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Cemented sands are not only widely found in nature, but also artificially made broadly for various engi-
neering applications. We experimentally studied underlying breakage behaviour of artificially cemented
sands under different loading paths at particle scale. Two types of sands (Leighton Buzzard sand and
crushed limestone particles) and two types of bond materials (gypsum plaster and Portland cement) were
used to prepare artificially cemented particles. Three typical loading paths, resulting in different breakage
modes of specimens, including (1) uniaxial compression, (2) combined compression-pure shear (shorted
by ‘pure shear’) and (3) combined compression-shear-bending (shorted by ‘bending’) were applied. It was
found that when catastrophic failure occurred, cracks propagated roughly parallel to the loading axis in
both particles and their bridging cementation in uniaxial compression tests. While under pure shear
loads, the macroscopic fracture initiated at and evolved along particle-bond interfaces. By contrast, bend-
ing moment induced shear bands of which crack planes only occurred in cementation and were nearly
parallel to each other in bending tests. For the intact samples before compression tests as well as frag-
mentations after breakage, Scanning Electron Microscope (SEM) images were taken for samples prepared
by four kinds of materials, and multiscale rotational Haar Wavelet Transformation (HWT) was imple-
mented to quantify their fabric including fabric value and direction. It is concluded that fracture surfaces
of particle materials had more distinct fabric than intact particle surface. Meanwhile, due to sliding shear-
dominant longitudinal bond fracture surfaces had more evident fabric than their corresponding tensile-
dominant horizontal fracture surfaces. Consequently, our developed apparatus combined with the fabric
quantification method sheds new light on cemented granular materials at the particle scale.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Cemented sands, bridged by cementation matrix, sharing
microscopic processes via interfaces in control of their macroscopic
behaviour can be divided into two categories, namely artificially
and naturally cemented granular materials [33]. Similar to con-
crete, cemented sands are composed of three phases, namely, sand,
cementation, and interfacial transition zone (ITZ) between the two.
It is widely accepted that ITZ is the weakest phase among the
three. Cementation in nature can be combinations of calcite,
quartz, iron oxides and clay, such as sedimentary rocks [40]. Arti-
ficially cemented sands have an extensive range of applications
including concrete, recycling construction materials, asphalts,
cemented paste backfill and bio-grouted soils, across the broader
field of engineering [26,46,29,30,3]. In geotechnical engineering,
because many natural sands are weakly cemented, mixtures of
cementation and soil have been widely used for enhancing soil
strength [2] and liquefaction resistance [36], such as building
stable foundations and strengthening slopes [30]. Among a large
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number of studies for characterization of cemented sand structures
of which inelasticity is due to grain crushing, cementation disinte-
gration and reorganization of fragments, it is well accepted that the
major two dominant factors are bonding and fabric [11,17].

There are three mainstream methods to investigate cemented
sands: experimental (e.g., [27,20,8], analytical (e.g., [37,31,19]
and numerical approaches (e.g., [45,43,44,14,15]. In the last dec-
ades, experimental studies may be the most commonly imple-
mented, and many contributions have been made: (i) the
presence of bonding could make sandy soil structures more stable
and, thus increase their stiffness and strength [3,24]; (ii) under
identical triaxial loading, the sample response shows less contrac-
tion or more dilation with cementation as compared with clean
sands [12,28]; (iii) the critical state parameters seem to be inde-
pendent of the cementation level when stresses are more than
the apparent pre-consolidation stress [9,20]; and (iv) with the
debonding-induced stiffness degradation, post-peak behaviours
become more brittle, and significant fracture or breakage of bond-
ing material appears accompanying the initiation of yielding [44].
However, contributions from the particle scale, e.g. a bond is sand-
wiched by two particles, as one set of most fundamental elements
in cemented sands, can be seldomly found. Based on experimental
studies for parameters calibration, many constitutive models have
been proposed for accounting the breakage of cemented sands, and
most of them are focused on bonding degradation [25,48], so does
some numerical discrete element modelling [13,37]. Only consid-
ering bonding failure is evidently problematic, because all three
phases can fracture and attribute to the final complete fracture sur-
face [21,49]. To tackle this issue, based on recently developed
breakage mechanics [16], Tengattini et al. [39] propose a novel
thermodynamics-based constitutive model coupling grain crush-
ing and cement disintegration. However, as the weakest phase
compared with sand and cementation, the interface fracture is
not considered in their model. Although breakage of both bond
and particle is not covered, Zhao and Gao [17] propose an elasto-
plastic constitutive model on cemented granular materials with
strong sands, as the first step towards uncovering fabric constitu-
tively. Nevertheless, too many parameters exist in analytical mod-
els and some of them lack the intrinsic physical meaning, which
hiders their wide applications.

