout is called water to cement ratio wc/c by weight and it is 

correlated to the cement/soil ratio c/s, also known as cement factor.  

In literature, Tsuchida and Egashira (2004) presented an approach characterized by three 

different mix design parameters: ws, mc,a (unit amount of cement) and γ (unit weight of 

material). It is not necessary to determine wc/c parameter, as stated by the approach, and ws is 

fixed taking into account the rheological properties of the soil, by means of a flow test.  

 

 𝑚𝑆
𝑆 + 𝑚𝑤𝑠 + 𝑚𝑐,𝑎 + 𝑚𝑤𝑐 + 𝑚𝑓 = 𝛾 (4-1) 

 

 𝑚𝑆
𝑆

𝜌𝑆
+

𝑚𝑤𝑠

𝜌𝑤
+

𝑚𝑐,𝑎

𝜌𝑐,𝑎
+

𝑚𝑤𝑐

𝜌𝑤
+

𝑚𝑓

𝛾𝑓
= 1 

(4-2) 
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Regard to the previous two equations, it is possible to note that the sum of unit amounts (soil, 

water for slurry, cement, water for cement and foam) is equal to the unit weight of produced 

material and, in addition, the sum of volumetric amounts is 1. For the authors the range of 

variations for mc,a is around 90 and 300 kg/m3; on the contrary, the addition of foam has its 

effects on the material density and so, as the quantity of foam increases as the density of material 

decreases.  

In this experimental work, two parameters are set at the beginning of the procedure and they 

are ws and wc/c. Then, the other two parameters to fix are the c/s cement factor and nf,  the 

artificial porosity of the samples thanks to the addition of foam, that corresponds to volume of 

foam over the volume of material produced: 

 
𝑛𝑓 =

𝑉𝑓

𝑉
=

𝑊𝑓

𝑉𝛾𝑓
=

𝑚𝑓

𝛾𝑓
 

(4-3) 

nf is only a theoretical value of artificial porosity inside the material. In fact, due to the 

breakage of the bubbles inside the material due to mixing procedure of foam with soil slurry 

and grout, the resulting volume of foam will be different and, in particular, lower than the 

theoretical value.  

The actual volume of foam, nf
* can be calculated as follows: 

 
𝑛𝑓

∗ =
𝛾𝑎𝑐𝑡𝑛𝑓 − ∆𝛾

𝛾𝑡ℎ
 

(4-4) 

where γact is the actual bulk unit weight, γth theorical bulk unit weight and Δγ is the difference 

between γact and γth.  

 

4.2.  MATERIALS 

The experimental study was carried out on two different types of soil, namely Speswhite 

Kaolin and Caposele soil. The former is a fine grained soil of industrial production, the latter is 

natural fine grained soil taken from tunnel excavation in Caposele (Avellino, Italy). Following 

is reported on the grain size distribution and physical features of both of the soils in Figure 4-1 

and Table 4-1.   
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Figure 4-1. Grain size distribution of Speswhite Kaolin, Caposele soil1 and Caposele soil2 

 

Soil γs (kN/m3) wL (%) wP(%) IP (%) 

SW Kaolin 25.9 70 32 38 

Caposele soil1 27.5 62 30 32 

Caposele soil2 27 73 40 33 

 

Table 4-1. Physical properties of Speswhite Kaolin, Caposele soil1 and Caposele soil2. 

 

The first is Speswhite Kaolin, an artificial clayey silt produced from deposits in the 

southwest of England by Imerys Minerals Ltd (UK), consisting of kaolinite and muscovite with 

small amount of quartz, as it can be seen in Figure 4-2 taken from the XRD analysis carried out 

by De Sarno (2019). The majority part of minerals present in this soil are silica and alumina, in 

fact they are the characteristic mineral groups of kaolinite and muscovite; in addition, it is 

possible to find a presence of potassium oxide (K2O) in muscovite structure. The percentages 

of the different mineral group are reported in Table 4-2.  

The second is Caposele soil and it is a natural clay with silt. In Table 4-1, there is a distinction 

between Caposele soil1 and Caposele soil2. This is because two different types of Caposele soil 
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from the same excavation site were used during the experimental work. Caposele soil1 refers to 

the same type of soil also used by De Sarno (2019), while Caposele soil2 refers to the other type 

used for the preparation of the samples involved in the part of the experimental work on material 

durability.  In both cases (i.e., Caposele soil1 and Caposele soil2), there is presence of quartz 

and muscovite but, instead of kaolinite, there is calcite. Figure 4-3 reported the XRD analysis 

results carried out on Caposele soil1 and Caposele soil2. 

 
Figure 4-2. Speswhite Kaolin XRD analyses results (De Sarno, 2019). 

 

Group SiO2 Al2O3 K2O Na2O TiO2 CaO 

Percentage 53.8 43.75 1.45 0.92 0.05 0.02 

 
Table 4-2. Mineral groups of Speswhite Kaolin (De Sarno, 2019). 

 

 

Figure 4-3. Caposele soil1 and Caposele soil2  XRD analyses results M: muscovite, Q: quartz, C: calcite. 
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4.2.1. SOIL SLURRY 

Speswhite Kaolin and Caposele soil slurries were prepared at different water contents of 

140%, 124% and 80%, respectively for SW Kaolin, Caposele soil1 and Caposele soil2. In this 

way, water content for Speswhite Kaolin and Caposele soil1 is 2 times the liquid limit wL and 

for Caposele soil2 is 1.1 times it. In the first case (i.e. Speswhite Kaolin and Caposele soil1) the 

water content value for soil slurry is comprised in the range proposed in literature by other 

authors (i.e., 1.5 and 3 times wL); for Caposele soil2 the value of water content for slurry is a 

bit lower than the range of suggested values in literature, in order to reach the right consistency 

of slurry, that was impossible to obtain adopting a higher water content.  

The viscosity values for the types of slurry were calculated by the following equation: 

 
𝜂 = (

9.27

𝐼𝐿
)

3.33

 
(4-5) 

where IL is the liquidity index equal to (w-wP)/IP. The resulting viscosity values are 0.051 Pl 

for the Speswhite Kaolin, 0.046 Pl for Caposele soil1 and 0.875 Pl for Caposele soil2; they are 

in agreement with the range of values for the grout reported in paragraph 3.3.4.  

4.2.2. CEMENT 

The typology of binding agent used for the preparation of all the samples used in the test is 

Portland cement; in particular, a commercial rapid hardening limestone Portland cement. The 

exact name with which it is classified is CEM II/A LL 42.5R and it was produced by BUZZI 

UNICEM spa. The percentages of Calcium Carbonate (CaCO3), Sulphates (SO3) and Chlorites 

(Cl-) are between 6-20%, below 3.5% and 0.08% (standard values are 4% and 0.1% for the last 

two), respectively. The industrial indications about the unconfined compressive strength are 

above 25 and 47 MPa after 2 and 28 days (standard values are 20 and 42.5 MPa), respectively. 

Finally, the initial setting time is more than 2 hours (standard time is at least 60 minutes).  
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The grout was prepared at a water content to cement ratio (wc/c) equal to 0.5. Both of the 

soils were treated at a cement factor (c/s) equal to 0.4.  

4.2.3. FOAM 

An industrial foam generator, namely GN – 100 AC Bunker (Figure 4-4), was used to 

prepare the foam to lightweight the samples. It is characterized by a proportional dosing pump 

to select the requested concentration for the surfactant solution and a foam generator by means 

of a pump and a compressor to inject air pressure in solution.  

For the surfactant, an industrial one called ISOCEM S/L by Isoltech srl was used. Its 

characteristics are that is liquid, brown, with a specific weight of 10.015 g/l and pH value of 7. 

It is a mix of anionic and non-ionic surfactants. The requested concentration was 2.5% and the 

surfactant was diluted with tap water. The density of foam was equal to 75 ± 5 g/l with 

corresponding FER of 13 ± 1, by means of an air pressure of 3.2 bar.  

 

Figure 4-4. Foam generator GN – 100 AC Bunker (De Sarno, 2019). 

Two different values of nf were fixed for the preparation of the samples, 0.2 and 0.4. The 

effect of foam was studied by comparing the test results of the samples at those two nf values 

with samples only cemented (i.e., nf equal to 0).  
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4.2.4. MIX DESIGN PROPORTIONS 

In Table 4-3 it is reported a list of the different types of mix prepared for the two kind of 

soils in this experimental study. The identification of the samples is characterized by a first 

letter that is K (for the Speswhite Kaolin) and C (for Caposele soil), the second part is CX 

(where X is the cement factor percentage) and the third part is nfY (where Y is the nf 

percentage). An example of this identification is K_C40%_nf20%, in which Speswhite Kaolin 

is treated with 40% of cement and lightened with 20% of foam. 

Soil ws (%) wc/c (%) c/s (%) nf (%) Identification 

Speswhite Kaolin 140 50 40 

0 K_C40 

20 K_C40_nf20 

40 K_C40_nf40 

Caposele soil1 124 50 40 

0 C_C40 

20 C_C40_nf20 

40 C_C40_nf40 

Caposele soil2 80 50 40 

0 C_C40 

20 C_C40_nf20 

40 C_C40_nf40 

 

Table 4-3. Mix design proportions. 
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4.2.5. SPECIMENS PREPARATION PHASES 

The fresh paste was directly poured into the moulds, due to its high workability. To help the 

procedures of extrusion of the hardened samples, a thin layer of silicone grease was applied on 

the later walls of the moulds in order to minimize the friction. A schematic diagram of the 

lightweight cemented soil method is reported in Figure 4-5.  

For mechanical tests and non-destructive tests the samples were prepared directly in moulds 

with the requested dimensions for the specific test, as a result the disturbance on the samples 

was negligible.  

 

Figure 4-5. Schematic diagram of lightweight cemented soil method (De Sarno, 2019). 

 

The preparation of a lightweight cemented soil sample generally takes place in four distinct 

phases. In the first phase, the dry soil (Ws) is mixed with water (ws) in order to obtain the slurry. 

In the second phase the grout is prepared by mixing anhydrous cement (c/s) with water (wc/c). 

In the third phase the grout is added to the slurry and mixed with it until a homogeneous mix is 

obtained. This procedure is followed in order to obtain a more satisfactory hydration of the 

cement, which would be more difficult to achieve by directly adding anhydrous cement to the 

slurry. The fourth phase involves the preparation of the foam and its addition to the previously 

produced soil-cement-water mixture. The foam is prepared by blowing pressurised air into a 

solution of water and surfactant. The addition of a suitable quantity of foam makes it possible 
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to regulate the porosity and to obtain a very light material. The phenomenon of setting and 

hardening of the cement ensures that the air bubbles are fixed in the structure of the material 

and result in additional voids. 

 

4.3.  METHODS 

In this section a description of methodology utilized during this experimental study is 

presented. Different kinds of tests were carried out: mechanical tests (i.e., unconfined 

compression tests, triaxial tests, torsional shear tests), non-destructive tests (i.e., ultrasonic P-

waves and electrical resistivity measurements); as well as wetting-drying cycles procedures and 

suction measurements. Non-destructive tests were performed at Laboratorio di 

Caratterizzazione Lapidei (Stone Characterisation Laboratory), Laboratorio di Geofisica 

Applicata (Applied Geophysics Laboratory) - Department of Earth, Environmental and 

Resource Sciences (DiSTAR) and part of mechanical tests at Laboratorio di Ingegneria 

Geotecnica (Geotechnical Engineering Laboratory) – Department of Civil, Building and 

Environmental Engineering (University of Naples “Federico II”). The other part of mechanical 

tests, together with wetting-drying cycles procedures and suction measurements, were executed 

at Laboratoire Énergies & Mécanique Théorique et Appliquée (LEMTA - University of 

Lorraine, Nancy-France). 

 

4.3.1. MECHANICAL TESTS 

In this experimental study, unconfined compression tests, triaxial tests and torsional shear 

tests were executed.  

These kinds of tests were carried out for the characterization of the mechanical behaviour of 

Lightweight cemented soils and for the study of their durability performances.  
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Unconfined compressive tests were carried out both for the mechanical characterisation of 

LWCS and during the durability study.  For this reason, two different apparatus were used for 

the tests at University of Naples “Federico II” and at LEMTA (University of Lorraine in Nancy-

France), respectively. The Low Pressure Passive Triaxial Cells (GDS Instruments, UK) and 

the 2/M – 10 kN MTS ReNew Systems (Materials Testing System and MTS Systems Corp, 

Minneapolis, MN), respectively in dotation at Laboratorio di Ingegneria Geotecnica 

(Geotechnical Engineering Laboratory, University of Naples “Federico II”) and at LEMTA 

(University of Lorraine in Nancy-France). The first ones are characterized by a max sample 

diameter and height of 200 and 400 mm, respectively. The max axial load was 50 kN and by a 

max pressure ≤ 4 MPa. They are known as passive due to the fact that they are used with an 

external actuator such as a load frame to apply axial loads. They are shown in Figure 4-6. 

 

 

Figure 4-6. Low Pressure Passive Triaxial Cells (GDS Instruments, UK), (University of Naples Federico II). 

 

The second one is a compression machine up to an imposed limit load of 10 kN. It is shown 

in Figure 4-7.  
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Figure 4-7. 2/M – 10 kN MTS ReNew Systems (Materials Testing System and MTS Systems Corp, Minneapolis, 

MN), (LEMTA). 

The unconfined compression tests at a rate of 1.05 mm/min were carried out according to 

ASTM D2166. The axial strain and axial normal compressive stress are given by the following 

relations: 

 𝜎 =  𝑃 𝐴⁄  (4-6) 

 𝜀 = 𝛥𝐿 𝐿0⁄  (4-7) 

 𝐴 = 𝐴0 (1 − 𝜀)⁄  (4-8) 

 

where A is the corresponding cross-sectional area (mm2), A0 is the initial cross-sectional 

area of the sample (mm2), L0 is the initial length of the test sample (mm), P is the corresponding 

force (kN), ΔL is the length change of sample (mm), σ is the compressive stress (kPa), ε is the 

axial strain for the given load. Experimental programmes of unconfined compression tests on 

both of the two apparatus used are reported in Table 4-4 and Table 4-5. 
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Soil c/s (%) nf (%) Identification 

Curing 

time 

(days) 

Sample size 

(mm) 

N° of 

tests 

Speswhite 

Kaolin 
40 

0 K_C40 
3, 7, 14, 

28 
36x72 

12 

20 K_C40_nf 20 12 

40 K_C40_nf 40 12 

Caposele 

Soil 
40 

0 C_C40 
3, 7, 14, 

28  
36x72 

12 

20 C_C40_nf 20 12 

40 C_C40_nf 40 12 
 

Table 4-4. Experimental programme of unconfined compression tests on GDS triaxial cells (University of Naples 

Federico II). 

