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Abstract 

The response of granular soil upon cyclic loading and its many practical implications have been the subject of several past 
experimental and theoretical studies. However, the visual observation of samples reveals a complex pattern of inhomogeneous 
deformation that rises doubts on the classical phenomenological interpretation of laboratory tests. Aiming to understand the 
mechanisms activated by alternated compression and extension, a microscale analysis is herein performed. Small samples of dry 
Hostun sand subjected to cyclic tests are periodically scanned with x-ray tomograph during cyclic triaxial tests and the three-
dimensional images are processed with the continuum Digital Image Correlation technique. The evolution of the strain field 
reveals yielding mechanisms activated during compression and extension with the activation, deactivation and reactivation of 
shear surfaces localized in different position of the sample and oriented along different directions. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing and scientific committees of CNRIG2016. 
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1. Introduction 

Apart from being one of the most complex issues of soil mechanics, the cyclic loading of granular soil has many 
practical implications on the serviceability and the ultimate performance of civil structures. Environmental agents 
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like wind or earthquakes, or human activities like transportation, repeated filling/emptying of reservoirs, artificial 
compaction, determine variable loading conditions whose effects accumulated with time may lead to loss of 
functionality or collapse of sensitive structures [1]. Aiming to explore the stress strain mechanisms activated by 
cyclic loading, several experimental studies have been performed over the years to observe the response at different 
strain levels [2,3,4,5,6] and to provide the fundamental ingredients of soil models [7]. With particular reference to 
the elasto-plasticity framework, great effort has been spent to evaluate the geometry of the yield loci in the stress 
space and its evolution with the assigned stress path, obtaining complex mathematical formulations able to 
accurately predict the development of pore pressure or volume variation during undrained or drained cyclic loading 
[8,9]. 

In all these studies the sample of tested soil is assumed as a representative element, implicitly assuming 
homogeneity of deformation throughout the test. However, a deeper insight of the sample shape during tests 
immediately shows that the response of granular materials is strongly dominated by strain concentration and loss of 
homogeneity arising since the earliest loading phases. The localization of effects occurs at the grain-scale and 
appears sometimes in the form a single shear plane, sometimes with an organized pattern of sliding surfaces. This 
effect has been widely studied over the years both from an experimental and theoretical viewpoint looking at the 
effects of monotonic loading [10,11,12,13]. 

From the experimental viewpoint, the huge progress in non-invasive investigation techniques (e.g. sonic and x-
ray tomography) nowadays allows to perform a detailed investigation of the microstructure of granular material and 
of its evolution during tests. The present paper moves in this framework to analyze the influence of the deformation 
process at the grain scale on the macroscopic stress-strain response of cyclically loaded granular materials. The 
investigation is based on the x-ray micro-tomography performed during cyclic triaxial tests and on the continuum 
Digital Image Correlation technique, adopted to process the obtained images. 

2. The tested material and the experimental setup 

The experiment consists of cyclic triaxial test carried out at constant confining pressure on small dry sand 
specimens (11mm diameter and 2mm height). It has been performed in the x-ray scanner housed in Laboratoire 3SR 
of Grenoble (Fig. 1a). In order to limit attenuation of the x-rays, the small triaxial cell is made of PMMA Poly 
(methyl methacrylate) without any tie-bar. After consolidation, the deviator stress is applied with constant rate 
(5.7% per hour) by driving up and down the loading piston activated by a screw motor. A bayonet system has been 
specifically conceived to grab the sample during extension tests; the axial force is recorded with an external load 
cell, while the axial displacement is monitored with an LVDT (for more details see [14]). 

 

  

Fig. 1. (a) Setup of the testing apparatus and (b) Hostun sand H31 grain size distribution (from the manufacturer). 

The tested material is Hostun sand, a quartzitic sub-angular sand extracted for commercial purposes. It is 
characterized by mean diameter of 0.35 mm and coefficient of uniformity of 1.7 (Fig. 1b). In accordance with the 
procedure established at 3SR Laboratoire, the specimen is prepared by dry pluviation in a 300μm thick latex 
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membrane stretched against a mold with a 1m high plastic tube with a funnel on the top. In order to prepare a 
specimen as homogeneous as possible, the pluviation system is lifted with the same rate as the advance of the top of 
the specimen. 

After preparation of the specimen at a relatively loose initial state (the void ratio e0 is equal to 0.62), 30 kPa of 
vacuum is applied to provide the material with enough strength to be inserted into the triaxial cell. Therefore, the 
sample is isotropically consolidated up to 430 kPa by increasing the pressure of the confining fluid (water) and 
simultaneously releasing the inner vacuum. 