Due to the limitations of experiments and analytical solutions,
numerical methods are alternative in quantitatively characterizing
micro mechanics of cemented sands. Discrete element method
(DEM) has been mostly implemented for cemented sands in
geotechnical engineering (e.g., [34,22,10]. However, to the best
knowledge of the authors DEM seems not very suitable for simulat-
ing breakage behaviour of cemented sand. For example, spherical
particles are bridged by bonds, while the bond in DEM has been
usually simplified as a thickness-free interface; that is to say there
is no cementation mass in the cemented granular sample. Further-
more, basic elements in classical DEM are regarded as rigid bodies,
hence deformations of which are the key to breakage cannot be
considered. More importantly, this type of DEM cannot even effec-
tively reproduce the simplest bulk elastic behaviour defined just by
two common parameters, elastic modulus and Possion’s ratio,
because these apparent properties are dependent on both mechan-
ical and structural properties (local coordinate numbers of the rigid
sphere element) [6,4]. Wong and Wu [45] proposed finite element
method (FEM) to simulate normal compression behaviour of a
cemented sand in 2D using two idealized circles. Although parti-
cles and their bridging bond are ideally connected without inter-
face elements, they found the normal stiffness and maximum
tensile stress are both significantly influenced by the thickness of
the bond.

Based on aforementioned research, we are motivated to revisit
the breakage behaviour of cemented sands under different loading
paths experimentally. Fracture surfaces of particles and bonding
materials are examined with the aid of SEM images, of which the
fabric is quantified by multi-scale rotational Haar Wavelet trans-
formation (HWT). The paper is organized as follows. In Section 2,
our newly developed equipment and examined materials are intro-
duced. In Section 3, the image process, in terms of multi-scale rota-
tional HWT, is illustrated. Different fracture mechanics inducing
diverse fabric can be analysed. Results about fracture patterns
under three kinds of loading paths and their associated mechanical
responses and fabric are presented in Section 4. Finally, the main
conclusions of this study are summarized in Section 5.
2. Experiments

In this study, a group of artificially cemented sand particles
were tested under different loading paths, including uniaxial com-
pression, pure shear with or without bending moment, as shown in
the schematic illustration of Fig. 1. Fig. 1a shows the uniaxial com-
pression tests along vertical directions, in which a pair of axial
force applied along the vertical central axis of the cemented grains.
In Fig. 1b, a pair of cemented grain is held by a certain normal force,
and then another pair of horizontal force is applied along the hor-
izontal central axis of the bond. In this case, the cemented grain is
in a combined compression and shearing. When the horizontal
forces move along vertical and opposite direction, which means
there is an eccentric distance e0, the specimen is tested on com-
pression, shearing as well as bending (Fig. 1c).