Soil c/s (%) nf (%) Identification 

Environmental 

load 

conditions  

Sample 

size (mm) 

N° of 

tests 

Speswhite 

Kaolin 
40 

0 K_C40 0 w-d 50% RH 

36x72 

6 

20 K_C40_nf 20 3 w-d 50% RH 6 

40 K_C40_nf 40 3 w-d 90% RH 6 

Caposele 

Soil 
40 

0 C_C40 0 w-d 50% RH 

36x72 

4 

20 C_C40_nf 20 
3 w-d 90% RH 

4 

40 C_C40_nf 40 4 
 

Table 4-5. Experimental programme of unconfined compression tests on 2/M – 10 kN MTS ReNew Systems 

(LEMTA). 

 

The triaxial tests were carried out in a Wille Geotechnik stress/path triaxial testing system, 

that used a servo-pneumatic loading system for automatic static and cyclic requested loading 

for different applications. An image of the apparatus is given in Figure 4-8. The maximum axial 

load is 10 kN, the maximum confining pressure is 2 MPa and for the sample size up to 150 mm. 

It is equipped with two internal sensors for measuring local deformations. A detailed illustration 

of circumferential and axial deformation measuring devices is given in Figure 4-9. The triaxial 

apparatus is also equipped with a single automatic pressure/volume controller (VPC), 

characterized by fully automatic closed-loop regulation of pressure by an internal high-pressure 

transducer.  

Consolidated drained triaxial tests were carried out at three different confining stresses equal 

to 50, 100, 150 kPa with a stress rate of 10 kPa/min, adopted for the consolidation phase. The 

strain rate for the shearing phase was set at 0.1 mm/min. The maximum strain is 20% (for the 

local axial deformation device is 10%). 
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Figure 4-8. Wille Geotechnik stress/path triaxial testing system, (LEMTA). 

 

Figure 4-9. Detailed illustration of circumferential and axial deformation measuring devices (Wille Geotechnik 

web site). 

 

The adopted experimental programme for triaxial tests performed on Wille Geotechnik 

stress/path triaxial testing system is showed in Table 4-6. 

 

In addition, triaxial tests were carried out in a TXJ, triaxial compression apparatus coming 

from Institute of Industrial Science of University of Tokyo, supplied by Laboratorio di 

Ingegneria Geotecnica (University of Naples, Federico II).  

During the experimental activities, the TXJ was modified by the introduction of a new 

system to measure the radial strain. In fact, it was not possible to saturate the specimens as it is 



  Chapter 4 

96 

 

usual to do during the execution of triaxial tests, due to the presence of the artificial porosity 

inside the specimens with no linked bubbles. To avoid this problem, an inner cell was 

introduced coaxial to the specimens and filled with water. When the level of water in the inner 

cell changes, it can be related to the deformation of the specimens. The differential pressure 

transducer was employed to measure the difference between the pressure in the inner cell and 

the one in the reference burette.  

To increase the resolution of the radial strain measurements, two different diameters 

characterized the inner cell: in the upper part the diameter was equal to 60 mm and in the lower 

part was equal to 90 mm. The part where the water was able to oscillate was equal to 86 mm. 

The total height of the inner cell was 245 mm.  

Moreover, the loading cap and the pedestal were modified. The former became longer 

(h=120 mm) and the latter lower than the original (h=55 mm). The inner cell and loading cap 

were realized in aluminium, to avoid water adsorption. The pedestal was done in stainless steel, 

with a gap along its entire circumference to be able to insert an O-ring to ensure the hydraulic 

seal. In addition, the inner cell was made up of two separate parts in order to make assembly 

easier; therefore, external metal ties were also inserted to have even more hydraulic seal.  

The average radial strain can be calculated as a function of the total water level variation in 

the inner cell ΔIr, as expressed in the following equation by (Aversa and Nicotera, 2002): 

 

 
𝜀𝑟 ≅  −

1

2
∙

𝐴𝑏 − 𝐴𝑠0

𝑉𝑠0
∙ ∆𝐼𝑟 

(4-9) 

 

where Ab is the cross sectional area of the inner cell of the triaxial apparatus in 

correspondence with the measuring segment (mm2), As0 is the initial sample cross section 

(mm2), Vs0 is the initial volume of the sample (mm3).  

 

Figure 4-10 presents  the images of the inner cell open and closed, during the assembly of a 

test.  
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Figure 4-10. Details of the inner cell system. On the left, open with specimen inside; on the right, closed. 

 

To calibrate the system a direct way was used by means of the introduction of a precise 

amounts of water into the inner cell with very precise pipette. That procedure had the aim to 

directly relate the variation of volume ΔV in equation 4-9 to the output values of the differential 

pressure transducer. To determine the calibration constant 26 readings were taken. In Figure 

4-11 it is reported the graph of the calibration of radial strain system.  

 

 

Figure 4-11. Calibration of radial strain measurements system. 
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Consolidated drained triaxial tests were carried out at three different confining stresses equal 

to 50, 100, 150 kPa with a stress rate of 10 kPa/min, adopted for the consolidation phase. The 

strain rate for the shearing phase was set at 6 mm/hr and the maximum strain was 20%.  

The adopted experimental programme for triaxial tests performed on TXJ apparatus is shown 

in Table 4-7. 

Soil c/s (%) nf (%) Identification 

Confining 

pressure 

(kPa) 

Environmental 

load 

conditions 

Sample 

size 

(mm) 

N° of 

tests 

Speswhite 

Kaolin 
40 

20 K_C40_nf20 50, 100, 

150 

3 w-d 50% RH 
50x100 

6 

40 K_C40_nf40 3 w-d 90% RH 6 

Caposele 

Soil 
40 

0 C_C40 50, 100, 

150 

3 w-d 90% RH 
50x100 

3 

20 C_C40_nf20 3 

 
Table 4-6. Experimental programme of triaxial tests on Wille Geotechnik stress/path triaxial testing system 

(LEMTA). 

 

Soil c/s (%) nf (%) Identification 

Confining 

pressure 

(kPa) 

Sample 

size (mm) 

N° of 

tests 

Speswhite 

Kaolin 
40 

0 K_C40 
50, 100, 

150 
50x100 

3 

20 K_C40_nf 20 3 

40 K_C40_nf 40 3 

Caposele 

Soil 
40 

0 C_C40 
50, 100, 

150  
50x100 

3 

20 C_C40_nf 20 3 

40 C_C40_nf 40 3 
 

Table 4-7. Experimental programme of triaxial tests on TXJ apparatus (University of Naples Federico II). 

 

Finally, torsional shear tests were executed on THOR cell (Torsional High Output Rig) 

provided in Laboratorio di Ingegneria Geotecnica – University of Naples Federico II (Figure 

4-12). The confinement chamber consists of an aluminium cylinder designed to withstand an 

operating pressure of 1.5 MPa; moreover, the cell has been equipped with interchangeable 

pedestals and loading caps to allow tests on specimens of 36, 70 and 100 mm diameter (H/D=2). 

The most innovative features of this apparatus are the electromagnetic motor and the 

amplification system. The former is characterized by eight coils and four magnets that make 

the motor capable of applying a maximum torque of 5 Nm. The number of coils per coil is 200 

and they are capable of withstanding a maximum load of 25 V. The torque application device 

is powered by a function generator. In addition, there is an amplifier whose task is to convert 
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the voltage signal, sent by the generator, into a high current with the same waveform, which is 

applied to the coils. It is capable of applying a maximum power of 480 W peak or 320 W 

continuous, on the load consisting of the 8 coils.  

The monitoring system involves the measurement of axial deformations through an LVDT, 

volumetric deformations with a volume gage, tangential accelerations with a piezoelectric 

accelerometer, rotations with two pairs of proximity transducers and a torsional load cell. 

Finally, the instrumental chain consists of programmable function generator, digital voltmeter, 

digital counter, digital oscilloscope. All these equipment are connected to the switching unit 

and a personal computer (Figure 4-13).  

 

 

 

Figure 4-12. THOR apparatus (University of Naples Federico II). 

Torsional shear tests were carried out at 100 kPa of confining pressure, frequency of 0.5 Hz 

and number of cycles equal to 10. The adopted experimental programme for torsional shear 

tests performed on THOR apparatus is showed in Table 4-8.  
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Figure 4-13. THOR equipment scheme (University of Naples Federico II). 

 

Soil c/s (%) nf (%) Identification 

Confining 

pressure 

(kPa) 

Sample 

size (mm) 

N° of 

tests 

Speswhite 

Kaolin 
40 

0 K_C40 

100 36x72 

1 

20 K_C40_nf 20 1 

40 K_C40_nf 40 1 
 

Table 4-8. Experimental programme of torsional shear tests on THOR apparatus  

(University of Naples Federico II).  

 

 

4.3.2. NON DESTRUCTIVE TESTS 

The experimental activities were carried out at Laboratorio di Caratterizzazione Lapidei 

(Stone Characterisation Laboratory) and at Laboratorio di Geofisica Applicata (Applied 

Geophysics Laboratory) - Department of Earth, Environmental and Resource Sciences 

(DiSTAR), University of Naples Federico II, respectively for the ultrasonic P-waves velocities 

and the electrical resistivity measurements.  

4.3.2.1. ULTRASONIC TESTS METHOD 

Ultrasonic P-wave velocities were recorded using a BOVIAR DSP UTD 1004 Ultrasonic 

device (BOVIAR srl, Naples, Italy), as shown in Figure 4-14. The ultrasonic equipment is 

capable of measuring the propagation time of compression waves (P-waves) in materials with 

great accuracy, whether for laboratory measurements on soil, concrete, rock, plastics, 

fibreglass, wood specimens or for on-site investigations. For the latter, the use of an 
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oscilloscope is necessary in order to avoid in cases of deteriorated materials, poor mechanical 

quality, and large thicknesses the loss of the signal due to automatic thresholds, set to the 

intensity level of the signal itself. 

The equipment consists of an acquisition control unit equipped with a two-line display, an 

alpha-numeric keypad, two connectors for connecting the probes and two connectors for the 

analogue output to allow connection to an oscilloscope (optional) for signal display. The signal 

is digitised by a bit converter controlled and oversampled by the DSP to achieve resolutions of 

0.05 μsec with accuracies of +/- 0.1 μsec. 

The instrument has an internal memory for storing the measurement ID and the time read. 

The probes have their own frequency of 55 kHz and are connected to the control unit via BNC 

cables. The management software allows automatic calibration of the instrument on the sample 

provided. The power is provided by four 2300 mAh Ni-Mh 1.2 rechargeable batteries. The 

transmitter power is adjustable in percentages to avoid signal saturation. The reference standard 

is UNI-EN 125.  

It is equipped with two probes, one of which acts as a P-wave emitter and the other as a 

receiver. The measurement consists of determining the time it takes for the wave to travel 

through the material under investigation over the distance between the two probes. 

 

Figure 4-14. The instrument and accessories supplied (BOVIAR Catalogue). 
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The P-waves velocity (VP) can be computed by the following equation: 

 
𝑉𝑃 =

𝐿

𝑡𝑃
 

(4-10) 

where L is the travel path length between the two probes and tP is the travel time of P-waves.  

This type of measurement is called direct transmission, in which the direction of propagation 

of the wave is orthogonal to the faces of the samples on which the probes are positioned, after 

applying a layer of Propylene Glycol Gel that favours wave transmission at the probe-sample 

interface and it neutralises the resistance that the air opposes to their propagation. 

In the following, it is reported a detailed images sequence of the steps to perform a P-waves 

velocity measure. Figure 4-15 represents the three stages of probes calibration: a) application 

of layer Propylene Glycol Gel on one of the probes; b) the distribution of Propylene Glycol Gel 

on the other one; c) automatic calibration of the instrument on the sample provided by applying 

a cubic sample to ensure the same pressure on both probes during the measurement phase; in 

d) the performance of P-waves velocity measurement on a sample, always by applying a cubic 

sample to ensure the same pressure on both probes during the measurement phase. 

 
 

   
 

Figure 4-15. Calibration of the probes (a,b,c) and measurements of P-waves velocity (d), (University of Naples 

Federico II).  

 

The P-waves velocity measurements were performed on SW Kaolin and Caposele Soil for 

both the three types of mix. The curing time was taken in account, since the measurements were 

a) 

 

b) c) d) 
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made at three, seven, fourteen and twenty-eight days of curing, as it is illustrated in the Table 

4-9. 

Soil c/s (%) nf (%) Identification 

Curing 

time 

(days) 

Sample size 

(mm) 

N° of 

tests 

Speswhite 

Kaolin 
40 

0 K_C40 
3, 7, 14, 

28 
36x72 

4 

20 K_C40_nf 20 4 

40 K_C40_nf 40 4 

Caposele 

Soil 
40 

0 C_C40 
3, 7, 14, 

28 
36x72 

4 

20 C_C40_nf 20 4 

40 C_C40_nf 40 4 
 

Table 4-9. Experimental programme of P-waves velocity measurements on Speswhite Kaolin and Caposele Soil. 
 

4.3.2.2. ELECTRICAL RESISTIVITY MEASUREMENTS 

Electrical resistivity measurements were carried out using a Syscal Pro georesistivity meter 

from IRIS Instruments, available at the Applied Geophysics Laboratory of the Department of 

Earth Sciences, Environment and Resources - University of Naples Federico II. The equipment 

consists of an all-in-one multi-electrode system for electrical resistivity and induced 

polarisation measurements. The Syscal Pro gathers a 10 channel receiver and a 250 W internal 

transmitter which make it the most powerful system of the Syscal range. It measures both 

resistivity and chargeability. With a maximal output voltage of 2000Vpp, the Syscal Pro is very 

adapted to detect deep fault in fractured aquifers or to characterize the depths and thickness of 

the groundwater aquifers. Moreover, for the internal transmitter the current range is between 0 

and 2500 mA; for the receiver the resolution/accuracy are: 1μV/0.2%. It is ideal for 

environmental and civil engineering applications such as monitoring pollution, detecting leaks 

and monitoring degradation in waste disposal, locating and imaging buried structures and also 

detecting and characterizing cavities, assessing landslide extension and volume, detecting and 

locating clayey layers for geotechnical application.  

To realise the measurement of electrical resistivity measurement, the georesistivity meter is 

powered by an external battery. Then, the experimental apparatus is completed by the sample 

sealed in the orange PVC mold and a balance to monitor its weight, as shown in Figure 4-16. 
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Figure 4-16. Instrumentation for performing electrical resistivity measurement: a) balance; b) battery; c) 

sample; d) georesistivity meter (University of Naples Federico II). 

 

Four electrodes arranged according to the Wenner array are embedded in the soil sample, 

which involves placing the electrodes in line and equidistant from each other. The two outer 

electrodes C1-C2 are current electrodes, the inner ones P1-P2 are potential electrodes, as depicted 

in the diagram in Figure 4-18.  

The instrumentation for performing the electrical resistivity measurement comprises two 

sections, as illustrated in Figure 4-18: the first one is named energising and it is necessary to 

feed current through electrodes C1-C2; the second one is named receiving and it serves to 

measure of the potential difference existing at the voltage electrodes P1-P2. The current intensity 

(I) circulating in the energising system is, by Ohm's law, dependent on the voltage (V) supplied 

by the georesistivity meter (fixed at 50V) and the resistance Rt of the circuit. The ammeter is 

connected in series with the energising circuit, and it measures the current intensity circulating 

in the system. On the other hand, the cables are of the flexible unipolar type with a low ohmic 

resistance, high insulation and high tensile strength. 

