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Abstract 

An investigation of the microstructural features in the background of the differences in macro-behaviour of two 

Sub-Apennine Blue clays is carried out. The natural clay bonding strength is indirectly investigated through on-

purpose strain paths. Scanning electron microscopy allows to qualitatively characterise the fabric, providing 

micrographs which are quantitatively analysed by image processing. The clay pore size distribution is investigated 

by means of mercury intrusion porosimetry. 

The microstructural features of the two natural clays, which underlie their differences in state, are analysed in the 

light of their similar loading history, but different composition and deposition conditions. These are seen to give 

rise to different pore size density functions and bonding strength, resulting in different values of stress sensitivity 

S. On the other hand, when observed at medium magnification the fabric of the two clays is shown to have similar 

architecture, characterised in both cases by a high degree of particle orientation. 

1 Introduction 

The paper presents part of a research work in the field of the interpretation and modelling of the 

mechanical response of clays, in which the approach adopted is that of combining the investigation of 

the soil element macro-behaviour, through laboratory experimental testing, with the observation of the 

soil features and processes at the micro-scale. 

One of the broadest field of interest of geotechnical research, since its early development, has been 

concerned with the assessment and modelling of the mechanical behaviour of natural soils (Skempton, 

1970; Leroueil and Vaughan, 1990; Burland, 1990; Gens and Nova, 1993). In nature, these materials are 

of varying composition and experience variable geological histories, during which several processes can 

occur (e.g., thixotropy, diagenesis, weathering), determining the variability of the soil response. Several 

are the chemo-physical processes that may affect the clay microstructure and, consequently, control the 

clay state and macro-response. The complexity of the whole series of phenomena occurring at the micro-

scale, which are also the subject of clay sciences, e.g., mineralogy, micro-morphology and 

crystallography, make the prediction of the clay macro-behaviour through the modelling of such 

processes a major challenge. For coarse granular soils, deducing the macro-behaviour from the 

modelling of the micro-processes, generally according to micromechanics, is nowadays widely 

developed (e.g., Chang and Hicher, 2005; Fang et al., 2017). Conversely, attempts of incorporating, in 

continuous mechanics models for clays, local mechanisms that occur at the micro-scale, adequate for 
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coarse materials (Wan et al., 2005), may oversimplify the complexity of the microstructural processes. 

Therefore, the modelling of clays through the representation of the microphenomena requires adequately 

modelling of thermo-chemo-mechanical coupled phenomena taking place at the micro-scale (e.g., Gajo 

et al., 2002).  

The present research work has been, therefore, intended to contribute to the knowledge of these 

phenomena, by developing a rational investigation of their occurrence by means of advanced 

microstructure analysis techniques allowing to directly explore the material features at the micro to nano 

scales. The experimental programme has entailed macro-mechanical tests and micro-structural analyses 

on specimens of two Italian clays, tested both before and at different stages of several loading paths. 

In this paper, the microstructural features of the undisturbed natural clays, underlying their differences 

in state, are discussed in the light of their loading history, composition and deposition conditions. 

The fabric analyses have been carried out along fractures on freeze-dried and carbon coated specimens 

by means of field emission scanning electron microscopy (FESEM), which has allowed to observe fabric 

architecture from medium to very high magnification. The quantitative image analyses, according to the 

image processing technique developed by Martinez-Nistal et al. (1999), consist in the digital processing 

of the micrographs, followed by a statistical analysis delivering a ‘index of fabric orientation’, L, whose 

value can range from 0, for randomly oriented particles, to 1, for perfectly oriented fabric; for L>0.21, 

the fabric is considered well oriented (Mitaritonna et al., 2014). At the same time, the bonding nature 

and strength have been characterized respectively by means of chemical micro-probing in the SEM and 

indirectly through swelling tests (Cotecchia et al., 1998; Cafaro and Cotecchia, 2001). The porosimetry 

is assessed by means of mercury intrusion porosimetry tests on freeze-dried specimens. 

2 Materials and testing procedures 

The tested materials are two stiff clays from the Southern Italian Apennine, both part of the Pleistocene 

‘upper-cycle’ Blue clays (Del Prete & Valentini, 1971). 