The loading apparatus developed is shown in Fig. 2 [42]. The
system consists of a supporting frame, two stepper motors with
controllers, two load cells with a capacity of 1000 N (sensitivity
of 2 mV/V and accuracy of 0.15%), four high-resolution Linear Vari-
able Differential Transformers (LVDTs) with a resolution of 0.1
micros, a sensitivity of 375 mV/V and an accuracy of 0.25%, and a
digital microscope camera. The two stepper motors are fixed along
orthogonal directions to supply normal and shear forces, respec-
tively. They are in the control of force or displacement by a
custom-built program. When the cemented grain is under com-
pression, the force is applied by the vertical linear actuator with
a loading speed of 0.2 mm/hour. While the specimen is tested
under compression-shearing or compression-shearing-bending
loading paths, the shear force is applied by the horizontal linear
actuator with a loading speed of 0.2 mm/hour, and the vertical lin-
ear actuator applies the constant normal force in a force-controlled
manner. Two load cells were assembled with each actuator to mea-
sure the forces along the orthogonal directions. The artificial
cemented particles were held by a pair of L-shape mounts, which
allowed the external horizontal force applied on the vertical arms.
Both the upper and lower mounts could move freely along the hor-
izontal loading axis. Besides, both mounts were connected to the
upper and lower parts of the apparatus by pin joints, allowing
the bending moment applied on the specimen. During the com-
bined compression-shear tests (shorted as ‘‘pure shear”) and com-
bined compression-shear-bending tests (short as ‘‘bending”), the
horizontal force was applied on the arm of upper L-shape mount
by a loading end, while the lower L-shape mount was the reaction
end. Two pairs of LVDTs were used in this apparatus. One pair was
fixed symmetrically to the vertical loading axis with a spacing of
16 mm. The armatures of the other pair of LVDTs were glued on
the arm of the upper mount, which were symmetrical to the hori-
zontal loading axis and 8 mm apart. The vertical and horizontal
displacements could be obtained from the average readings from
each pair of LVDTs, respectively. The rotation angle during the
bending tests could be calculated by the difference in readings
from the horizontal LVDTs and the distance between them by a
simple geometric relationship. A digital microscope camera was



Fig. 1. Schematic illustration of tests artificially cemented particles under different loading paths: (a) compression (b) combined compression and shear (c) combined
compression, shear and bending.

Fig. 2. (a) Apparatus used in tests for artificially cemented particles under complex loading paths (b) details for the loading part.
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used to capture the failure behaviour of the cemented particles in
different loading paths. The details of the loading part are shown in
Fig. 2b.

LBS particles and crushed limestone, of size 2.36–5.00 mm,
were used. The former is a silica sand from the United Kingdom
(UK) and with high degree of roundness and smooth texture, due
to geological transportation process. While the latter is a diage-
netic rock with rectangular sections, relatively angular particle sur-
faces and many internal flaws or fractures resulting from the
crushing. Two types of bonding materials, Portland cement and
gypsum plaster (Crystacal D from the UK), were used to cement
single grains to investigate the effect of different bonding materi-
als. The two bonding materials, gypsum and Portland cement, were
prepared with their optimal water contents of 25% and 40% as sug-
gested by manufacturers, respectively, after waiting for at least
24 h for fully hardening. Artificially cemented particles with such
procedures could represent, perhaps, weakly cemented sands or
young clastic rock. The unit artificially cemented particles were
prepared and equipped using a pair of containers made of Perspex,
with a bond thickness of 2 mm named of ‘‘thick bond” as defined
by Jiang et al. [23]. Notably, in Wong and Wu [45]’s FEM simula-
tions, both bond thickness and cross-section area can significantly
influence global strength of unit cemented sands. In this study, we
aim to investigate different failure modes induced by competition
fracture mechanism among three phases, hence care must be taken
to convince mass of cementation bond is not much far from that of
sand particles. Consequently, bond thickness and cross-section
area are nearly identical to those of sand particles, as shown later
in Fig. 9.

According to Wang et al. [41], using gypsum plaster as the
bonding material gave more constant results, in terms of force–dis-
placement relationship curve for loading tests, compared with
Portland cement. Simultaneously, because of the stress concentra-
tion induced by angular morphology features and more internal
flaws due to crushing, crushed limestone tended to be fractured
prior to the bond and even ITZ. As a result, no wanted competition
mechanism among three phases occurred. To bypass this problem,
although the implemented bond was the thinnest for adequate
cementation process, limestone grains could still fracture before
other two phases. Therefore, for such competition mechanism,
only cemented sands, composed of LBS particles and gypsum plas-
ter, were emphasized for the mechanical responses in this study.
As for the other types of cemented particles, only scanned using
SEM for fabric quantification was conducted for intact samples
before tests as well as debris after compressive loading tests.
3. Fabric quantification for fractured surfaces

The Haar Wavelet transformation (HWT), originally proposed
by Haar [18], has been most widely used in image compression.
Additionally, as a novel and all-round image processing technique
HWT can also be applied in image segmentation, edge detection,
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denoising, and feature and texture analysis. In geotechnical appli-
cations, HWT has been successfully applied in detecting soil parti-
cle size distribution [38,32], roughness [9] and fabric tensor
[50,51]. HWT could be introduced from a 2� 2 pixels grey image:

I x; yð Þ ¼ i j

k l

� �
ð1Þ

where x and y denote the point positions in the whole grey image
and belong to 1 or 2 in this 2� 2 pixels grey image; i, j, k and l
are grey values from 0 (black) to 1 (white). The HWT for this
squared image is:
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whereAðx; yÞis the downscaling of Iðx;yÞby factor 2; Vðx; yÞ,Hðx; yÞ
and Dðx; yÞ are the average differences in vertical, horizontal and
diagonal directions, respectively. An important property of HWT is
the invariant tensorial property, defined as energy, during transfor-
mation. The energy EIðx;yÞ reads:

EI x;yð Þ ¼
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X2
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And it can be easily obtained:
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where EA, EH , EV and ED are the energy subsets of EIHWT ðx;yÞ. Accord-
ingly, EH and EV denote the differences in horizontal and vertical
directions of the transformed image.

For a 4 � 4 image (A0ðx; yÞ), it can be downscaling into 2 � 2
image for the first time HWT performed on every adjacent sub
2 � 2 image:
Fig. 3. A0, a fractured LBS fracture surface, and its seven levels of Haar Wavelet transform
(EHi�th

) directions. i-th means the number of times for downscaling of the original image
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And if HWT is continually conducted on A1ðx; yÞ:
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Given a 2M � 2MðM 2 N�Þimage, HWT can be done for M times

for it and its associated vertical and horizontal energies for the i-
th HWT are EVi

and EHi
, respectively. Fig. 3 illustrates an original

SEM image of a fractured LBS particle and its seven levels of
HWT-generated images. Then, follow Zheng and Hryciw [50], the
maximum of energy of the two are defined:

EVmax ¼ max EV1 ; EV2 ; ::: EVM�1 ; EVMð Þ
EHmax ¼ max EH1 ; EH2 ; ::: EHM�1 ; EHMð Þ ð8Þ

Perpendicular to the fabric direction of fracture surfaces, grey
values of SEM images change most and produce maximum energy.
That means searching for the direction of fracture fabric is changed
to that of maximum/minimum energy direction. However, HWT
only quantifies horizontal and vertical direction energies consider-
ing diagonal energies are of limited values. Rotational HaarWavelet
transformation (RHWT) proposed by Zheng and Hryciw [53,51] was
applied to rotate the original image for computing fabric tensors
towardsmore rounded directions (Fig. 4). An energy ratio is defined:

ER hð Þ ¼ 2
p
arctan

E hþ 90
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E hð Þ

2
4

3
5 ¼ 2

p
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EVmax
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� �
ð9Þ

where h 2 0
�
;360

�h �
is the rotation angle of the original image. Due

to the symmetry of rotating, ER hð Þ ¼ ERð180� þ hÞ can be obtained.
ation. The two arrows denote energies with respect to vertical (EVi�th
) and horizontal

. The scale bar in it represents 100 lm.



Fig. 4. Rotational Haar Wavelet transformation for an SEM image of LBS fracture surface of 363 � 363 pixels. The red square denotes the zone of 256 � 256 pixels for
quantifying vertical and horizontal energies during rotation. h is for the rotation angle. The scale bar in it represents 100 lm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Results in polar coordinate system of RHWT on the LBS fracture surface in
Fig. 4.
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Simultaneously, due to EVmax hð Þ ¼ EHmax hþ 90
�� �
and

EHmax hð Þ ¼ EVmax hþ 90
�� �
, if ER hð Þ is known for h 2 ½0�

;90
� Þ, ER hð Þ of

the full range h 2 0
�
;360
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is known. For simplicity, the continuum

ER hð Þfunction is discretized by 1� increments from 1� to 360�, and

90 ER hð Þ values (ER 0
�� �
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�� �
; ER 2

�� �
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�� �
) are sufficient

for the full scope. Notably, from Fig. 4 it is evident that during the
rotation process, where the subareas are rotated clockwise, the cer-
tain central 2M � 2M window must be fully contained in the rotated
image. Hence, the minimum size of the original or rotated image is
2Mþ0:5 � 2Mþ0:5for 2M � 2Msized window.