The current electrodes used are 10 cm long metal nails, inserted into the sample by 

penetrating the hermetically sealed plugs at the top and the base of the sample. On the other 

hand, the voltage electrodes are metal nails 5 cm long. The length of the sample is 20 cm. In 

Figure 4-17 an image of the samples for electrical resistivity measurements and one of the nails 

used as current electrode are shown. The measurement of the potential difference at the voltage 

a) 
b) 

c) 

d) 
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electrodes depends on the intensity of the current injected, the electrical characteristics of the 

medium and the distance between the electrodes. In addition, the contact resistance between the 

potential electrodes and the medium has a big relevance, since a high contact resistance results 

in a lower measured potential difference value than the actual one. 

  
 

  
Figure 4-17. On the left, SW kaolin cemented samples at increasing foam addition. On the right, 10 cm long nail 

used as a current electrode. 

 

For both types of treated soil (i.e., SW Kaolin and Caposele Soil), three samples were 

prepared, each of them at a different percentage of added foam (nf=0%, 20% and 40%). For 

each sample, three measurements were made, and the resistivity measurements were taken over 

a period of four months. The electrical resistivity measurements were acquired from 24 hours 

after sample preparation. The details of the experimental programme are reported in Table 4-10. 

Soil c/s (%) nf (%) Identification 

Curing 

time 

(months) 

Sample 

size (mm) 
Measurements 

SW 

Kaolin 
40 

0 K_C40 

3 98x200 3 per days 20 K_C40_nf 20 

40 K_C40_nf 40 

Caposele 

Soil 
40 

0 C_C40 

3 98x200 3 per days 20 C_C40_nf 20 

40 C_C40_nf 40 
 

Table 4-10. Experimental programme of electrical resistivity measurements on SW Kaolin and Caposele Soil. 
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Figure 4-18. Schematic diagram for resistivity measurement. 

 

4.3.3. WETTING AND DRYING CYCLES 

The experimental activities were carried out at Laboratoire Énergies & Mécanique 

Théorique et Appliquée (LEMTA), University of Lorraine in Nancy-France. They were divided 

into three distinct phases. In the first phase, an initial condition was imposed on all the 

specimens through a drying phase. In the second phase, the specimens were subjected to wetting 

and drying cycles. Finally, in the third and final phase, the mechanical tests (i.e., unconfined 

compression tests and triaxial tests) were performed. Moreover, suction measurements were 

executed at the end of the mechanical tests to determine the level of suction for the different 

climatic conditions applied to the samples. It was decided to carry out the suction measurements 

at the end of the mechanical tests because of the way they were carried out, using the above-

mentioned instrument.  

In fact, they are performed on part of the soil sample, due to the size of the cup that can be 

inserted into the instrument for measurement. In order to perform the mechanical test on the 

sample subject to the wetting-drying cycles, it was not possible to use a part of it to perform the 

suction measurements before the test was carried out. Nevertheless, the possibility of carrying 

out the suction measurements before performing the mechanical tests cannot be ruled out, by 

having a set of samples to be subjected to the same number of w-d cycles, but to be used 

exclusively for the suction measurements. 

 

ENERGISING 

SECTION 

RECEIVING 

SECTION 
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The initial phase of drying was carried out completely in the climatic chamber. The 

equipment used for performing the drying phase was the Weiss WKL 100/+10 climatic 

chamber, with a capacity of 100 litres, temperature range from +10°C to +180°C and relative 

humidity from 10% to 98%, allowing to simulate various climatic conditions with those 

temperature and humidity ranges. An image of the climatic chamber is shown in Figure 4-19. 

 

Figure 4-19. Weiss WKL 100/+10 climatic chamber, (LEMTA). 

 

The treated soil samples, after being extruded from their molds, were weighed and measured 

in terms of height and diameter. Then, they were placed in the climatic chamber and the 

parameters for the first drying phase were set: a temperature of 20°C and a relative humidity of 

50%. The duration of the initial drying was five days: at the end of that phase the samples were 

weighed again to quantify the loss in weight in terms of water.  

The second phase consisted of the execution of wetting-drying cycles. In detail, the wetting-

drying cycles were carried out according to two steps. The first one concerned the wetting 

phase, which was carried out by completely immersing the samples in tap water at a temperature 

of 20°C for a duration of two days. The second one was the drying phase, which was done in 

the climatic chamber for a duration of five days, by setting the relative humidity and 

temperature parameters, as shown in Table 4-11. The duration of a complete cycle was one 

week.  
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In particular, two different types of wetting-drying cycles were performed. The first one was 

characterized by the wetting phase, as previously described, and the drying phase with relative 

humidity parameter equal to 50% and temperature at 20°C; the number of cycles was three. The 

second one was equal to the former in terms of wetting phase, temperature value and number 

of cycles, but it had a relative humidity of 90%. 

 
Temperature 

(°C) 

RH  

(%) 

Duration 

(days) 
Modality 

Wetting 20 - 2 
Water 

immersion 

Drying 20 
50 

90 
5 

Climatic 

chamber 

 

Table 4-11. Wetting-drying cycles parameters. 

 

It was decided to carry out the w-d cycles by fixing their number and temperature value, 

varying the relative humidity parameter between a minimum and a maximum value of 50% and 

90%, in order to simulate two different environmental loading conditions. 

This made it possible to assess the effect of the application of w-d cycles on the one hand, 

and the effect of the measured suction value on the mechanical response of the treated material 

on the other. 

The choice of a relative humidity value of 50%, for the first type of w-d cycles, made it 

possible to compare the results obtained on the tested samples subjected only to the initial 

condition with the same relative humidity (i.e., 0 w-d_50% RH). 

The second type of w-d cycles allowed comparison with the samples subjected to the first 

type of w-d cycles but varying the relative humidity from 50% to 90%. 

With regard to the duration in days of the wetting and drying steps, these were set according 

to the time it takes for the material to reach an equilibrium condition. 
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In addition, the water retention curves for LWCS developed by Vitale et al., (2020) were 

used to verify in which suction range there is a significant change in water content. 

4.3.4. SUCTION MEASUREMENTS 

The suction measurements were executed by the means of the WP4C Dewpoint 

PotentiaMeter, as shown in Figure 4-20. This instrument uses the chilled-mirror dewpoint 

technique to measure the water potential of a sample.  

In this type of instrument, the sample is equilibrated with the headspace of a sealed chamber 

that contains a mirror and a means of detecting condensation on the mirror. At equilibrium, the 

water potential of the air in the chamber is the same as water potential of the sample. In the 

WP4C, the mirror temperature is precisely controlled by a thermoelectric (Peltier) cooler. 

Detection of the exact point at which condensation first appears on the mirror is observed with 

a photoelectric cell. A beam of light is directed onto the mirror and reflected into a 

photodetector. The photodetector senses the change in reflectance when condensation occurs 

on the mirror. A thermocouple attached to the mirror then records the temperature at which 

condensation occurs. Values begin to be displayed indicating that initial measurements are 

being taken. WP4C then signals by flashing a green LED and/or beeping when final values are 

reached. The final water potential and temperature of the sample is displayed. 

 

Figure 4-20. Front and back view of WP4C (WP4C Dewpoint PotentiaMeter, Operator’s Manual Version 1 

2010). 

 In addition to the technique described above, WP4C uses an internal fan that circulates the 

air within the samples chamber to reduce time to equilibrium. Since both dewpoint and sample 
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surface temperatures are simultaneously measured, the need for complete thermal equilibrium 

is eliminated. 

The WP4C controls the sample temperature by means of an internal thermo-electrical 

module that monitors and stabilizes the sample block temperature according to how it is set.  

Large temperature differences, between sample and block will cause longer reading times, 

since a complete and accurate reading will not be made until the difference between the sample 

temperature and the block temperature is less than 1.0 degree. Before starting a reading, it is 

important to have cool sample to a temperature slightly below chamber temperature. Owing to 

this fact, sample is cooled to a set point temperature of 19 °C by using a temperature equilibrium 

plate instrument. 

Stainless-steel cups are used to prepare the samples for suction measurements. In addition, 

it is possible to oven dry soil samples directly in the stainless-steel cups to determine water 

content gravimetrically.  

The water potential of a solid or liquid sample can be found by relating the sample water 

potential reading to the vapor pressure of air in equilibrium with the sample. The relationship 

between the sample’s water potential (Ψ) and the vapor pressure of air is in the following 

equation: 

 
𝛹 =

𝑅𝑇

𝑀
⋅ 𝑙𝑛

𝑝

𝑝0
 

(4-11) 

where p is the vapor pressure of the air, p0 is the saturation vapor pressure at sample 

temperature, R is the gas constant (8.31 J/mol K), T is the Kelvin temperature of the sample, 

and M is the molecular mass of water. The vapor pressure of the air can be measured using a 

chilled mirror, and p0 is computed from sample temperature. 

The WP4C measures water potential by equilibrating the liquid phase water of the samples 

with the vapor phase water in the headspace of a closed chamber, then measuring the vapor 
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pressure of that headspace. In the WP4C, a sample is placed in a sample cup, which is sealed 

against a sensor block. Inside the sensor block is a fan, a dew point sensor, and an infrared 

thermometer. The dew point sensor measures the sample temperature. The purpose of the fan 

is to speed equilibrium and to control the boundary layer conductance of the dew point sensor.  

From these measurements, the vapor pressure of the air in the headspace is computed as the 

saturation vapor pressure at the dewpoint temperature. When the water potential of the sample 

and the headspace air are in equilibrium, the measurement of the headspace vapor pressure and 

samples temperature (from which saturation vapor pressure is calculated) gives the water 

potential of the sample.  

In addition to equilibrium between the liquid phase water in the sample and vapor phase, the 

internal equilibrium of the sample itself is important. If the sample is not at internal equilibrium, 

one might measure a steady vapor (over the period of measurement) which is not the true water 

potential of the sample.  

The reading modality used in the suction measurements is the precise mode. In this mode, 

measurements on a sample are repeated until successive readings agree within a pre-set 

tolerance (0.03 MPa for Ψ>-40 MPa; otherwise, 0.3 MPa). The reading time is typically 10-15 

minutes.  

At the end of each mechanical tests, for the three climatic conditions (i.e., drying at 50% of 

relative humidity, three wetting-drying cycles at 50% of relative humidity and three wetting-

drying cycles at 90% of relative humidity) suction measurements were carried out. 
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5.  PHYSICAL AND MECHANICAL PROPERTIES OF LIGHTWEIGHT CEMENTED 

SOILS 

5.1. DESCRIPTION OF THE EXPERIMENTATION PERFORMED 

It was stated in the first chapter that this research work is characterized by a first part in 

which it is proposed a further insight into the chemo-physical and mechanical characterization 

of the LWCS. In particular, traditional mechanical tests (i.e., unconfined compression tests and 

torsional shear tests) and the adoption of non-destructive testing methods (i.e., ultrasonic tests 

and electrical resistivity measurements) made possible to find some correlation relationships in 

order to assess the properties of the LWCS and to estimate geotechnical parameters, starting 

from measured quantities. Moreover, these techniques offer the possibility of a quick and non-

invasive quality control of the treatment (LWCS method) executed on the soil.  

Mechanical and non-destructive tests were executed on lightweight cemented soils and 

cemented soils (i.e., without the addition of foam) specimens at different curing times, in order 

to have a more detailed view of the physical characterization and mechanical behaviour,  

following the works of De Sarno et al., (2019) and Vitale et al., (2020).  A description of the 

tests and the devices is given in Chapter 4 (sections 4.3.1., 4.3.2.1. and 4.3.2.2). Mechanical 

tests were carried out at Laboratorio di Ingegneria Geotecnica (Geotechnical Engineering 

Laboratory) – Department of Civil, Building and Environmental Engineering (DICEA), 

University of Naples Federico II. The ultrasonic tests and the electrical resistivity measurements 

were performed at Stone Characterisation Laboratory and Applied Geophysics Laboratory - 

Department of Earth, Environmental and Resource Sciences (DiSTAR), University of Naples 

Federico II.  

In what follows, the experimental programme completed is briefly described, while the next 

sections detail the most significant results obtained for each type of test performed. The 

interpretation of the results is deferred to the final section of this chapter (section 5.6.). 
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The experimental investigation was organised as follows: 

• Unconfined compression tests: they were carried out on both SW Kaolin and Caposele 

Soil specimens (sections 5.2.1. and 5.4.1.), without foam and at the two different percentages 

set (i.e., nf 20% and 40%, respectively). They made possible to investigate the effects of the 

curing time (i.e., 3, 7, 14 and 28 days) and the addition of foam on the unconfined compression 

strength and stiffness. Table 4-4 (section 4.3.1.) gave an overview of unconfined compression 

test. For SW Kaolin and Caposele Soil, the characteristics of the samples used in terms of the 

treatment parameters, the identification of the samples, their dimensions, together with the 

curing time and the number of tests performed for each type of mixture tested were given.  

• Torsional shear tests: they were conducted on SW Kaolin specimens (section 5.2.2.), 

for all of the three mixtures (i.e., nf 20%, 40% and without the addition of foam). Table 4-8 

(section 4.3.1) showed the adopted experimental programme about the performed tests. The 

confining pressure was set at 100 kPa. The tests revealed the evolution of shear modulus G, 

varying the percentage of foam added to the cemented soil. Moreover, it was possible to 

examine the effects of foam addition on the linearity threshold in transition from cemented soil 

to lightweight cemented one (i.e., from K_C40 to K_C40_nf40). 

• P-waves velocity measurements: they were executed on SW Kaolin and Caposele soil 

cemented and lightweight cemented specimens (sections 5.3.1. and 5.5.1.). The tests performed 

at increasing curing time (i.e., 3, 7, 14 and 28 days) put in evidence the development of cement 

hydration reactions and P-waves velocity values, as function of artificial porosity, highlighted 

the good treatment performance. Relationships between unconfined compressive strength with 

P-waves velocity were found, for both the types of soil. Table 4-9 (section 4.3.2.1) reported the 

experimental programme followed for P-waves velocity measurements. 

• Electrical resistivity measurements: they were performed on SW Kaolin and Caposele 

Soil specimens, during a period of three months of acquisition (sections 5.3.2. and 5.5.2.). In 

both cases, it was possible to see the effect of artificial porosity on the electrical resistivity 
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measurements. Together to P-waves velocity measurements, also this kind of non-destructive 

tests allowed to assess the properties and the successful treatment of LWCS, due to the effects 

of the addition of foam and the development of cement hydration reactions on the electrical 

resistivity trends. Finally, a correlation was found between the unconfined compressive strength 

and electrical resistivity values. The experimental programme for electrical resistivity 

measurements was reported in Table 4-10 (section 4.3.2.2.). 

