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Abstract. The aim of this study is to analyze the influence of stress path on the
dilatancy behavior of clays. Triaxial tests were conducted on saturated, remolded
clay specimens. During triaxial loading, two different stress paths were consid-
ered to bring the stress level to a given point in the (p’ — g) plane. After triaxial
testing, scanning electron microscopy (SEM) observations and X-ray microto-
mography (XR-pCT) scans were performed on subsamples. The obtained images
were processed using different software and thus the geometric characteristics of
pores and cracks were identified. The microstructural characteristics were linked
to the dilatancy phenomenon of specimens. The results indicate that dilatancy is
influenced by stress path and may be attributed to the evolution of pore geometry
and the presence of local open cracks in highly over-consolidated (OC) clays.
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1 Introduction

Dilatancy is a typical property of clay during shearing. Normally consolidated (NC) or
slightly over-consolidated (OC) clay exhibits contractancy; highly OC clay shows
dilatancy. Previous work has shown that the dilatancy behavior of clay depends on the
overconsolidation ratio (OCR) value, stress ratio (5§ = ¢/p’) and Lode angle [1-4].
Meanwhile, the influence of the stress path on dilatancy should be emphasized. In
addition, many experimental studies have revealed that the macroscopic behavior of
clay is related to the evolution of its microstructure [5—8]. This makes it possible to
give new insight into the dilatancy phenomenon by microscopic studies.

The aim of this research is to examine if stress path has an influence on the
dilatancy phenomenon of clays. The dilatancy is approached at two different scales, the
macroscale and the microscale. The experimental procedure consists in performing
triaxial tests on clay specimens, then carrying out microstructural observations using
scanning electron microscopy (SEM) and X-ray microtomography (XR-pCT). The
results were analyzed to link the dilatancy behavior with the microscopic phenomena.
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2 Materials and Methodology

The studied material is an industrial kaolin clay named Kaolin K13. Its basic properties
are: specific gravity G, = 2.63, liquid limit wp = 42%, plastic limit wp = 20% and
specific surface area s = 27 m%/g.

Four consolidated drained (CD) triaxial tests were performed on saturated remolded
clay specimens (Table 1). Two tests concern the NC clay and the others concern the
OC clay (OCR = p;/p’). Two different stress paths, i.e., the constant ¢ stress path
(S) and the constant p’ stress path (P) were considered for the triaxial shearing stage.
All triaxial stress paths were stopped when stress levels approached the fixed P2 point
(p, = 300 kPa, g, = 150 kPa) in the (¢, ¢) plan (Fig. 1).

Table 1. Triaxial tests on saturated remolded clay.

Specimen OCR | Stress path | p, (kPa) | p} (kPa)
NC_S250_P2 1.0 |S 250 -
OCR4.0_S250_P2 4.0 |S 1000 250
NC_P300_P2 1.0 |P 300 -
OCR3.3_P300_P2|3.3 |P 1000 300

Notes: p,, and p| are the isotropic effective stresses for NC
clay and OC clay, respectively.

After triaxial loading, specimens were recovered and then cut into subsamples for
SEM observations and XR-pCT scans. ImageJ and Avizo software were then used to
process and analyze the clay microstructure (i.e., pores and cracks).
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Fig. 1. Two different stress paths. Fig. 2. Evolution of volumetric strain.
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3 Results and Discussion

3.1 Macroscopic Behavior

Figure 2 shows the volumetric behavior of the specimens under different loading
conditions. One can note that the two NC specimens are contractive regardless of stress
paths. Nevertheless, the two OC specimens exhibit two different volumetric behaviors.
The specimen (OCR4.0_S250_P2) under constant 6’3 stress path shows contractive
behavior, while the specimen (OCR3.3_P300_P2) under the constant p’ stress path
shows dilatant behavior. These results indicate that the dilatancy phenomenon is
affected by stress paths.

3.2 Pore Shape and Pore Orientation

The pore roundness (R = ratio of the minor axis to the major axis) and the pore
orientation (6 = angle of the major axis with respect to the horizontal plane) were
analyzed.

The pore roundness curves in Fig. 3a are characterized by a unimodal distribution
for all specimens under triaxial loading. Moreover, compared to the contractive
specimens, the curve of the dilatant specimen (OCR3.3_P300_P2) presents a wider
peak shifted to the right, which corresponds to more open pores.

The pore orientation curves in Fig. 3b are away from the depolarization (D) line
(that represents a perfectly random orientation) and show preferential orientation of
pores. Furthermore, the curve of the dilatant specimen (OCR3.3_P300_P2) is relatively
close to the D line, which means that the pores tend toward a random orientation.
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Fig. 3. Micropore structure: (a) pore roundness; (b) pore orientation.

3.3 Micro- and Meso-Cracks

From SEM images (Fig. 4a, b), we can notice the appearance of micro-cracks between
weakly-linked and parallel-oriented particle groups in both NC and OC specimens.
These micro-cracks have lengths varying from around 5 pm to 15 pm and small
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thicknesses of 0.5-1.0 um. However, several open meso-cracks (whose lengths are
larger than 100 um) with tortuous surfaces are found only in specimen OCR3.3_P300
_P2 (Fig. 4c). It seems that the activation of open meso-cracks is due to the propa-
gation of micro-cracks and closely related to the dilatancy phenomenon. Notice that
meso-cracks may also exist in contractive specimens, but they are probably closed and
cannot be detected with XR-pCT.

From the above analyses, one can note the strong relationship observed between the
dilatancy phenomenon and the microstructure of clay. The results show that in highly
OC clay, dilatancy develops owing to the increasing opening of pores associated with a
random pore orientation. During loading, along the stress path, these pores lead to open
microcracks that can propagate up to the mesoscopic level.

10kV  X5,000 NC_S250_P2

Fig. 4. Micro-cracks in (a) OCR4.0_S250_P2 and (b) NC_S250_P2; and meso-cracks in
(c) OCR3.3_P300_P2.

4 Conclusions

The following conclusions can be drawn from this study: (i) for a given stress level, the
dilatancy phenomenon is clearly affected by stress paths; (ii) the dilatancy development
may be attributed to the evolution of pore geometry, and the formation of local open
cracks.
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