The image noise and multiscale morphology features of fracture
surface may influence the image fabric direction, therefore the sec-
ond order Fourier series is implemented to make it more obvious
visually via fitting its distribution ER hð Þ:
ER hð Þ ¼ 0:5þ a � cosð2hÞ þ b � sinð2hÞ ð10Þ
where a and b are Fourier coefficients determined by ER hð Þ using the
least square fitting method, as shown in Fig. 5. Eq. (10) can also be
written as:

ER hð Þ ¼ 0:5þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
sinðbþ 2hÞ

sinb ¼ affiffiffiffiffiffiffiffiffiffi
a2þb2

p

cosb ¼ bffiffiffiffiffiffiffiffiffiffi
a2þb2

p
ð11Þ

Thus, the maximum and minimum ER hð Þ are calculated:

ERmax

ERmin

� �
¼ 0:5	

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

q
ð12Þ

For example, the determined Fourier coefficients of the LBS frac-
ture surface are a ¼ 0:0776 and b ¼ �0:0604; the maximum and
minimum fabric scalar are 0.598 and 0.402; the direction of ERmax

is towards 162�, highlighted in Fig. 5. For an ideal complete isotro-
pic fabric, the ER yields a circle of radius equal to 0.5 in Fig. 5. Gen-
erally, fabric of a specific image is quantified by and compressed
into 2 values, namely the fabric value ERmax and fabric direction
ERmax is oriented.

In Zheng and Hryciw [50], only one original 2Mþ0:5 � 2Mþ0:5 SEM
image is selected for once RHWT to determine the fabric direction,
however it is somewhat coarse regarding the multiscale morphol-
ogy features presented. Based on the above description, we pro-
pose here a multiscale RHWT to detect fabric direction of the
SEM images of cemented sand fracture surface; that is, the large
image is divided into subareas and RHWT is performed on each
of them. As shown in Fig. 6, the image is divided into N � Lminor
parts, each of which has more than 2Mþ0:5 � 2Mþ0:5 pixels. Then
the ERall hð Þ of the whole image is defined by the sum of those of
subareas at corresponding angle hi:

ERall hið Þ ¼
XN�L

i¼1

ER hið Þ
N � L

ð13Þ

where hi ¼ 0
�
;1

�
;2

� � � �179�
. Notably, the size of subarea has great

influence on the resulting fabric direction and value, thus the values
of M selected subarea size is 2, 3, 4, 5, 6 and 7, considering the SEM
images used in this study have 712� 423 pixels. After the accumu-
lated distribution of ERall hð Þ is obtained, the second Fourier series in
Eq. (10) is then applied to fit it. Fig. 6 and Fig. 7 illustrate the repre-



Fig. 6. Multiscale rotational HWT for an intact limestone surface with resolution of
about 28.5 � 28.5 pixels: (a), (c) and (e) are with M equal to 3, 5 and 7. The scale bar
in it represents 20 lm.

Fig. 7. Multiscale rotational HWT for a fractured limestone surface with resolution
of 28.5 � 28.5 pixels: (a), (c) and (e) are with M equal to 4, 6 and 8. The scale bar in it
represents 20 lm.
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sentative process of multiscale rotational HWT for SEM images of a
limestone fracture surface and an intact LBS surface.
Fig. 8. Relationship between compression force and vertical displacement of a
GPLBS during a normal compression test (Data points of 1, 2, 3 and 4 correspond to
the images in Fig. 9).
4. Results

4.1. Breakage behaviour and mechanical response

4.1.1. Uniaxial compression
Fig. 8 illustrates a representative force–displacement relation-

ship for two LBS particles artificially cemented by gypsum plaster
(GPLBS) under uniaxial compression. It could be observed that the
curve before the peak is roughly linear in spite of some scatter at
beginning. That means vertical force applied on the specimen
increases lineally with the increasing of the vertical displacement
during tests until a peak value appears, which is about 260 N in
this case.

Corresponding to Fig. 8, a series of images illustrating the spec-
imen breakage process under compression is shown in Fig. 9. At
point 2, where is prior to the peak force in Fig. 8, a crack occurred
along the loading axis inside the upper LBS particle. It is noted that
the particle broke with no immediate effects on the force–displace-
ment response. Following the particle failure, a fracture quickly



Fig. 9. Breakage behaviour of GPLBS under compression corresponding to Fig. 8.