Pappadai clay was block sampled at about 25 m depth down a shaft at Pappadai (TA), in the 

Montemesola basin (Fig.1). It is a high plasticity clay (PI=35%) and is characterized by a clay fraction 

of 58% and low activity (A=0.6). Cotecchia et al. (1995) showed that the clay deposited in a deep quiet 

sea of highly still water, allowing for a chemically reducing depositional environment in which 

diagenesis occurred. Lucera clay was block sampled from the front of a quarry at Lucera (FG; Fig.1), a 

town at the western margin of the Bradanic Trough, which is the Apennine foredeep located between 

the Southern Apennines and the Adriatic platform (Santaloia et al., 2004). The clay is of medium 

plasticity (PI=24%), smaller clay fraction (48%) and lower activity (A=0.5) than Pappadai clay. 

For both Pappadai and Lucera clay, X-ray diffractometry shows a dominant presence of illite/smectite 

interlayers and a medium-high carbonate content. Both the clays were also reconstituted according to 

Burland (1990) and one-dimensionally consolidated in the laboratory. 

The gross-yield pressure measured in 1D compression tests reveals for both Pappadai and Lucera clay 

a yield stress ratio (YSR) that is higher than the OCR, giving evidence to a strengthening of the clay 

microstructure under burial as a result of diagenesis.  

As shown in Fig. 2, for both the clays the compression curve for the reconstituted plots to the left of the 

post-gross yield compression curve of the natural clay. The difference in microstructural strength 

between the undisturbed natural and the reconstituted clay in 1D compression, synthesized by the value 

of stress sensitivity Sσ (Cotecchia and Chandler., 1997), is found to be 3 for natural Pappadai clay and 2 

for natural Lucera clay.  

This suggests that the two clays are of medium-low sensitivity with slight differences in bonding 

strength. The latter has been quantified by means of the swell sensitivity, that is the ratio of the swelling 

index of the reconstituted clay, Cs* (Fig.2), to that of the natural clay, Cs (Schmertmann, 1969). Swell 

sensitivity equals 2.5 for the undisturbed natural Pappadai clay and 2 for natural Lucera clay, indicating 

that for both the clays the natural bonding is stronger than the bonding of the reconstituted clay. 
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However, for both the clays Cs*/Cs reduces to unity post gross-yield, suggesting that bonding weakens 

with compression and is lost quite immediately over gross yield. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Simplified geological scheme of Southern Italy with indication of the sampling sites of Lucera and 

Pappadai. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. One dimensional compression behaviour of natural and reconstituted Pappadai and Lucera clay. 

3 Microstructure of the natural diagenized clay 

3.1 Bonding and porosimetry of the natural clay 

For Pappadai clay, bonding has been directly tested by means of chemical micro-probing in the SEM 

(Cotecchia and Chandler, 1997), resulting in diffractograms showing high calcite content both on clay 

particles and between particle domains, indicating the presence of a film of amorphous calcite coating 

both the clay particles and their contacts. This film represents the effect of diagenesis and, as such, the 

factor increasing the significant bonding present in the clay, also manifested by the high swell sensitivity, 
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Cs*/Cs, quoted above. 

Similarly, for Lucera clay the nature of bonding is believed to be diagenetic, although the more turbulent 

deposition conditions in which the latter clay originated is hypothesised to have given rise to bonding 

of different sensitivity.  

Recompression stress paths on Pappadai clay occurring after either limited or greater swelling from 

undisturbed state (Fig.3, test OED7) are seen to lightly reduce the yield stress, and also result in the 

post-gross yield compression line differing from that of the undisturbed clay (test OED5). Despite being 

not dramatic, this effect suggests that some weakening, although limited, is induced by swelling to the 

structure of Pappadai clay (Cotecchia and Chandler, 1998). On the other hand, the state path followed 

by Lucera clay during recompression after significant swelling from undisturbed state (Fig.3, test 

EDOL6) delivers the same gross-yield pressure and superimposes to the compression path followed by 

the clay compressed from undisturbed state (test EDOL1). This suggests that Pappadai clay possesses a 

more sensitive bonding than Lucera clay, due to the quieter deposition conditions in which it generated 

with respect to Lucera clay. It is likely that the more chaotic deposition environment of Lucera clay did 

not allow for the formation of the amorphous calcite bonding which was instead recognized for Pappadai 

clay as the result of diagenesis. 