 

 

5.2.  SPESWHITE KAOLIN – MECHANICAL TESTS 

5.2.1. UNCONFINED COMPRESSION TESTS 

In this section, results of unconfined compression tests are reported. These tests were carried 

out on cemented SW Kaolin specimens and lightweight cemented SW Kaolin specimens (i.e., 

nf=20%, 40%).  

In Figures 5-1, 5-2 and 5-3 results of the tests performed at increasing curing time are 

presented for cemented SW Kaolin specimens (i.e., K_C40) and lightweight cemented SW 

Kaolin specimens (i.e., K_C40_nf20, K_C40_nf40). Tests were conducted at different curing 

times: 3, 7, 14 and 28 days, comparing the condition of only cemented specimens and the one 

with the addition of foam, at increasing percentage. 
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Figure 5-1. Unconfined compression test results on cemented SW Kaolin at increasing curing time. 

 

Figure 5-2. Unconfined compression test results on lightweight cemented SW Kaolin with 20% of foam, at 

increasing curing time. 

 

Figure 5-3. Unconfined compression test results on lightweight cemented SW Kaolin with 40% of foam, at 

increasing curing time. 

It has been found that the overall behaviour for the three tested mixtures (i.e., K_C40, 

K_C40_nf20 and K_C40_nf40) is characterized by an increase in strength and stiffness with 
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increasing curing time. Moreover, it is possible to note that cemented SW Kaolin has a higher 

strength than the lightweight cemented SW Kaolin, due to the addition of foam.  

Considering the stress-strain curves in Figure 5-1 for the cemented SW Kaolin, at increasing 

curing time the peak strength is achieved at lower deformations. On the contrary, in Figure 5-3 

the stress-strain curve for K_C40_nf40 at 28 days of curing time reaches its peak strength at 

higher deformations than the other curves at lower curing time.  

However, the general behaviour shown by the three mixtures during the tests is distinguished 

by the achievement of the peak strength for cemented SW kaolin in a range of deformations 

higher than the one for lightweight cemented SW kaolin, at increasing percentage of artificial 

porosity.  

In Figure 5-4 the evolution of the unconfined compressive strength is summarized for the 

three mixtures tested. It is interesting to see that K_C40 and K_C40_nf20 have the same 

increasing rate for the UCS from three to fourteen day of curing time; in transition from fourteen 

to twenty eight days the UCS increasing rate for K_C40 is higher than that one for K_C40_nf20. 

On the other hand, K_C40_nf40 shows an increment in UCS from three to seven days at a rate 

higher than that from seven to fourteen days and then increasing again in the transition from 

fourteen to twenty eight days. 

 

Figure 5-4. Unconfined compressive strength values as function of curing time for K_C40, K_C40_nf20 and 

K_C40_nf40.  



  Chapter 5 

118 

 

5.2.2. TORSIONAL SHEAR TESTS 

In this section, torsional shear test results on cemented SW kaolin and on lightweight 

cemented SW kaolin are reported. Torsional shear tests were carried out at a confining pressure 

equal to 100 kPa.  

In Figure 5-5 shear modulus-shear strain curves of cemented SW Kaolin and of lightweight 

cemented SW Kaolin are represented. It is possible to note a decrease in the stiffness of the 

tested materials in the transition from the cemented soil (i.e., K_C40) to the lightweight 

cemented soil (i.e., K_C40_nf20, K_C40_nf40).  

 

Figure 5-5. Shear modulus - shear strain curves of K_C40, K_C40_nf20, K_C40_nf40, at 100 kPa of confining 

pressure. 

It is interesting to note that the shear moduli G measured from the three tests decrease with 

increase in shear strain. The rate of decrease is much more pronounced for the cemented SW 

kaolin mixture (i.e., K_C40) than for the lightweight cemented SW kaolin mixtures (i.e., 

K_C40_nf20, K_C40_nf40). The maximum values of shear modulus occur at very small shear-

strain amplitude, around γ = 0.001%. Moreover, an overlap of the shear modulus-shear strain 

curves is observed for the three tested mixtures at around 0.07% of shear strain. 
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For the analytical representation of the results the Ramberg-Osgood model was adopted, due 

to the adherence found with the experimental results. It allows the shear strain to be expressed 

as a function of the normalised modulus according to the following expression: 

 𝛾 = (
1 −

𝐺
𝐺0

𝐶 (
𝐺
𝐺0

)
𝑅)

1
𝑅−1

 

(5-1) 

C and R have no physical meaning but identify the position and slope of the decay curve in 

the plane (G/G0, γ).  

In Figures 5-6 and 5-7, G/G0 decay curves and damping ratio-strain curves are reported of 

K_C40, K_C40_nf20 and K_C40_nf40, respectively. In both cases, cemented SW kaolin (i.e., 

K_C40) and lightweight cemented SW kaolin (i.e., K_C40_nf20, K_C40_nf40), the damping 

ratio increases with increasing the shear strain. 

Starting from the representation of the shear stiffness modulus attenuation curves in 

normalised form (Figure 5-6), two levels of deformation corresponding to two progressive 

levels of shear modulus decay were analysed.  

A first significant level of deformation is the one that identifies the beginning of non-

linearity γl. Among the various quantitative methods proposed in the literature for the 

determination of the non-linearity threshold, the definition suggested by Silvestri (1991) was 

chosen. He refers to a conventional value of the percentage decrease of G/G0 (i.e., 5%), which 

allows for a reliable comparison with other results in the literature and, on the other hand, by 

locating the threshold at a 5% decay, does not overestimate the non-linearity and, at the same 

time, allows for a clear appreciation of the attenuation of the curve.  

In order to analyse the evolution of non-linearity in more detail as the level of deformation 

increases, it is useful to refer to a second deformability parameter, representative of the change 

in modulus as the shear phase progresses from minimum deformations towards failure. In this 
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experimental study, it was chosen to refer to a second level of deformation at a modulus decay 

of 50%. The reference deformation γr was determined and it can be considered significative for 

the ductility of the material. Then, the ratio γr/γl was evaluated in order to have a direct measure 

of the slope of the attenuation curve. 

A concise way of analysing the curvature of the function G/G0(γ) is the Ramberg-Osgood 

parameter R. d'Onofrio et al. (1995) proposed to express R as a function of the ratio γr/γl:  

 

𝑅 =
1 + 𝑙𝑜𝑔

𝛾𝑟

𝛾𝑙

𝑙𝑜𝑔
𝛾𝑟

𝛾𝑙
− 𝑙𝑜𝑔

0.95
0.5

 

(5-2) 

In Table 5-1 the values of initial stiffness (G0), linearity threshold (γl) and reference 

deformation (γr) for the three tested mixtures are reported. Moreover, the ratio γr/γl and R of 

Ramber-Osgood are presented.  

Mixtures G0 (MPa) γl (%) γr (%) γr/γl  R 

K_C40 141.2 0.0063 0.1604 25.54 2.13 

K_C40_nf20 112.8 0.0091 0.1663 18.22 2.30 

K_C40_nf40 55.5 0.0154 0.1587 10.27 2.74 

 

Table 5-1. G0, γl, γr, γr/γl and R values for K_C40, K_C40_nf20 and K_C40_nf40. 
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Figure 5-6. Normalised shear modulus curves of K_C40, K_C40_nf20 and K_C40_nf40 at 100 kPa of confining 

pressure. 

 

Figure 5-7. Damping ratio- strain curves of K_C40, K_C40_nf20 and K_C40_nf40 at 100 kPa of confining 

pressure. 

 

From the values reported in Table 5-1 it is possible to observe a decrease in the initial 

stiffness (G0) in the passage from K_C40 to K_C40_nf40. It is more evident when the 

percentage of foam added to the soil-cement-foam goes from nf = 20% to nf =40%. On the 

contrary, the linearity threshold (γl) exhibits an opposite trend, in fact it tends to increase at 

increasing artificial porosity percentage. The ratio γr/γl seems to decrease in the transition from 

a cemented soil to a lightweight cemented soil, while the trend of R parameter is perfectly 

mirror-image of that obtained for the ratio γr/γl, as it can be seen in Figure 5-8. 
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Figure 5-8. Variation of γr/γl ratio and Ramberg-Osgood parameter R as a function of artificial porosity nf. 

 

5.3.  SPESWHITE KAOLIN – NON DESTRUCTIVE TESTS 

5.3.1. COMPRESSION P-WAVES VELOCITY 

The trend in P-wave velocity measurements, as the curing time varies and for the different 

mixtures tested, is shown in Figure 5-9. It can be seen that the measured velocities increase in 

the transition from 3 to 7 days of curing for all three mixtures considered. Then as time 

progresses, after 14, 21 and 28 days of curing, the P-wave velocities decrease in the case of the 

mixture prepared without foam (i.e., K_C40).  

The measured velocities continue to increase, even if to a lesser extent than between 3 and 

7 days, and tend towards a value which, for longer curing times, is likely to remain unchanged 

in the case of the two mixtures prepared with foam. The measured P-wave velocities highlight 

the different nature of the materials tested, in the absence and presence of foam, according to 

the different values shown in Figure 5-9. 
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Figure 5-9. P-waves velocity as function of curing time for K_C40,K_C40_nf20, K_C40_nf40. 

 

P-wave velocity values are greater for the cemented soil specimens than those found for the 

lightweight cemented soil specimens, which is more evident when a greater the amount of foam 

added. Table 5-2 summarizes the P-wave velocity values as a function of the density of the 

specimens at different curing times. The velocity of the compression waves is higher in a denser 

medium, while it decreases in a medium with lower density and increasing artificial porosity . 

t (days) nf (%) 
VP 

(m/s) 

ρ 

(kg/m3) 

3 

0 1338.6 1372.6 

20 655.0 1109.5 

40 599.7 1025.7 

7 

0 1417.7 1372.6 

20 807.8 1109.5 

40 725.0 1025.7 

14 

0 1389.5 1354.6 

20 850.7 1089.2 

40 801.2 1009.7 

28 

0 1108.4 1332.3 

20 859.2 1069.1 

40 825.3 987.0 
 

Table 5-2. P-waves velocity values as function of density at increasing curing time. 
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Figure 5-10  plots the P-waves velocity values versus the artificial porosity present in the 

system. It is possible to observe the decrease in the velocity of compression waves as the 

percentage of foam added in the specimens increases. There is a good match between the trend 

of P-waves velocity in Figure 5-10 and the values reported in Table 5-2. In fact, the addition of 

foam has the aim to lightweight the material with a decrease in its density; as a consequence, it 

can be seen a decrease in P-waves velocity.  

 

Figure 5-10. P-waves velocity as function of artificial porosity nf. 

 

However, the ultrasonic velocity tests do not have the chance to acquire information on the 

strength of the specimens, on which the measurements are carried out. For this reason, it is 

important to establish a relationship between the P-waves velocity value and the compressive 

strength, as a results of destructive tests (Hasanzadeh and Shooshpasha, 2019).  

As shown in Figure 5-11, the graph suggests that there is a correlation between the 

compressive strength and the velocity of P-waves.  Unconfined compressive strength (UCS) 

values increase with an increase in the P-waves velocity (VP). The relationship between UCS 

and VP is exponential and its shape is as the following equation: 

 𝑈𝐶𝑆 = 𝐴𝑒(𝐵𝑉) (5-3) 
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where UCS is the unconfined compressive strength, A and B are two empirical constants 

and V stands for the P-waves velocity. In these experimental results, the exponential 

relationship is as follows in equation 5-4: 

 𝑈𝐶𝑆 = 6.5448𝑒0.003𝑉𝑃 (5-4) 

where A is equal to 6.5448 and B to 0.003.  

 

Figure 5-11. Relationship between the P-waves velocity and compressive strength for K_C40, K_C40_nf20, 

K_C40_nf40. 

 

Moreover, another important feature of non-destructive tests is the possibility to determine 

average and not punctual values of geotechnical parameters of geomaterials (Lai et al., 2000). 

Geophysical surveys carried out during geotechnical campaigns are means to have direct 

information about geotechnical parameters and soil properties (Adewoyin et al., 2017).  
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5.3.2. ELECTRICAL RESISTIVITY MEASUREMENTS 

The trends in electrical resistivity measurements, varying the acquisition time and as a 

function of the mixtures assessed, are reported in Figure 5-12. It can be seen that the resistivity 

values increase in the transition from a cemented soil (i.e., K_C40) to a lightweight cemented 

soil (K_C40_nf20, K_C40_nf40), the more clearly the higher the percentage of foam added to 

the system. 

As shown in the graphs in Figure 5-12, the electrical resistivity curves present a minimum 

point in the first hours of acquisition to gradually increase as time passes. In the graph SW 

kaolin exhibits trends characterised by a first linear section up to 6 days of acquisition time, 

then moving to a second section also linear but with a lower slope up to 33 days and then settling 

on a constant trend, barring some fluctuations. 

 
Figure 5-12. Electrical resistivity measurements as function of acquisition time for K_C40, K_C40_nf20 and 

K_C40_nf40. 

 

It is interesting to correlate the results of unconfined compression tests to the electrical 

resistivity showed in Figures 5-1, 5-2, 5-3 and 5-12. For a visual representation of the 

relationship between UCS and ρ, it is possible to refer to Figure 5-13. It can be observed that, 

given the curing time of the tested mixture, as the artificial porosity increases in terms of 

percentage of foam added, there is an increase in the electrical resistivity values and in contrast 

a decrease in the unconfined compressive strength values. 
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Figure 5-13. Unconfined compressive strength and electrical resistivity measurements correlation for K_C40, 

K_C40_nf20 and K_C40_nf40. 

 

5.4.  CAPOSELE SOIL-MECHANICAL TESTS 

5.4.1. UNCONFINED COMPRESSION TESTS 

In this section, results of unconfined compression tests are reported, as shown for SW 

Kaolin. These tests were conducted on cemented Caposele soil specimens and lightweight 

cemented Caposele soil specimens (i.e., nf=20%, 40%).  

In Figures 5-14, 5-15 and 5-16 results of tests performed at increasing curing time are 

presented for cemented Caposele soil specimens without foam (i.e., K_C40) and with the 

addition of foam (i.e., K_C40_nf20, K_C40_nf40). Tests were conducted at different curing 

times: 3, 7, 14 and 28 days, comparing the condition of only cemented specimens and that one 

of lightweight cemented specimens, at increasing percentage of foam (i.e., 20% and 40%). 
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Figure 5-14. Unconfined compression test results on cemented Caposele soil at increasing curing time. 

 

Figure 5-15. Unconfined compression test results on lightweight cemented Caposele soil with 20% of foam at 

increasing curing time.  

 

 

Figure 5-16. Unconfined compression test results on lightweight cemented Caposele soil with 40% of foam, at 

increasing curing time. 

 

The three tested mixtures (i.e., C_C40, C_C40_nf20 and C_C40_nf40) show a general 

behaviour characterized by an increase in strength and stiffness at increasing curing time. It is 

possible to note that cemented Caposele soil has a higher strength than the lightweight cemented 

Caposele soil, owing to the addition of foam.  
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In Figure 5-17 the evolution of the unconfined compressive strength is summarized for the 

three mixtures assessed. Cemented Caposele soil shows an always increasing rate of UCS and 

it is higher than the ones exhibited by the two mixtures with 20 and 40% of added foam in the 

system.  