Fig. 10. Relationship between shear force and horizontal displacement of a GPLBS
for a pure shear test with no bending and a normal force of 50 N (Data points of 1, 2,
3 and 4 correspond to the images in Fig. 11).

Fig. 11. Breakage behaviour of GPLBS for a pure shear test with no bending
corresponding to Fig. 10.
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propagated through the bond vertically and a chip split off. This
occurred instantaneously, resulting in a sudden drop of the
force–displacement curve. After the failure, it could be observed
that the lower sand particle also broke in this process, with a part
of cementation retaining between two particles and small gypsum
plaster chip laying on the lower mount.
4.1.2. Pure shear
At the beginning of pure shearing test, vertical force with a

speed of 2 mm/hour was applied along the vertical axis of GPLBS.
Once the force reached 50 N, it turned to be controlled as a con-
stant value using an inhouse control code. The left and right load-
ing ends were adjusted in one horizontal plane, which coincides
with the horizontal symmetry plane of the cementation. Then hor-
izontal shear force was gradually applied, in which no bending
moment application on the specimen. Fig. 10 presents a represen-



Fig. 12. Relationship between shear force and horizontal displacement of a GPLBS
for a bending test with normal force of 50 N (Data points of 1, 2, 3 and 4 correspond
to the images in Fig. 13).
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tative shear force-horizontal displacement curve for a pure shear
test under a constant normal force 50 N without bending moment.
At the beginning of the test, the curve shows convex. Then it turns
to be linear when the shear force exceeds10N. The curve continues
to rise to about 24 N, following with a sudden drop indication the
GPLBS fails.

Fig. 11 describes the failure process of GPLBS under pure shear-
ing with a normal force 50 N corresponding to test in Fig. 10. Com-
pared to image at point 1 in initial loading stage, the specimen at
point 2 inclines slightly along the horizontal loading direction.
Cracks could be observed to initiate at both upper and lower inter-
faces between cementation and particles. In terms of the mechan-
ical response in Fig. 10, however, the curve seems to be affected
Fig. 13. Breakage behaviour of GPLBS for a
insignificantly by the crack initiation and continues to increase
after experiencing a short standstill. At point 3, where the shear
force reaches maximum value, cracks at both sides propagate
and the cemented grains is more inclined. Thereafter, at point 4,
the cracks propagate rapidly. As a result, the particle completely
debonds from cementation and no longer carries shear force, corre-
sponding to a sharp decline in the force–displacement curve in
Fig. 10.
4.1.3. Bending
Fig. 12 and Fig. 13 illustrate a representative shear force-

horizontal displacement curve along with particle images describ-
ing breakage process for a compression, shear and bending
combined test. In this case, an eccentric distance e0 1.6 mm for hor-
izontal force was set for application of bending moment. Also, a
normal force, e.g. 50 N, was applied first and then set as a constant
value to keep the cemented sand vertically stable. The relationship
between shear force and horizontal displacement for combined
shear and bending tests shows a quite similar trend with that for
pure shear tests before failure. However, unlike the sudden drop
of shear force after failure in pure shear tests, the curve comes to
a softening regime for compression-shear-bending test. That coin-
cides with results from Jiang et al. [23], in which a softening regime
was found for the thick bond. It should be noticed that the horizon-
tal displacement in this case consists of two parts: one resulting
from rotation of the upper mount, the other resulting from shear-
ing. That’s the reason why two LVDTs were assembled symmetri-
cally about load axis in each direction. The displacement caused
by shearing is obtained from the average value of the readings
from the two LVDTs, which is used in Fig. 12.

From point 1 to point 2, where the shear force gradually
increases to about 20 N, the images in Fig. 13 shows no visible
crack either in bond or particles. As the shear force reaching to
the peak value 21.2 N, one visible inclined crack though the bond
has been seen, followed by a slight drop in force. In this case, the
cemented grains do not fail completely and continue to carry
retaining force. At point 4, which is the second peak value of shear
force 19.5 N, two more roughly parallel inclined cracks propagate
inside the bond. Among the three cracks, there is longest one
bending test corresponding to Fig. 12.