The specimen is then left for about thirty minutes in order to allow the majority of viscous strains and the 
deviatoric phase before starting cyclical loading giving alternatively extension and compression. The test ends up 
when extension failure is reached. 

During the test, x-ray tomographies are periodically performed before and after the key stages of loading in order 
to catch the changes in terms of microstructure triggered by yielding in the different phases of the tests. In details, to 
carry out tomography loading is interrupted keeping the axial displacement constant during the time necessary to run 
x-ray radiographies on 1024 different angles of observation and the whole triaxial apparatus is stepwise rotated 
around its vertical axis. As a result, relaxation is noticed to start right after loading interruption. In order to obtain a 
good representation at the grain scale, a pixel-size of 20μm is obtained by fining adjusting the position of the 
specimen respect to the x-ray source and the detector. The whole set of tomographies is finally reconstructed 
obtaining a 1250x1250x1600pixel image describing the 3D x-ray linear attenuation field of the specimen, mainly 
proportional to its density. 

Each pair of subsequent images of the specimen are digitally correlated by running the code TomoWarp2, 
developed between Laboratoire 3SR and the University of Lund [15]. The continuum Digital Image Correlation is a 
mathematical tool matching one digital image into another with the following procedure; first, a three-dimensional 
grid of measurement nodes is defined in the image of the reference state, thus a 27 pixels cubic correlation window 
representing the node is defined around each of them and the best match is sought in the deformed image. Sub-pixel 
precision is obtained by interpolation of the normalized correlation coefficient field. The field of kinematics is 
therefore obtained within the sample, and strains are computed following the Green-Lagrange definition of the strain 
tensor in the large deformation framework. 

3. Experimental evidences 

The tests starts with small increments of extensional strain and the performance of two tomography survey at 
a
(2)=-0.08% and a

(3)=-0.13% (Fig. 2). The analysis of the second invariant of the strain tensor within the specimen 
reveals that the response of the material is quite homogeneous in the first step ( a

(1-2) between 0 and -0.08%). When 
proceeding with extension (in the step of a

(2-3) between -0.08 and -0.13%) preferential shearing planes start to 
develop from the lower base. This plane shows an inclination of about 35° with respect to the horizontal plane, 
which is not very dissimilar from the angle 32° predicted for this sand by the Coulomb’s theory ( =44°). 

(1 2)
a=0÷ 0.08%

(2 3)
a= 0.08÷ 0.13%

Fig. 2. Macroscopic stress-strain response and incremental maximum shear field related to the first two triaxial extension loading steps. 
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Upon reversal of the stress path, three compression stress increments have been progressively applied leading the 
axial strain to respectively a=0.64% (4), 1.65%(5) and 2.65% (6). The observation of the maximum shear field in the 
first step of load reversal ( a

(3-4)=-0.13÷0.64% in Fig. 3) shows shear mechanisms mainly localized on the same 
preferential planes previously activated with extension; on the contrary, the subsequent two steps ( a

(4-

5)=0.64÷1.65% and a
(5-6)=1.65÷2.65%) trigger a different pattern of strain localization planes with an inclination 

mainly ranging between 44° and 47°. The interaction between the material and the frictional boundary conditions, 
produces two rigid cones in correspondence of the loading platens. Such a deformation field progressively invests 
the whole sample, including its middle portion. 

(3 4)
a= 0.13÷0.64%

(4 5)
a=0.64÷1.65%

(5 6)
a=1.65÷2.65%

Fig. 3. Macroscopic stress-strain response and incremental Maximum shear field related to the first load reversal. 

Thereafter, another load reversal is applied, this time in extension, consisting of four steps up to respectively a 
equal to 1.90%(7), -0.10(8), -1.1%(9) and 2.10%(10) (Fig. 4). As for the previous loading branch, in the first loading 
step after the reversal ( a

(6-7)=2.65÷1.90%), the deformation process is localized along the same shear planes 
previously activated by virgin compression. This phase represents the strain recovery figured out as pseudo-elastic 
by several authors in the macroscopic stress-strain analysis. However, this effect is also likely produced by a 
rearrangement of the particles macrostructure to reach a more stable configuration in the shear plane activated by the 
previous stress path. After, once stability is regained, the shear mechanism starts moving on different planes with an 
inclination ruled by the new path. This reduction in shear band inclination can be better observed in the subsequent 
extension steps, mostly where a more intense shear activity is observed when the maximum strain level previously 
experienced by the material is overcome. 