It is interesting to see that C_C40 in the transition from three to seven and from fourteen to 

twenty eight days has the same increasing rate of UCS; on the contrary, it is lower from seven 

to fourteen days. With regard to C_C40_nf20, in the first seven days of curing the mixtures 

shows a rate of increase in UCS higher than what it is possible to see in the following days, 

where the rate is lower. Finally, for C_C40_nf40 the UCS increasing rate is even lower than 

C_C40_nf20, seeming from 14 to 28 days almost constant trend.  

 

Figure 5-17. Unconfined compressive strength as function of curing time for C_C40, C_C40_nf20 and 

C_C40_nf40. 

 

5.5.  CAPOSELE SOIL – NON-DESTRUCTIVE TESTS  

5.5.1. COMPRESSION P-WAVES VELOCITY 

The trend in P-wave velocity measurements, as the curing time varies and for the different 

mixtures assessed, is shown in the graph in Figure 5-18. It can be seen that the measured 

velocities increase in the transition from 3 to 7 days of curing for all three mixtures considered, 

even if at a decreasing rate in the transition from cemented Caposele soil to the mixtures at 
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increasing percentage of added foam. After 7 days and until 28 days of curing time, P-waves 

velocity values tends to increase but at a lower rate than before. This expressed behaviour is 

almost similar for the three tested mixture.  

Nevertheless, it is quite different from the K_C40, K_C40_nf20 and K_C40_nf40 trends 

shown in Figure 5-9. In fact, after 7 days of curing time in Caposele soil case, the P-waves 

velocity values tend to increase; whereas for K_C40, the velocity values tend to a progressive 

decrement and for K_C40_nf20 and K_C40_nf 40 to reach a constant value.  

 The measured P-wave velocities highlight the different nature of the materials tested, in the 

absence and presence of foam, according to the different values shown in Figure 5-18, also in 

the case of Caposele soil.  

 

Figure 5-18. P-waves velocity as function of curing time for C_C40, C_C40_nf20 and C_C40_nf40. 

 

P-wave velocity values confirm what was observed in the case of SW Kaolin. In fact, the 

greater the amount of foam added to cemented soil the lower the P-waves velocity values 

measured. Table 5-3 reports the P-wave velocity values as a function of the density of the 

specimens at different curing times. The velocity of the compression waves is higher in a denser 

medium, while it decreases in a medium with lower density and increasing artificial porosity . 
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t (days) nf (%) 
VP 

(m/s) 

ρ 

(kg/m3) 

3 

0 765.83 1433.92 

20 557.09 1315.62 

40 303.03 1112.68 

7 

0 1088.75 1434.46 

20 650.26 1318.99 

40 364.71 982.79 

14 

0 1016.36 1435.78 

20 567.46 1321.57 

40 426.28 984.02 

28 

0 1190.50 1423.76 

20 748.62 1308.77 

40 508.93 958.21 
 

Table 5-3. P-waves velocity as function of density for C_C40, C_C40_nf20 and C_C40_nf40. 

 

Another way to visualize the dependency of P-waves velocity to the density of specimens is 

to put in relation the compression P-waves velocity to the parameter nf, which express the 

percentage of foam added to the soil and hence the artificial porosity introduced to the system, 

as it can be seen in Figure 5-19. Values reported in Table 5-3 are in good agreement with the 

trend of P-waves velocity in Figure 5-19. In fact, the addition of foam lighted the cemented soil 

with a decrease in its density; as a consequence, it can be seen a decrease in P-waves velocity. 

 

Figure 5-19. P-waves velocity as function of artificial porosity nf. 
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Also for Caposele soil, it is established a relationship between the P-waves velocity value 

and the compressive strength, as results of destructive and non-destructive tests. 

In Figure 5-20, the diagram suggests that there is a correlation between the compressive 

strength and the velocity of P-waves. Unconfined compressive strength (UCS) values increase 

with an increase in the P-waves velocity (VP). The relationship between UCS and VP is 

exponential and its equation is as follow: 

 𝑈𝐶𝑆 = 3.6999𝑒0.0038𝑉𝑃 (5-5) 

where the two empirical constants are A equal to 3.6999 and B to 0.0038. Compared to the 

results obtained for SW Kaolin mixtures, it seems that for Caposele soil mixtures there is lower 

data scattering in the correlation between UCS and VP. In fact, the coefficient of determination 

R2 in case of SW Kaolin is equal to 0.3637, whereas for Caposele soil is 0.9337. 

 

Figure 5-20. Relationship between compressive strength and P-waves velocity values for C_C40, C_C40_nf20 

and C_C40_nf40. 
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5.5.2. ELECTRICAL RESISTIVITY MEASUREMENTS 

Electrical resistivity measurements were also performed on Caposele soil mixtures (i.e., 

C_C40, C_C40_nf20 and C_C40_nf40). Trends of resistivity values during the period of 

acquisition are shown in Figure 5-21.  

 

 

Figure 5-21. Electrical resistivity measurements as function of the acquisition time for C_C40, C_C40_nf20 and 

C_C40_nf40.  

 

It is possible to note an initial linear but less steeply sloping section compared to the SW 

Kaolin up to 45 days, and then a significant increase in electrical resistivity values.  

The results of Caposele soil are in agreement with those of SW Kaolin. From the results the 

effect of foam addition in the system soil-cement-water is clear: the higher the percentage of 

foam, the higher the electrical resistivity values.  

Moreover, in Figure 5-22 there is a comparison between the values of electrical resistivity 

and uniaxial compressive strength, varying the curing time and the artificial porosity introduced 

in the soil-cement-water system. It is possible to observe how, given the curing time of the 

tested mixture, as the artificial porosity increases in terms of percentage of added foam, there 

is an increase in the electrical resistivity values and, on the other hand, a decrease in the 

unconfined compressive strength values. It is in agreement with SW Kaolin UCS-ρ correlation 

showed in Figure 5-13.  
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For C_C40_nf40 mixture the electrical resistivity measurements ends at 18 days of 

acquisition due to an electrical problem in electrodes-soil coupling.  

 

Figure 5-22. Unconfined compressive strength and electrical resistivity measurements correlation for C_C40 

and C_C40_nf20. 

 

5.6.  DISCUSSIONS 

The effects of curing time and addition of foam on SW Kaolin and Caposele soil were 

investigated by means of mechanical tests and non-destructive tests.  

In particular, unconfined compression tests made possible to investigate the unconfined 

compressive strength for each type of mixture, without the addition of foam and with it. At 

increasing curing time, for both SW Kaolin and Caposele Soil mixtures, it is observed that the 

unconfined compressive strength increased. It is due to the development of cement hydration 

reactions and consequently to the formation of hydration products that contribute to the increase 

in strength and stiffness of the materials. 

Comparing only cemented soils with lightweight cemented soils it is possible to see a general 

reduction in strength and stiffness of the materials. This is owing to the fact that when foam is 

added to the soil-water-cement system it has an effect on the physical condition of the 

lightweight materials, which is identify by higher void ratios. The results concur with the studies 

of De Sarno et al., (2019) and Vitale et al., (2020), which have shown that foam has not 
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influence on the kinetic of hydration reactions and the following development of cementation 

products.  

Moreover, the results of unconfined compressive strength for Caposele soil mixtures for the 

same curing time and treatment parameters (i.e., percentage of foam). Also in this case, the 

findings are consistent with De Sarno (2019), who observed a decrease in strength for both 

cemented and lightweight cemented Caposele soil specimens in direct shear tests. 

 

From the results of torsional shear tests on SW Kaolin, it is possible to see the evolution of 

shear modulus G curves with increase in the shear strain amplitude (Figure 5-5). The 

progressive reduction of stiffness with the increase of shear strain level is linked to soil 

composition, nature and diffusion of interparticle bonds. Shear modulus G decreases at 

diminution of chemo-physical bonds and number of particles contacts.  

Due to the presence of cementation bonds, the attenuation in the curve G/G0-γ is not slow 

and gradual, but it is possible to see a change in slope after the linearity threshold (γl) has been 

exceeded. This type of behaviour becomes less and less visible for lightweight cemented soils 

(i.e. K_C40_nf20 and K_C40_nf40) as the percentage of foam added increases. In particular, 

the linearity threshold increases in the transition from K_C40 to K_C40_nf40 (Table 5-1).  

To analyse the curvature of function G/G0(γ), two different parameters were introduced. In 

particular, R coefficient of Ramberg-Osgood model and γr/γl ratio. R values and γr/γl were put 

in relation to the artificial porosity nf in Figure 5-8. γr/γl ratio is also a direct measure of the 

slope of the attenuation curve. The increase in nf results in an increase in the linearity threshold, 

with a consequent decrease in γr/γl ratio but, on the other hand, there is an increment in R 

coefficient (it is expressible as a decreasing function of the ratio γr/γl in equation 5-2).  

The trend of R is a perfect mirror-image of γr/γl. These findings are in good agreement with 

other studies (d’Onofrio et al., 1995; d’Onofrio, 1996).   

However, it is possible to observe an overlap of the G-γ curves (Figure 5-5) beyond a shear 

strain γ = 0.1%. It seems that, independent on the type of mixtures after a determined shear 

strain level, cemented and lightweight cemented soils have the same G modulus degradation. 



  Chapter 5 

136 

 

The most likely explanation of this behaviour is an internal damage within the specimens (i.e., 

K_C40, K_C40_nf20 and K_C40_nf40) during the performance of torsional shear tests. It may 

originate from one hand to the breakage of cemented bonds at the interface of the particle 

aggregates and, on the other hand, from the breakage of the brittle and porous particle 

aggregates themselves (Gao et al., 2021), due to the artificial porosity introduced by the addition 

of foam.  

The decrease of the cementation can occur when the soil skeleton is strained. There are 

different kinds of interparticle forces that can cause strains in the soil (e.g. capillary forces, 

electrical forces linked to the pore fluid chemistry and interparticle skeletal forces). In this case, 

the cyclic loading (an interparticle skeletal force) is the reason for the decrease of the 

cementation (Rinaldi & Santamarina, 2008). It seems that the artificial porosity, and as a 

consequence the higher void ratio of the lightweight cemented specimens, has no impact on the 

degradation of shear modulus at certain level of shear strain (i.e., γ = 0.1%).  

Summing up the results, it seems that the addition of foam is responsible for higher values 

of linearity threshold (higher the percentage of foam, higher the linearity threshold) and, as a 

consequence, for the lower change in slope in the G modulus decay curves. This is confirmed 

by the trends of R coefficient and γr/γl ratio. Moreover, the decrease of decementation is 

responsible for the degradation of shear modulus at certain level of shear strain (i.e., γ = 0.1%), 

due to the application of the cyclic loading. 

 

Together with the mechanical tests, non-destructive tests were carried out. In particular, for 

both the types of soil of this experimental study, P-waves velocity and electrical resistivity 

measurements were performed. The main purpose of non-destructive methods is the possibility 

of assessing the properties and successful treatment of lightweight cemented soils, owing to the 

fact that they are simple and non-invasive techniques. Moreover, it was tried to find correlations 

between P-wave velocity and electrical resistivity with geotechnical parameters (i.e. UCS), with 

the aim of having direct information about geotechnical properties of geomaterial without 

performing mechanical tests, or if the latter are not possible to execute. 
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Trends of P-waves velocity at increasing curing time were shown in Figures 5-9 and 5-18, 

respectively for SW Kaolin and Caposele soil. In both cases, it is possible to see different rates 

of increase in P-waves velocity as function of the curing time. In particular, the rate of increase 

is higher in the transition from 3 to 7 days of curing and then, from 7 to 28 days, it tends to 

decrease and to be constant (especially for mixture with 20% and 40% of foam, in both types 

of treated soils). What is more, similar behaviour is possible to observe in the pattern of strength 

gain in Figures 5-4 and 5-17, respectively for SW Kaolin and Caposele soil.  

The most likely explanation of these findings is the development of cement hydration 

reactions, that causes the increase in gel/space ratio. In fact, the diminution in volume of pores 

and, as a consequence of the solid matter, determines an increase of P-waves velocity, due to 

the presence of hydration products. These findings are consistent with other studies (Ikpong, 

1993; Hasanzadeh and Shooshpasha, 2019).  

 

P-waves velocity values are also represented as function of density and artificial porosity, 

respectively in Table 5-2, Figure 5-10 for SW Kaolin mixtures and in Table 5-3 and Figure 

5-19 for Caposele Soil mixtures. These representations are consistent with the major trends 

shown in Figures 5-9, 5-18: P-waves velocity is greater in a denser medium, while it decreases 

in a medium with lower density and increasing porosity. This result could also be interpreted 

as evidence of good treatment performance, as a reduction in P-waves velocity is associated 

with lower specimens density, due to the introduction of foam into the system. 

 

Relationships between the unconfined compressive strength and P-waves velocity were 

found for both types of soil. In particular, it seems clear that there is a correlation between the 

increase of UCS associated with the increase in P-waves velocity. It is confirmed by the 

exponential trends and the correlation coefficients R2 found, especially in the case of Caposele 

Soil (Figure 5-20) where it is higher than that of SW Kaolin (Figure 5-11), due to the lower 

data scattering. 
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The results obtained are in good agreement with literature works (Yesiller et al. (2000), 

Hasanzadeh and Shooshpasha (2019), Pu et al. (2019) and Chen et al. (2020)).  

 

In the last section of this chapter electrical resistivity measurements were reported for SW 

Kaolin and Caposele Soil. In particular, the trends of electrical resistivity measurement as 

function of the acquisition time were illustrated in Figures 5-12 and 5-21, respectively for SW 

Kaolin and Caposele Soil mixtures. It can be seen that, for both soil types studied, the resistivity 

values increase in the transition from a cemented soil (nf 0%) to a lightweight cemented soil 

(nf 20%, 40%), in a more evident way the higher the percentage of foam added to the system.  

This behaviour is justified by the increase in artificial porosity produced by increasing 

quantities of foam in the soil-water-cement system. The pathways for the passage of electrical 

current are tortuous, due to the presence of footprints left by the foam bubbles in the soil and 

which are not filled by the cement products, as a result of the development of pozzolanic 

reactions. 

The electrical resistivity curves show a minimum point in the first four hours of acquisition 

and gradually increase as time passes. It is possible to explain this behaviour in light of the 

formation process of the hydration products of the cement present in the analysed mixtures. The 

decrease in resistivity values in the first four hours is probably attributable to the immediate 

dissolution of soluble ions from the cement particles. The mobilisation of the ions favours the 

electrical conductivity, reciprocal of the electrical resistivity. Immediately after this initial 

period and up to 24 hours, a slight rise in resistivity values is observed due to the formation of 

the first hydrated phases, a product of pozzolanic reactions. The progressive hydration of the 

cement reduces the percentage of free water with a reduction in the ionic mobility of the system. 

The behaviour described is in agreement with that reported in other literature works (Wei et al., 

2012), where the electrical resistivity development with time is attributed to the reduction of 

pore space and, on the other hand, to the augment of solid matrix.  