Fig. 14. Mechanical response for the bending tests on cemented LBS grains with
gypsum plaster under different normal force (a) shear force-horizontal displace-
ment (b) bending moment-rotation angle.

Fig. 15. Ratio of peak shear force over normal force under different normal force for
the bending tests on GPLBS.

Fig. 16. The relationship between shear force and bending moment for bending
tests on LBS cemented particles with gypsum, compared the results from [23].

Table 1
Summarization of SEM properties for Fig. 17.

Number Type Pixel size (lm)

(a) Intact LBS surface 0.870
(b) Fractured LBS surface 0.870
(c) Intact limestone surface 0.174
(d) Fractured limestone surface 0.174
(e) Horizontal fractured gypsum surface 0.174
(f) Longitudinal fractured gypsum surface 0.174
(g) Intact Portland cement surface 0.174
(h) Longitudinal fractured Portland cement surface 0.174
(i) Longitudinal fractured Portland cement surface 0.345
(j) Horizontal fractured Portland cement surface 0.345
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through the whole height of the bond, named major crack. As the
major crack occurring and propagating, the shear force decreases
remarkably, followed by a softening regime. The retaining of the
specimen after failure could continue to carry a certain compres-
sive force. Therefore, the softening regime is actually the compres-
sive softening. The results are consistent with the conclusion of
Jiang et al. [23].

Moreover, the influence of constant normal force applied on the
cemented grains during normal-shear-bending tests on shearing as
well as bending strength was investigated. For the series of tests,
the eccentricity of the shear force to the centreline is all equal to
1.6 mm and three different values of constant normal force 10 N,
20 N, and 50 N were applied. Fig. 14(a) illustrates the mechanical
response for the combined bending tests under normal force
10 N, 20 N and 50 N in terms of shear force-horizontal displace-
ment curves. When the normal force applied is equal to 10 N, the
peak shear force is round 16 N while the displacement at failure
is about 0.08 mm. After the first peak, the force decreases slightly
to 13.9 N and then continues to rise to the second peak 14.7 N, fol-
lowed by a remarkable drop. If the normal force increases to 20 N,
it is noticed that with the increase of horizontal displacement, the



Fig. 17. SEM images summarized in Table. 1 for multiscale RHWT.
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increase of shear force becomes obviously slow. After a hardening
regime, the shear force reaches to about 21.4 N and then drops to
17 N, turning to a softening regime. When the normal force is equal
to 50 N, the trend of the force–displacement relationship is similar
to that under normal force of 10 N, and the peak force is 34.4 N
with a horizontal displacement of 0.08 mm. Again, after a short
decrease to 26.8 N, the shear force continues to go up. In this case,
the second peak force was not found, partly because of the short
record of the further data. It could be found that with the increase
of the normal force, the peak shear force increases for compressive-
shear-bending tests. Also, the stiffness of the cemented samples
shows an increase tendency with the increase of normal force.
However, there is no apparent trend of the horizontal displacement
at failure with the variation of the normal force. The relationships
of bending moment and rotational angle force the combined bend-
ing tests under different normal forces 10, 20 and 50 N are given in
Fig. 14(b). It could also be found that the bending moment
increases with increase of the normal force, for which the moment
values are 0.03, 0.04 and 0.07 N�m corresponding to under normal
force 10, 20 and 50 N, respectively. In this case, a roughly positive
trend of rotation angle at failure with normal force increasing
could be observed.

Fig. 15 illustrates the relationship between the ratio of shear
force over normal force and horizontal displacement under differ-
ent normal force 20 and 50 N for combined bending tests. The
curves show that for same normal force, the ratio is quite consis-
tent. If normal force is applied as 20 N, the ratio of shear force over
normal force is about 0.75 while that value changes to 1 if the nor-
mal force is equal to 50 N. Not only the ratio of shear force over
normal force increases with normal force increasing, the slopes
of the curve also shows an increasing tendency with normal force
increase.