(6 7)
a=2.65÷1.90%

(7 8)
a=1.90÷ 0.10%

(8 9)
a= 0.10÷ 1.10%

(9 10)
a= 1.10÷ 2.10%

Fig. 4. Macroscopic stress-strain response and incremental Maximum shear field related to the second load reversal. 

The process of deactivation and reactivation of shear planes continues also during subsequent loading. In the load 
reversal from extension to compression (Fig. 5), a progressive transition between the two localization patterns is 
again observed, with the coexistence of both of them up to step a

(6-7)=1.14÷2.65%. After this phase, the material 
yields with shear planes belonging to the compressional stress path. It is interesting to note from the stress-strain 
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curve, the change of yielding rate occurring approximately before and after the maximum strain previously attained 
(2.65%). From the microscale viewpoint, such a change arises from the formation of new shear surfaces occurring in 
the intermediate portion of the sample. Additionally, with the general increase of strain levels, the presence of the 
two wedges near the bases becomes more and more evident, as a proof of the fact that the sample deformation is not 
uniform and that end friction plays a certain role in the deformation mechanism. 

(10 11)
a= 2.10÷ 0.36%

(11 12)
a= 0.36÷1.14%

(12 13)
a=1.14÷2.65%

(13 14)
a=2.65÷4.15%

Fig. 5. Macroscopic stress-strain response and incremental Maximum shear field related to the third load reversal. 

The previous deformation field persists during the first unloading phase (step 14-15), but the transition from 
compression to extension, highlighted by the curvature of the stress-strain curve visible at approximately a =3%, 
produces an overlapping of former and new shear surfaces (Fig. 6). Since the unloading step leads the sample to a 
lower strain ( a=1.90%) the deformation pattern becomes more confused throughout the sample as it includes 
coexisting localization fields belonging to compression and extension. With the progress of extensional strains, the 
previously observed material’s tendency is rejoined, with the maximum strain level experienced by the material in 
the step 6-7 (1.90 (6) and -2.10%(7)). After this phase the shear mechanisms is completely transferred on the 
localization plane proper of the ongoing strass paths. The test ends with a strong strain localization located at the 
bottom of the specimen, producing a substantial reduction of the cross section (necking) a

(6-7)=-12.21÷-16.10%. 

(14 15)
a=4.15÷1.90%

(15 16)
a=1.90÷ 2.10%

(17 18)
a= 4.10÷ 8.11%

(19 20)
a= 12.21÷ 16.10%

Fig. 6. Macroscopic stress-strain response and incremental Maximum shear field related to the last load reversal. 

4. Conclusions and future developments 

The deformation mechanisms activated by cyclic loading in granular materials are responsible of many large 
effects visible on geotechnical structures. The constitutive modelling necessary to predict these effects is generally 
carried out with a phenomenological approach, looking at the global stress-strain response produced by laboratory 
tests considering deformation as uniformly distributed. On the contrary, the performed tests show that deformation 
is highly non-uniform within the sample from early loading phases and that the yielding mechanisms activated by 
the compression and extension stress paths are different. Primary compression induces a concentration of shear 
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deformation along surfaces oriented with an angle of about 44°-47°from the horizontal plane. This inclination 
reduces to 32° when the sample is sheared extensionally. When the stress path is reversed after a primary loading 
phase, deformation is concentrated on the previously activated planes. This effect, occurring with limited global 
deformation, represents the immediate strain recovery assumed as pseudo-elastic in the most simplified schemes. 
Thereafter shear planes change their orientation according to the new loading direction. At the macroscale, this 
phenomenon is accompanied by a sharp change of curvature of the stress-strain curve that occurs approximately at 
the maximum loads previously attained in the present loading direction. Due to the accumulation of strains produced 
by previous loading the new yielding mechanisms starts at different strain levels. Therefore, according to these 
observation, it seems that yielding in compression and extension follows independent rules with a transition from 
one to the other dictated by the previous stress and strain history. These experimental evidences support the thesis of 
directional independency of yielding postulated by other authors [16]. 

It would be now interesting to follow the mechanisms taking place on the different shear planes during the 
different unloading-reloading phases to better understand their deactivation and reactivation. This can be done with 
the present technique with the particle tracking able to quantify sliding and rotation of individual grains, is the future 
development of the present research. 
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