From 24 hours onwards, as shown in Figures 5-12 and 5-21, the increase in resistivity values 

is observed as the hydration products are formed. The main reason to explain this kind of 



  Chapter 5 

139 

 

behaviour is that, at increasing curing time, there is a development of the pozzolanic reactions 

and, as a result, a decrease in water content of the soil-water-cement and soil-water-cement- 

foam mixtures (Horpibulsuk et al., 2003). The passage of curing time leads to the formation of 

cementing products, such as calcium silicate hydrate (CSH) and calcium aluminate hydrate 

(CAH). Their formation binds the soil particles together, resulting in a denser soil structure. 

These aspects together result in increasingly tortuous paths for the passage of electric current, 

justifying the increase in resistivity that is observed. These findings are in good agreement with 

many other studies in literature (Bergado et al., 1996; Holm, 1999; Liu et al., 2007; Chen et al., 

2011; Vincent et al., 2017). 

For the SW Kaolin (Figure 5-12), the resistivity values of the three mixtures stabilise around 

a constant value as the curing time increases. For the Caposele soil (Figure 5-21), a change in 

the slope of the resistivity curves is observed at a curing time of around 45 days, indicating a 

trend of more rapid increase in electrical resistivity over time. For the observation time interval 

(i.e., three months), the curves do not reach a constant resistivity value as observed for SW 

Kaolin. The described trend is similar for the two specimens treated with cement in the absence 

of foam and with 20% foam. For the mixture with 40% of foam, the electrical resistivity curve 

is shown up to the curing time of 16 days, from which point onwards there were problems 

acquiring the measurement. 

The significant increase in the electrical resistivity values is probably due to the formation 

of a second phase of hydration products following the development of pozzolanic reactions 

between the Portlandite precipitated after the first hydration reactions and the clay minerals 

constituting the Caposele Soil (probably montmorillonite, as it can be seen in XRD image in 

Figure 4-3). It cannot be excluded that this increase in resistivity can also be found in the case 

of SW Kaolin, but for longer observation times, due to the low reactivity of its clay minerals. 

Finally, correlations between the electrical resistivity measurements and unconfined 

compressive strength values are reported in two graphs in Figures 5-13 and 5-22, respectively 

for SW Kaolin and Caposele Soil. For both investigated soils, it is possible to observe how, 

given the curing time of the tested mixture, as the artificial porosity increases in terms of 
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percentage of foam added, there is an increase in the electrical resistivity values and conversely 

a decrease in the uniaxial compressive strength values. This type of behaviour is consistent with 

the previous findings in terms of trends for UCS and electrical resistivity and are in agreement 

with other works (Liu et al. (2007), Wei et al., (2012)).  

Moreover, these kinds of correlations could be useful in determination of geotechnical 

parameters where it is not possible to execute mechanical test (i.e., unconfined compression 

tests). In addition, geophysical surveys as electrical resistivity measurements can also be 

applied as a tool with which to carry out quality control in order to verify the success of the 

treatment.  

The electrical resistivity trends obtained highlight the change in resistivity values depending 

on the treated soil mixture on which the measurement is performed.  Furthermore, from the 

measurements taken, it was possible to see an evolution of the electrical resistivity values from 

the first hours of the curing time, that is a symptom of the development of the cement hydration 

reactions and the consequent formation of the cement products.  

Thus, on the one hand the different range of electrical resistivity values from the lowest to 

the highest, is symptomatic of the presence or absence of artificial porosity in the system and, 

on the other hand, a possible monitoring of the treated soil mixture, can indicate whether the 

development of pozzolanic reactions is taking place. 
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6. DURABILITY UNDER ENVIRONMENTAL LOADING CONDITIONS 

6.1. DESCRIPTION OF THE EXPERIMENTATION PERFORMED 

The second part of this research work is dedicated to the durability issue under 

environmental loading conditions. Mechanical tests were carried out on lightweight cemented 

soil and cemented soil (i.e., without the addition of foam) specimens after the execution of 

wetting-drying cycles on them; suction measurements were executed after the performance of 

mechanical tests. The final aim is the study the evolution, and eventually degradation, of their 

mechanical behaviour.  

The experimental procedures for performing wetting-drying cycles, suction measurements 

and a description of the mechanical tests (i.e., unconfined compression tests and triaxial tests) 

can be found in Chapter 4 (sections 4.3.3., 4.3.4. and 4.3.1. respectively). They were carried out 

at Laboratoire Énergies & Mécanique Théorique et Appliquée (LEMTA - University of 

Lorraine, Nancy-France).  

In what follows, the adopted experimental programme is briefly reported, while the next 

sections show the most significant results obtained for each type of test performed. The 

discussion of the results is destinated to the final section of this chapter (section 6.4.). 

The experimental investigation was organised as follows: 

• Wetting-drying cycles: in order to submit SW Kaolin and Caposele Soil specimens to 

environmental load conditions wetting-drying cycles were performed on them. Table 4-11 

(section 4.3.3.) reported wetting-drying parameters in terms of temperature, relative humidity, 

duration and modality of each phase.  

• Unconfined compression tests: these first kind of tests were executed with the aim to 

indagate the effects of wetting-drying cycles on the mechanical behaviour of LWCS (sections 

6.2.1. and 6.3.1.). In particular, it was seen the effects on the evolution of unconfined 
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compressive strength and stiffness. They were carried out on both SW Kaolin and Caposele 

Soil specimens, without foam and at the two different percentages set (i.e., nf 20% and 40%, 

respectively). Table 4-5 (section 4.3.1.) gave an overview of unconfined compression tests. For 

SW Kaolin and Caposele Soil, treatment parameters, the identification of the samples and their 

dimensions, together with the environmental load conditions and the number of tests performed 

for each type of mixture tested were given.  

• Triaxial tests: these test were executed on SW Kaolin and Caposele Soil specimens 

(sections 6.2.2. and 6.3.2.), for the three types of mixtures at different environmental load 

conditions and three different levels of confining pressure, as reported in Table 4-6 (section 

4.3.1.). It was indagated the evolution and degradation of shear strength in relation to 

environmental load conditions; failure envelopes were determined, together with cohesion and 

friction angle parameters.   

• Suction measurements: they were performed on SW Kaolin and Caposele Soil 

specimens after the execution of the mechanical tests (section 4.3.4.). These suction values were 

used to interpreter mechanical tests results and, as a consequence, the degradation of 

mechanical behaviour linked to suction variation according to environmental load conditions 

applied.   
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6.2. EVOLUTION OF MECHANICAL BEHAVIOUR  

Speswhite Kaolin and Caposele soil specimens, cemented and lightweight cemented, were 

subjected to wetting-drying cycles, in order to study the evolution of their mechanical behaviour 

and, as a result, to test their durability performances under environmental loading conditions. 

In the following, the results for SW Kaolin will be shown in terms of unconfined compression 

tests and triaxial tests. Then effects of suction and wetting-drying cycles will be described. 

Finally, a comparison between SW Kaolin and Caposele soil results will be made.  

 

6.2.1. UNCONFINED COMPRESSION TESTS 

In this section, results of unconfined compression tests are reported. These tests were carried 

out on cemented SW Kaolin specimens and lightweight cemented SW Kaolin specimens (i.e., 

nf=20%, 40%). Three environmental loading conditions were tested. The first one is an initial 

drying phase at 50% relative humidity; it is common to all the specimens and preliminary to 

the other two conditions. The second one corresponds to three wetting-drying cycles at a 

relative humidity equal to 50%. The third one is characterized by three wetting-cycles at a 

relative humidity of 90%.  

In the following, the identification of the mixtures is the same as that one adopted in Chapter 

5. For the environmental loading conditions: “0 w-d_50% RH” stands for the first one, “3 w-

d_50% RH” for the second one and “3 w-d_90% RH” for the last one.  



  Chapter 6 

147 

 

 

Figure 6-1. Unconfined compression test results on cemented SW Kaolin, comparing the initial condition and 

three wetting-drying cycles at the same RH = 50%. 

 

Figure 6-2. Unconfined compression test results on cemented SW Kaolin, comparing three wetting-drying cycles 

conditions at RH = 50% and 90%. 

 

In Figures 6-1 and 6-2 the results of the tests performed on cemented SW Kaolin specimens 

without foam (i.e., K_C40), under three environmental loading conditions are presented.  

In particular, in Figure 6-1 the initial condition with that at three wetting-drying cycles are 

compared and both of them are characterized by the same relative humidity equal to 50%. 

Keeping constant the relative humidity parameter, it is possible to see a decrease in strength 

and stiffness from the initial condition (i.e., only drying phase) for the one at three wetting-

drying cycles. Moreover, in Figure 6-2 there is a comparison between the two conditions at 
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equal number of cycles, but at different levels of relative humidity (i.e., 50% and 90%). Also 

in this case, a reduction in strength is observed in the transition from one condition to the other, 

as the relative humidity value increases.  

 

Figure 6-3. Unconfined compression test results on lightweight cemented SW Kaolin with 20%  foam, comparing 

the initial condition and three wetting-drying cycles at the same RH = 50%. 

 

 

Figure 6-4. Unconfined compression test results on lightweight cemented SW Kaolin with 40% foam, comparing 

three wetting-drying cycles conditions at RH = 50% and 90%. 
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Figure 6-5. Unconfined compression test results on lightweight cemented SW Kaolin with 20%  foam, comparing 

the initial condition and three wetting-drying cycles at the same RH = 50%. 

 
Figure 6-6. Unconfined compression test results on lightweight cemented SW Kaolin with 40%  foam, comparing 

three wetting-drying cycles conditions at RH = 50% and 90%. 
 

The behaviour observed for cemented SW Kaolin is common to the other two tested mixtures 

(i.e., K_C40_nf20 and K_C40_nf40). In fact, looking at Figures 6-3, 6-4 before and at Figures 

6-5, 6-6 after, it is noted the same decrease in strength and stiffness that is observed for 

cemented SW Kaolin. Moreover, it is important to underline the reduction in strength and 

stiffness increases as the artificial porosity rises, in terms of percentages of added foam. 
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6.2.2. TRIAXIAL TESTS 

In this section the results of the triaxial tests performed on SW Kaolin specimens mixture 

(i.e., K_C40_nf20 and K_C40_nf40) are presented. In particular, triaxial tests were carried out 

on SW Kaolin specimens that were subjected at two different environmental loading conditions: 

three wetting-drying cycles at 50% of relative humidity and three wetting-drying cycles at 90% 

relative humidity.  

 

 

Figure 6-7. Triaxial tests on K_C40_nf20 after three wetting-drying cycles at 50% relative humidity. 
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Figure 6-8. Triaxial tests on K_C40_nf20 after three wetting-drying cycles at 90% relative humidity. 

 

Figure 6-7 presents triaxial tests results on lightweight cemented SW Kaolin with 20% foam, 

subjected to three wetting-drying cycles at 50% relative humidity. First of all, it is possible to 

note the effect of the confining pressure; in fact, in the transition from 50 kPa to 150 kPa, there 

is an increase in the strength of the material with a mechanical behaviour ductile and 

contractive, from the volumetric point of view.  

Figure 6-8 shows triaxial tests results on lightweight cemented SW Kaolin with 20% foam, 

subjected to three wetting-drying cycles at 90% relative humidity. Also in this case, it is 

possible to note the role of confining pressure. In fact, it is observed that the strength and 

stiffness increase as the confining pressure grows.  

It is interesting to compare the triaxial tests results already shown. Figure 6-9 shows an initial 

comparison of triaxial sample K_C40_nf20, keeping constant the confining pressure (i.e., 50 

kPa) and the number of wetting and drying cycles, by varying the level of relative humidity (i.e. 
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50% and 90%). Figure 6-10 presents a second comparison of the triaxial tests. The parameters 

are the same as the previous case, but only the confining pressure changes (i.e. 150 kPa).  

In both cases, in the transition from a lower to a higher value of relative humidity (i.e., 50% 

and 90%, respectively) it can be seen that there is a decrease in the mechanical performance of 

the material. In particular, it is possible to detect a clear reduction in the strength, in terms of 

deviatoric stress. From the volumetric point of view, the mechanical behaviour shown in Figure 

6-10 seems to be different to the one presented in Figure 6-9. In fact, the volumetric response 

associated with K_C40_nf20_150 kPa_3 w-d cycles_90% RH is characterized by a higher 

value of volumetric deformations than the one associated with K_C40_nf20_150 kPa_3 w-d 

cycles_50% RH. Hence, this observation seems to be in contrast with the volumetric response 

reported in Figure 6-9. 

 

Figure 6-9. Triaxial tests on K_C40_nf20 at 50 kPa of confining pressure, three wetting-drying cycles at 50% 

and 90%  relative humidity.  
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Figure 6-10. Triaxial tests on K_C40_nf20 at 150 kPa of confining pressure, three wetting-drying cycles at 50% 

and 90% relative humidity. 

The same representation of triaxial tests results are reported also for K_C40_nf40.  

 

Figure 6-11. Triaxial tests on K_C40_nf40 after three wetting-drying cycles at 50% relative humidity. 
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Figure 6-12. Triaxial tests on K_C40_nf40 after three wetting-drying cycles at 90% relative humidity. 

 

In Figure 6-11, the triaxial tests results for the environmental loading conditions of three 

wetting-drying cycles at 50% relative humidity are presented. Also this time, it is clear the 

influence of confining pressure in the increase of strength and stiffness, in transition from 50 

kPa to 150 kPa. Moreover, at increasing confining pressure, failure occurs at higher levels of 

deformation. The mechanical behaviour of K_C40_nf40 is ductile and contractive, with a 

general strength reduction if compared to K_C40_nf20.  

In Figure 6-12, the triaxial tests results are reported for the climatic stress conditions of three 

wetting-drying cycles at 90% relative humidity. They confirmed a ductile and contractive 

mechanical behaviour of K_C40_nf40, even if the effect of confining pressure is not visible. 

The stress-strain curves are similar between them in terms of strength in the transition from 50 

kPa to 100 kPa.  
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Figure 6-13. Triaxial tests on K_C40_nf40 at 50 kPa of confining pressure, three wetting-drying cycles at 50% 

and 90%  relative humidity.  

 
Figure 6-14. Triaxial tests on K_C40_nf40 at 100 kPa of confining pressure, three wetting-drying cycles at 50% 

and 90%  relative humidity.  
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Also for K_C40_nf40, it is interesting to compare the triaxial tests results presented. In 

Figure 6-13 and Figure 6-14, two comparisons of triaxial tests on K_C40_nf40, keeping 

constant the confining pressure value (i.e., 50 kPa and 100 kPa, respectively) and the number 

of wetting and drying cycles, by varying the relative humidity (i.e. 50% and 90%, respectively).  

Both cases confirmed what is observed for K_C40_nf20. In fact, in the transition from a 

lower to a higher value of relative humidity (i.e., 50% and 90%, respectively) it can be seen 

that there is a decrease in the mechanical performance of the material. In particular, a clear 

reduction in the strength, in terms of deviatoric stress is observed. From the volumetric point 

of view, the mechanical behaviour showed is congruent with the one illustrated for 

K_C40_nf20, in Figure 6-9. 