The pore size distributions of the two undisturbed clays are compared in Fig.4. For both the clays, some 

properties are briefly recalled in Fig.4b (void ratio and vertical effective stress at undisturbed state, CF 

and activity) and the dominant pore size (DPS) is indicated next to the peak. For Pappadai clay the 

preconsolidation pressure ’p experienced during geological history is also reported, as it is considered 

to be responsible for the current clay fabric and porosimetry. For Lucera clay, the estimation of the 

geological preconsolidation pressure is quite complex, but the few geological data (Santaloia et al., 

2004) allow to hypothesize a lower preconsolidation pressure than that undergone by Pappadai clay.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Effects of swelling on the recompression behaviour of natural Pappadai and Lucera clay. 

For both the undisturbed clays, the cumulative pore size distributions (Fig.4a) show a small 

macroporosity (>1 m), which is well distributed over a wide range of entrance pore sizes, and a far 

larger microporosity (<1 m). This volumetric distribution of pore sizes is seen to give rise to 

predominantly monomodal derivative PSD curves (Fig.4b), as recognized for other stiff clays in the 

literature (i.e., Boom clay; Lima et al., 2008). For Pappadai clay, a lower dominant pore size is identified 

(220 nm) with respect to Lucera clay (300 nm), as a result of the higher mechanical preconsolidation 

pressure experienced by Pappadai clay. 

The CF and activity of Lucera clay, being the lowest, contribute to give rise to a larger dominant pore 

size than for Pappadai clay. Hence, the DPS appears to go along with both the clay composition and 
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mechanical loading history. The higher void ratio of Pappadai clay is causing its DPS to have a higher 

frequency than for Lucera clay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Comparison of a) cumulative and b) derivative PSD curves for Pappadai and Lucera clay at undisturbed 

state. For both the clays, the void ratio, in situ vertical effective stress, preconsolidation pressure, clay fraction 

and activity of the undisturbed clay are recalled. 

3.2 Fabric of the natural clay 

The fabric of the undisturbed clay across vertical fractures at point A for Pappadai clay and at point B 

for Lucera clay (Fig.2) is shown at medium magnification in Fig.5.  

From a qualitative point of view, the fabric of both clays appears as of a compressed ‘bookhouse’ type, 

in which both very dense stacks and more random honeycomb areas can be identified, and overall 

appears to have a medium orientation. The observed value of the index of fabric orientation, being in 

both cases higher than 0.21, suggests that both the clays are well oriented, confirming the qualitative 

interpretation. 

Noticeably, if the fabric is observed at higher magnification (Fig.6), highly oriented strata of particles 

(also called ‘stacks’) are found to alternate areas of random orientation, in which the degree of 

orientation L is significantly lower (Cotecchia et al., 2016; Guglielmi et al., 2018). This observed feature 

suggests that fabric is not uniform at a large scale and that fabric architecture has a multiscalar nature.  

Fig. 5. FESEM micrographs on vertical fractures and corresponding index of fabric orientation L of natural a) 

Pappadai clay and b) Lucera clay. 

Both the qualitative and the quantitative analyses suggest that the scale of reference for correlating micro 

and macro-properties is the medium magnification, in agreement with Mitaritonna et al. (2014), who 

found for reconstituted Lucera clay that the evolution of fabric anisotropy at medium magnification is 
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related to the evolution of the elastic stiffness anisotropy. Moreover, as these fabric features are 

recognized both for the natural and for the reconstituted clay (Cotecchia et al., 2016), it follows that one-

dimensional consolidation, either in the natural site, or in the laboratory, does not bring about a 

uniformly oriented fabric at the large scale. Rather, it generates a fabric that is on average well oriented 

at the medium scale of magnification, but at the larger scale it may be either perfectly oriented (stacks), 

or not oriented (bookhouse). 

For both natural Pappadai and Lucera clay, the macro-pores, distributed as described by the cumulative 

pore size function, are detectable in the FESEM micrographs at medium magnification (Fig.5). On the 

other hand, the much smaller dominant pores are to be found at the nano-scale in large magnification 

pictures, where they are especially recognized inside the stacks of domains (Guglielmi et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6. Undisturbed Pappadai clay at high magnification: stacks of particles alternate random particle areas. 
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