6.2.3. EFFECTS OF CURRENT VALUE OF SUCTION 

To investigate the evolution of mechanical behaviour of lightweight cemented SW Kaolin, 

suction measurements were performed after the execution of mechanical tests.  

Figure 6-15 presents a relationship between the unconfined compressive strength values, 

previously shown in section 6.1.1., and the suction measurements carried out after the execution 

of the tests.  

 

Figure 6-15. Unconfined compressive strength values as function of suction measurements for K_C40, 

K_C40_nf20 and K_C40_nf40 comparing three wetting-drying cycles conditions at 50% and 90%  relative 

humidity. 
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Two different environmental loading conditions are analysed: the first one corresponds to 

three wetting-drying cycles at 50% relative humidity and the second one to three wetting-drying 

cycles at 90% relative humidity. It is observed that the reduction of UCS values is correlated to 

a decrease in suction measured on lightweight cemented SW Kaolin specimens, keeping 

constant the number of wetting-drying cycles applied to the specimens. The black arrows help 

to visualize that diminution in strength in transition from a lower to higher value of relative 

humidity (i.e., 50% and 90%), associated with the two assessed conditions.  

Moreover, it is interesting to note that the reduction in strength is higher for K_C40 than for 

the other two mixtures (i.e., K_C40_nf20 and K_C40_nf40); what is more, the decrease in 

strength is even lower at increasing artificial porosity, in terms of percentage of added foam.  

Figure 6-16 confirms the reduction in suction with the representation of the collected data. 

Suction values are plotted on the water retention curves by Vitale et al., (2020b) for cemented 

and lightweight cemented SW Kaolin at 90 days of curing time. The disposition of the data on 

the curves clearly shows the reduction in current values of suction, from 50% to 90% relative 

humidity. 

 

Figure 6-16. Suction measurements values at three wetting-drying cycles conditions at 50% and 90% relative 

humidity, plotted on water retention curves for K_C40, K_C40_nf20 and K_C40_nf40 (water retention curves 

from Vitale et al., 2020b).  
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Failure envelopes obtained from the triaxial tests conducted on K_C40_nf20 and 

K_C40_nf40 are represented in Figure 6-17. Data are reported in terms of σ1-σ3 and are 

compared two different environmental loading conditions, both of them at three wetting-drying 

cycles but at two level of relative humidity (i.e., 50% and 90%).  

Considering K_C40_nf20 and comparing the two test conditions can be seen that there is a 

reduction in the strength of the material, that seems to be qualitatively in agreement with the 

mechanical behaviour observed from the results of unconfined compression tests.  

On the other hand, comparing K_C40_nf20 and K_C40_nf40 both of them at 50%  relative 

humidity, increasing the amount of foam it is possible for the reduction in strength of material. 

Values of friction angle and cohesion derived from the failure envelopes put in evidence a 

correlation between them and the values of suction, measured on the specimens after the test.  

In Table 6-1, values of suction, cohesion and friction angles are reported. Considering 

K_C40_nf20, it is noted that higher suction values correspond to lower relative humidity (i.e. 

50%) and in transition from 50% to 90% of relative humidity there is a diminution in cohesion 

values, but not in friction angles that seems to be constant.  

Comparing K_C40_nf40 with K_C40_nf20 keeping constant the environmental loads 

condition, it is possible to see an increase in the suction value, but a decrease in cohesion and 

friction angle values. 
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Figure 6-17. Failure envelopes for K_C40_nf20 at three wetting-drying cycles (50% and 90% of relative 

humidity) and K_C40_nf40 at three wetting-drying cycles (50% of relative humidity). 

 

Identification 
N° of w-d 

cycles 
RH (%) 

Suction 

(MPa) 
c (kPa) Φ (°) 

K_C40_nf20 3 
50 82.9 100.5 43.7 

90 4.9 53.2 43.7 

K_C40_nf40 3 50 92.9 59.8 37.8 

Table 6-1. Suction, cohesion and friction angle values for the two different mixtures at two relative humidity 

values. 

6.2.4. EFFECTS OF WETTING-DRYING CYCLES  

Figure 6-18 shows a comparison of the initial drying phase and three wetting-drying cycles, 

both at 50% relative humidity. Also in this case, unconfined compressive strength values are 

represented as function of suction measured values.  

It is possible to observe a decrease in UCS values, as previously observed in Figure 6-15. 

The black arrows help to see the strength reduction from one condition to the other. Even  this 

data representation confirms that the diminution in strength is higher for a cemented specimen 

and becomes lower for a lightweight cemented specimens, in more evident way at increasing 

percentage of added foam.  

However, these environmental loading conditions tested are characterized by suction values 

almost similar to them, as shown in Figure 6-19. In fact, suction values plotted on water 

retention curves are arranged close together in the same range of values.  
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Keeping constant the level of relative humidity (i.e., 50%), the effect of application of 

wetting-drying cycles seems to be responsible for the evolution of mechanical performance of 

Lightweight cemented SW Kaolin specimens.  

 

Figure 6-18. Unconfined compressive strength values as function of suction measurements for K_C40, 

K_C40_nf20 and K_C40_nf40 comparing the initial condition of drying phase with three wetting-drying cycles 

condition, at equal relative humidity of 50%. 

 

Figure 6-19. Suction measurements values at initial condition of drying phase and three wetting-drying cycles 

condition at equal relative humidity of 50%, plotted on water retention curves for K_C40, K_C40_nf20 and 

K_C40_nf40 (water retention curves from Vitale et al., 2020b). 

 

6.3.  SPESWHITE KAOLIN AND CAPOSELE SOIL COMPARISONS 

As shown for SW Kaolin, also lightweight cemented Caposele soil specimens were subjected 

to wetting-drying cycles, in order to study the evolution of their mechanical behaviour and to 

test their durability performances under environmental loads. In the following, some results 

comparisons between SW Kaolin and Caposele Soil are presented, in order to highlight the 
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differences among an artificial, industrially produced soil (i.e., SW Kaolin) and another one 

with natural origin (i.e., Caposele soil).  

6.3.1. UNCONFINED COMPRESSION TESTS  

In Figure 6-20 and Figure 6-21, the results of the unconfined compression tests are compared 

for the initial condition at RH=50%, between K_C40 and C_C40, K_C40_nf20 and 

C_C40_nf20.   

In Figure 6-22 and Figure 6-23, the results of the unconfined compression tests are compared 

for the three wetting-drying cycles condition at RH=90%, between K_C40 and C_C40, 

K_C40_nf20 and C_C40_nf20.  

 

Figure 6-20. Unconfined compression test results on K_C40 and C_C40, at the initial condition with RH=50%. 

 

Figure 6-21. Unconfined compression test results on K_C40_nf20 and C_C40_nf20, at three wetting-drying  

cycles initial condition with RH=50%. 
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Figure 6-22. Unconfined compression test results on K_C40 and C_C40, at three wetting-drying cycles 

condition with RH=90%. 

 

Figure 6-23. Unconfined compression test results on K_C40_nf20 and C_C40_nf20, at three wetting-drying  

cycles initial condition with RH=90%. 

 

It is interesting to note that, for both the analysed environmental loading conditions, the 

strength and stiffness of Caposele soil are less than SW Kaolin soil.  

Moreover, it is important to find a confirmation in the role of foam on the mechanical 

behaviour response. In fact, there is a decrease in strength and stiffness for Caposele soil going 

from C_C40 to C_C40_nf20, in both the two environmental loads conditions examined.  

 

 



  Chapter 6 

163 

 

Identification N° of  w-d cycles RH (%) Suction (MPa) w (%) 

K_C40 

0 50 

55.5 4.3 

K_C40_nf20 72.9 3.7 

C_C40 45.3 10.1 

C_C40_nf20 72.6 7.5 

K_C40 

3 90 

3.3 21.7 

K_C40_nf20 4.9 18.7 

C_C40 10.7 19.1 

C_C40_nf20 18.7 16.2 

 

Table 6-2. Suction values for K_C40, K_C40_nf20, C_C40 and C_C40_nf20 at initial condition (50% RH) and 

at three wetting-drying cycles (90% RH).  

 

In Table 6-2, suction values for K_C40, K_C40_nf20, C_C40 and C_C40_nf20 at initial 

condition (50% RH) and at three wetting-drying cycles (90% RH) are summarised. 

In the case of initial condition, a comparison between SW Kaolin and Caposele soil mixtures 

shows a moderate reduction in suction in agreement with water content values. In the case of 

three wetting-drying cycles at 90% relative humidity, the trend is the opposite of the previous 

case. In fact, Caposele soil is characterized by a lower suction value than SW Kaolin, once 

again in accordance with water content levels. 

6.3.2. TRIAXIAL TESTS  

Comparisons of triaxial tests results are reported in Figures 6-24 and 6-25. They are equal 

in terms of compared mixtures and environmental loading condition considered (i.e., 

K_C40_nf20 and C_C40_nf20, 3 w-d_90% RH respectively), they only differ for the confining 

pressures (i.e., 50 kPa and 150 kPa).  

From the results observation, it is possible to note that C_C40_nf20 is characterized by lower 

strength and stiffness compared to  K_C40_nf20, in particular in Figure 6-25.  

Also the effect of confining pressure is confirmed in Figure 6-26: there is an increase in 

strength and stiffness for Caposele soil from 50 to 150 kPa, as previously observed for SW 

Kaolin. The volumetric behaviour of Caposele soil becomes less dilatant, associated with a 
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transition from brittle to ductile behaviour at increasing confining pressure (from 50 to 150 kPa, 

Figure 6-26).  

 

Failure envelopes of K_C40_nf20 and C_C40_nf20 are reported in Figure 6-27. The trends 

concur with the previous findings and the values, reported in Table 6-3, confirm the difference 

between SW Kaolin and Caposele soil mixtures. In fact, it is possible to observe a reduction in 

the level of suction between them. Moreover, C_C40_nf20 is characterized by a higher 

cohesion value but lower friction angle than K_C40_nf20.  

 

 

Figure 6-24. Triaxial test results for K_C40_nf20 and C_C40_nf20, at 50 kPa and at three wetting-drying cycles 

condition (90% RH). 
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Figure 6-25. Triaxial test results on K_C40_nf20 and C_C40_nf20, at 150 kPa and three wetting-drying cycles 

conditions (90% RH). 

 

 

Figure 6-26. Triaxial tests on C_C40_nf20 after three wetting-drying cycles at 90%  relative humidity, at 50 kPa 

and 150 kPa . 
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Figure 6-27. Failure envelopes for K_C40_nf20 and C_C40_nf20, at three wetting-drying cycles (90% RH). 

 

Identification 
N° of w-d 

cycles 
RH (%) 

Suction 

(MPa) 
w (%) c (kPa) Φ (°) 

K_C40_nf20 
3 90 

4.9 18.7 53.2 43.7 

C_C40_nf20 1.5 25.4 64.9 36.5 

Table 6-3. Suction, cohesion and friction angle values for K_C40_nf20 and C_C40_nf20, at three wetting-drying 

cycles (90% RH). 

 

6.4.  DISCUSSION 

The effects of current value of suction and wetting-drying cycles were investigated on 

cemented and lightweight cemented SW Kaolin. By means of mechanical tests (i.e., unconfined 

compression tests and triaxial tests) it was possible to study the durability of the material and 

suction measurements made it possible to understand what role suction plays in the evolution 

of the mechanical response of the material, together with its degradation.  

Results of unconfined compression tests on cemented and lightweight cemented SW Kaolin 

specimens reveal different information about the performance of lightweight cemented 

material, subjected to wetting-drying cycles. First of all, the comparison between the initial 

conditions (i.e., 0 w-d_50% RH) and that of three wetting-drying cycles (i.e., 3 w-d_50% RH), 

at the same level of relative humidity, clearly shows the effect of the application of wetting-
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drying cycles. In fact, curves in Figures 6-1, 6-3 and 6-5 show a visible reduction in strength 

and stiffness for K_C40, K_C40_nf20 and K_C40_nf40.  

Moreover, in Figure 6-18 it is possible to note that the decrease in strength cannot be ascribed 

to a change in the current level of suction in the specimens. It is confirmed by the representation 

of suction values on water retention curves in Figure 6-19. As it can be seen, there is no 

significative variations in suction values between the two environmental loading conditions. It 

is owing to the fact that the relative humidity (i.e., 50%) is kept constant among them. These 

results are consistent with other studies which have shown that strength reduction is attributable 

to cemented structure degradation during wetting-drying cycles (Neramitkornburi et al., 2014).  

On the other hand, considering the other environmental load condition (i.e., 3 w-d_90% RH) 

and comparing it with the one at equal number of wetting-drying cycles but at different level of 

relative humidity (i.e., 3 w-d_50% RH), it is possible to see the effect of the current value of  

suction on the evolution of the mechanical behaviour of lightweight cemented SW Kaolin. 

Results of unconfined compression tests reported in Figures 6-2, 6-4 and 6-6 show a reduction 

in strength for K_C40, K_C40_nf20 and K_C40_nf40 in the transition from lower to higher 

level of relative humidity. Figures 6-15 and 6-16 present the relation between UCS and suction 

values and the disposition of the latter on water retention curves. It confirmed the decrease in 

strength observed in the illustration of stress-strain curves (i.e., Figures 6-2, 6-4 and 6-6) and, 

unlike the previous case, also the different values of current suction are responsible for the 

observed mechanical response.  

In fact, in Figure 6-15 and even more in Figure 6-16, it is possible to see the diminution in 

level of suction, determined by the passage from lower to higher relative humidity value (i.e., 

from 50% to 90%).  

Results of the triaxial tests conducted on K_C40_nf20 and K_C40_nf40 at 50, 100 and 150 

kPa of confining pressure in the two environmental loading conditions corresponding to the 3 

w-d_50% RH and 3 w-d_90% RH, are in agreement with the considerations made in the case 



  Chapter 6 

168 

 

of unconfined compression tests. In particular, Figure 6-9 for K_C40_nf20 and Figures 6-13 

and 6-14 for K_C40_nf40, confirm the reduction in strength accompanied by an increase in 

volumetric strains, associated with the transition from lower to higher value of relative 

humidity.  

Failure envelopes in Figure 6-17 and values of suction, cohesion and friction angle reported 

in Table 6-1 seem to be in line with the mechanical behaviour observed from the triaxial test 

results. In fact, in Figure 6-17 the comparison between failure envelopes for K_C40_nf20 at 3 

w-d_50% RH and 3 w-d_90% RH underlines the reduction in strength which is confirmed by 

the values of the cohesion “c” and friction angle “Φ” parameters obtained from the failure 

envelopes, in Table 6-1. In particular, suction values are reported for the two analysed 

environmental loading conditions. It is seen that there is an important reduction in suction when 

there is transition between the two conditions, associated with the decrease in cohesion values 

and constant friction angle. The obtained data concur with other literature works, where it was 

shown that variation in the level of suction has a predominant effect on cohesion parameter 

instead of friction angle, that remains almost constant (Shen et al., 2009; Elsharief and 

Abdulaziz, 2013; Pujiastuti et al., 2018).  

For K_C40_nf40, even if the measured suction level is higher than that registered for 

K_C40_nf20 at the same environmental load condition (i.e., 3 w-d_50% RH), cohesion and 

friction angle values are lower than K_C40_nf20. It is due to the different physical state with 

higher void ratio that characterizes lightweight cemented soil, at increasing foam content (De 

Sarno, 2019).  

An important implication of these findings is the role of suction in the evolution of 

mechanical behaviour of lightweight cemented soils. In particular, results suggest that suction 

contributes to the strength of lightweight cemented soils. In fact, it helps the cementation of the 

fabric to resist large deformations, sustaining the particles associations together as it was an 

additional binding agent. The strength of cemented bonds between soil particles governs the 
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shear strength of a cemented soil, as asserted by several authors (Karube and Kato, (1994); 

Wheeler and Karube, (1995) and Toll et al., (2017)).   

Suction provides an additional bonding force at the contacts of soil particles, due to the action 

of water menisci at particle contacts. The menisci act tensile force at soil particles contacts 

increasing the intergranular stresses with an overall stabilising effect on the soil skeleton 

(Gallipoli et al., 2003). 

During wetting and drying cycles, the suction variation has an amplitude dependent on the 

environmental condition imposed; as a consequence, a cyclical variation in the intergranular 

stresses at particle contact is expected, which can induce mechanical degradation of cement 

bonds between particle aggregates (fatigue-type mechanisms).  

Comparing samples not submitted to wetting and drying cycles  (i.e., 0 w-d_50% RH) with 

samples after three wetting-drying cycles (i.e., 3 w-d_50% RH), the mechanical degradation  of 

cement bonds is responsible for the lower strength of the samples subjected to wetting and 

drying cycles, even if the current value of suction after the mechanical tests is the same, as 

observed in Figures 6-1, 6-3, 6-5 and 6-18.  

The comparison between the two environmental load conditions (i.e., 3 w-d_50% RH and 3 

w-d_90% RH) highlights the influence of the current suction level on the mechanical strength. 

Low relative humidity (i.e., 50% RH) is related to high suction value (e.g. for nf20%, suction 

is equal to 82.9 MPa), whereas high relative humidity (i.e., 90% RH) is accompanied by low 

suction value (e.g. for nf20%, suction is equal to 4.9 MPa). Suction acts as an additional binding 

agent on the mechanical strength (i.e., the higher the suction, the higher the strength). 

Moreover, the mechanical degradation of cement bonds is also linked to the amplitude of 

suction variation during the wetting and drying cycles. The comparison of two environmental 

load conditions, with the same number of w-d cycles and at different relative humidity value 

(i.e., 3 w-d_50% RH and 3 w-d_90% RH), shows the combined effect of the amplitude of 
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suction variation during w-d cycles and the current suction value depending on the 

environmental load condition applied (Figures 6-2, 6-4, 6-6 and 6-15).   

In the last part of this chapter, comparisons were made between SW Kaolin and Caposele 

soil mechanical responses at environmental loading conditions. Unconfined compression tests 

reveal a decrease in strength and stiffness for Caposele soil mixtures, both cemented and 

lightweight cemented. Suction values for Caposele soil mixtures, reported in Table 6-2, are in 

agreement with the general trends of SW Kaolin mixtures. In fact, values are in the same ranges 

of SW Kaolin.  

Considering separately the two conditions examined (i.e., 0 w-d_50% RH and 3 w-d_90% 

RH), it is possible to note in the first case that the values of suction are almost similar to those 

of SW Kaolin; in the second case, suction values of Caposele soil are slightly higher than those 

of SW Kaolin. It is consistent with water contents values reported (higher the suction, lower the 

water content and vice versa).  

The most likely explanation of this kind of results, referring to suction values, is that 

Caposele soil mixtures are prepared at lower slurry water content than SW Kaolin mixtures 

(wslurry=1.1 wL for Caposele soil2 and wslurry=2 wL for SW Kaolin, as explained in chapter 4.) 

That determines a different preparation water content for the mixtures of the two soil types and, 

in particular, lower for the Caposele soil.  

Moreover, also in the case of Caposele soil mixtures, it is possible to see a further decrease 

in strength and stiffness in transition from a cemented material to a lightweight cemented one. 

It is due to the addition of foam in soil-water-cement system and it confirms the mechanical 

behaviour observed for SW Kaolin from Figure 6-1 to Figure 6-6. 

The differences observed for SW Kaolin and Caposele soil in unconfined compression tests 

results are found also in triaxial tests results. In fact, it is clear that there is a decrease in the 
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shear strength and stiffness in transition for Caposele soil with respect to SW Kaolin, keeping 

constant the foam content and the environmental loading conditions.  

In addition, as observed for SW Kaolin, the effect of confining pressure can be seen on 

Caposele soil (Figure 6-26). At higher confining pressure the mechanical behaviour changes 

from brittle to ductile and the volumetric behaviour seems to be less dilatant. 

Comparison of the failure envelopes is also presented (Figure 6-27), together with related 

cohesion and friction angle values associated with suction values (Table 6-3). At the same 

environmental loading condition, Caposele soil is characterized by a lower value of suction 

than SW Kaolin, with a higher cohesion value and lower friction angle. This finding seems to 

be in contrast to what was found for SW Kaolin (Table 6-1), where it was shown that the 

decrease in suction values caused a decrease in the cohesion values; but, in this case a possible 

explanation is related to the water content values. In fact, Caposele soil is characterized by a 

higher water content value and, as a result, by a lower suction.  

Summing up the results, the decrease in strength between SW Kaolin and Caposele soil can 

be attributed to the different levels of suction among them, confirm the important role of this 

parameter in the evolution and degradation of mechanical behaviour.  
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7.  CONCLUSIONS 

The main objectives of this research work are the chemo-physical and mechanical 

characterisation of LWCS, together with the study of the durability of the treatment under 

environmental loads.  

 

The starting points on which the definition of the experimental programme, followed in the 

course of the study, was based are the recent works of De Sarno et al., (2019) and Vitale et al., 

(2020). The authors analysed aspects of the microstructure and mechanical behaviour of 

LWCS, considering the effects of cement and foam addition on the soil during curing time. 

 

The experimental work was carried out on two different types of soil: the former, SW Kaolin 

is an artificial clay, industrially produced; the latter is Caposele soil, with natural origins. SW 

Kaolin was selected because of their chemo-physical properties well-known; instead, Caposele 

soil was chosen for comparison with a natural soil with similar plasticity features to SW Kaolin.  

Regard to Caposele soil, there is a distinction between Caposele soil1 and Caposele soil2. 

This is because two different types of Caposele soil from the same excavation site were used 

during the experimental work. The tested mixtures are reported in Table 7-1. 

 

Chemo-physical and mechanical characterisation of LWCS, together with the durability 

study under environmental conditions, were examined via mechanical tests (i.e., unconfined 

compression tests, torsional shear tests and triaxial tests).  

 

In the first part of the work, dedicated to chemo-physical and mechanical characterization of 

LWCS,  particular attention is paid to the application of non-destructive testing methods (i.e., 

ultrasonic tests and electrical resistivity measurements) to find some correlation relationship 

with the aim of determining properties of LWCS and to estimate geotechnical parameters, 

taking into account the measured quantities. Due to their being non-invasive and fast 
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techniques, they have proven to be a valuable tool to control the correct execution of the 

treatment (i.e., LWCS method). 

Soil ws (%) wc/c (%) c/s (%) nf (%) Identification 

Speswhite Kaolin 140 50 40 

0 K_C40 

20 K_C40_nf20 

40 K_C40_nf40 

Caposele soil1 124 50 40 

0 C_C40 

20 C_C40_nf20 

40 C_C40_nf40 

Caposele soil2 80 50 40 

0 C_C40 

20 C_C40_nf20 

40 C_C40_nf40 

 

Table 7-1. Tested mixture and mix design proportions.  

 

Unconfined compression tests executed on both types of soil, considering the effects of foam 

addition and increasing curing time, showed that strength and stiffness increased, due to the 

development of cement hydration reactions and consequently to the formation of hydration 

products. In both types of soil, a decrease in the strength and stiffness was observed in transition 

from cemented to lightweight cemented soil, at increasing foam content, confirming that foam 
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has no effects on the kinetic of cement hydration reactions but only on the physical state of the 

specimens, by additional voids.  

 

Torsional shear tests on SW Kaolin mixtures results indicated that the addition of foam is 

responsible for higher values of linearity threshold (higher the percentage of foam, higher the 

linearity threshold) and, as a consequence, for the lower change in slope in the G modulus decay 

curves. Moreover, independent on a type of mixtures after a determined value of shear strain 

level, cemented and lightweight cemented soils have the same G modulus decay.  

 

SW Kaolin and Caposele soil trends of P-waves velocity, at increasing curing time, 

confirmed the development of cement hydration reactions. What is more, P-waves velocity as 

function of density and artificial porosity showed that it is greater in a denser medium than in 

one with lower density and increasing porosity. It is an evidence of good treatment performance, 

because of the reduction in P-waves velocity is linked to lower specimens density, owing to the 

foam introduction in soil-water-cement system. 

Correlation relationship between unconfined compressive strength and P-waves velocity 

were determined for SW Kaolin and Caposele soil. The increase of UCS associated with P-

waves velocity were confirmed by the exponential trends and the high correlation coefficient 

found.  

 

On the other hand, electrical resistivity measurements results showed an increase in electrical 

resistivity in the transition from cemented soil to lightweight cemented one, in a more evident 

way the higher the percentage of foam added to the system. An explanation of the observed 

behaviour stands in the artificial porosity presence. In fact, less dense the sample, higher the 

measured electrical resistivity value.  

The electrical resistivity technique has proved to be a valuable tool for checking in situ the 

correct execution of the treatment, due to the possibility to see the evolution of cement hydration 

reactions and, as consequence, of the formation of hydration products from the electrical 
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resistivity curves. Moreover, also the mineralogical composition is responsible for the trends 

differences between SW Kaolin and Caposele soil mixtures. 

 

Finally, correlation between electrical resistivity measurements and unconfined compressive 

strength values were found. Fixing the curing time and increasing the percentage of added foam, 

was observed that the increase in electrical resistivity measurement was accompanied by a 

decrease in the unconfined compressive strength value. These kinds of correlation relationships 

are useful in the estimation of geotechnical parameters (for example UCS) when tradition and 

destructive mechanical tests are not able to perform.  

 

The second part of this experimental work concerned with the study of durability of LWCS 

under the effects of environmental loads.  

Particular attention is paid to the effects of suction and wetting-drying cycles on cemented 

and lightweight cemented SW Kaolin and then, show the comparison with some results 

obtained for the Caposele soil.  

Comparisons between three different environmental loads conditions made possible to 

analyse distinctly the effect of role of suction and wetting drying cycles, due to the variation of 

relative humidity levels. By means of unconfined compression tests and triaxial tests results 

consideration about the evolution and degradation of mechanical behaviour of lightweight 

cemented SW Kaolin were made. 

 

First of all, unconfined compression test results highlighted a reduction in strength and 

stiffness for all the SW Kaolin mixtures tested (i.e., K_C40, K_C40_nf20 and K_C40_nf40). 

In particular, the comparison between the first two environmental load conditions, keeping 

constant the relative humidity level (i.e., 50%) made it possible to attribute the degradation of 

the material mechanical behaviour to the application of wetting and drying cycles.  

When the other two conditions are compared to each other, at two different relative humidity 

levels, a decrease in strength was again found in the tested mixtures. In that case number of 
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cycles was kept constant, but there was a difference in the relative humidity value (i.e., 50% 

and 90%).  

Triaxial test results were in agreement with the observation made in the case of unconfined 

compression tests. In fact, it was observed a decrease in shear strength and an increase in 

volumetric strains, in the transition from lower to higher value of relative humidity. 

Failure envelopes trends were consistent with the previous findings; reduction in cohesion 

values was linked to a decrease in suction values, while friction angles remained constant. On 

the other hand, comparing K_C40_nf20 and K_C40_nf40 at the same environmental load 

conditions, it was possible to see a decrease in cohesion and friction angle parameters, due to 

the higher percentage of foam content.  

It is evident that suction has an important role in the evolution of the mechanical behaviour 

of lightweight cemented soils. In fact, it seems to contribute to the strength of LWCS, due to 

supporting action of particles groups and helping the cementation of the fabric to resist at large 

deformations.   

 

The mechanical degradation of cement bonds between particle aggregates is induced by a 

cyclical variation in the intergranular stresses at particle contact, owing to the amplitude of 

suction variation during wetting and drying cycles, dependent on the environmental condition 

imposed. As a consequence, the mechanical degradation of cement bonds is responsible of the 

lower strength and stiffness of the samples subjected to wetting and drying cycles. 

 

Moreover, a further effect of the current value of suction on the LWCS strength is also 

shown. Suction acts as an additional binding agent on the mechanical strength (i.e., the higher 

the suction, the higher the strength and vice versa).  
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Comparisons between SW Kaolin and Caposele soil were made. Similar results were found 

for both SW Kaolin and Caposele soil.  

Hence it seems that the effects of environmental loads conditions on the mechanical 

behaviour experimentally observed in the case of a commercial kaolin are in agreement with  

natural Caposele soil. 

In conclusion, it is evident that this study on LWCS durability  has shown the importance of 

role of suction in mechanical behaviour, that strongly depends on the environmental load 

conditions applied.  

 

7.1.  FURTHER DEVELOPMENTS 

The experimental study was focused on the chemo-physical and mechanical 

characterization, together with durability study under environmental loads conditions, of 

LWCS. It has been demonstrated that the results on SW kaolin, industrially produced soil, are 

consistent with those on Caposele soil, natural excavated soils.  

Mechanical tests results gave the possibility to interpreter qualitatively the effects of foam 

addition on the mechanical behaviour evolution. These results, together with more mechanical 

investigations, should be applicable to constitutive modelling of the observed behaviour.  

The application of non-destructive techniques (i.e., ultrasonic testing and electrical 

resistivity) highlight the potentialities of this investigation method. In fact, results suggest that, 

by means of these techniques, relationships with the aim of determining properties of LWCS 

can be found and geotechnical parameters can be estimated. Due to their being non-invasive 

and fast techniques, they have proven to be a valuable tool to control the correct execution of 

the treatment. As a results, the findings are of direct practical relevance and the proposed 

method can be readily used in practice.  
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On the basis of the promising findings presented in this thesis, future work will involve the 

Caposele soil remaining issues in terms of mechanical characterization and durability study.  

Future studies of the LWCS durability issue would be of interest. Further research into the 

effects of environmental loads (for example freeze-thaw cycles and leaching) is necessary to 

extend the knowledge of durability performances of LWCS. Moreover, the next stage is also 

linked to the study of LWCS hydraulic properties, that are strongly correlated to durability 

problems.  
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