Jiang et al. [23] plotted stress envelops for combined bending
tests on cemented aluminium bars in terms of the relationship
between shear force and bending moments. Although the figure
indicated no clear trend for the effect of the normal force on the
shear and moment resistance, the slope of the line for the points
connection decreased with the increase of the eccentricity as
shown in Fig. 16. In terms of shear force and bending moment,
the data points are linear and indicates roughly positive correla-
tions between shear force or bending moment and the normal
force. In addition, the connection line of the four data points lying
between the two lines for eccentricity of 1.5 and 2.3 mm. In this
study, the eccentricity of shear force applied on the cemented par-
ticle is about 1.6 mm, which agree well with the conclusion of Jiang
et al. It should be pointed that particles in Jiang et al.’s experiments
are made of steel, which aims at an ideal case for DEM calibration,
thus fractures cannot propagate inside aggregates. Meanwhile, the
spherically shaped geometries would not induce high-stress con-
centration as realistic sand shapes. Refer to our experiments, more
advanced combined finite and discrete element method (FDEM,
[52]) can be taken into consideration to shed light on micro
mechanics phenomenon, to which experiments are not accessible,
of cemented sand fracture behaviour.

4.2. Fabric quantification of fracture surfaces

There are 10 SEM images for each intact and fractured LBS,
limestone, gypsum and Portland cement surfaces conducting mul-
tiscale RHWT. Table 1 summarizes them with SEM properties on
the bottom of them in Fig. 17. Notably, for quantitative comparison
of fracture-induced surfaces, for one particular material (e.g. LBS,
limestone, gypsum and Portland cement) the SEM images are of
the same resolution, in terms of pixel size.

Fabric directions are meaningful only when they indicate the
directions of the same image with diverse subarea sizes because
the SEM images are obtained from a random view rather than in
in-situ experiments, where the camera angles were kept the same
for all crushing tests of cemented sands. Simultaneously, surface
morphology does have multi-scaled features, and thus influence
the distribution of ERmax, as indicated in Fig. 6(a), (c) and (e), with
the increase of subarea sizes tiny features can be smoothed or
eliminated. However, tiny morphology characteristics are not con-
sidered here, and only rough textures are covered, which means
the size of subareas cannot be too small or large because of the
fluctuated fabric directions in both ends of black lines in Fig. 18.
Hence only fabric of subarea of size 16 pixels is taken into consid-
eration to quantify fabric values.

Specifically, for sand materials, due to crushing LBS surface
becomes smoothed as the fabric value decreases from 0.61 to
0.54 for subarea size equal to 16, in Fig. 18(a). As for limestone,
striped textures are more distinct than LBS (see Fig. 17). With
the increase of subarea size, small-scale morphology features can
be filtered, as demonstrated in Fig. 7(a), (c) and (e), which results



Fig. 18. Fabric directions (black lines) and values (red lines) for intact (lines with circle) and fractured (lines with diamond) LBS surfaces (a), intact (lines with circle) and
fractured (lines with diamond) limestone surfaces (b), horizontal (lines with circle) and longitudinal (lines with diamond) fracture surfaces of gypsum (c), intact (lines with
circle) and fractured (lines with diamond) surfaces of Portland cement (d), and longitudinal (lines with circle) and horizontal (line with diamond) fractured surfaces of
Portland cement (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in higher fabric value (0.78) of its fractured surface than 0.76 of its
intact surface, although both introduce more evident fabric than
LBS surfaces. Interestingly, the fabric changes of bonded materials,
such as Portland cement in Fig. 18(d), are much different from
those of sand materials; that is, there is no distinct change occur-
ring due to crushing, as the described in their SEM images in
Fig. 17(g) and (h). Meanwhile, the fabric values of horizontal and
longitudinal fractured surfaces are contrary for gypsum and Port-
land cement. The fabric value of longitudinal fractured surface is
much larger than that of horizontal fractured surface for gypsum
materials, while the fabric of longitudinal fractured surface is,
although slightly, smaller than that of horizontal fractured surface.
4.3. Discussion

According to the classical Griffth fracture mechanism, fracture
modes can be classified into three modes: tension (mode I), shear
(mode II) and slip (mode III). Although in this study three different
loading modes are applied, in micromechanics all the fractures are
induced by mixed Griffith fracture modes. Meanwhile, seldom are
cemented sand in reality fractured from purely single Griffith frac-
ture mechanism. As a result, it is not trivial to merge SEM fabric
analysis of fractures from three different loading modes. The focus
of this study is on presenting different failure modes induced by
various loading conditions and the existence of distinctive fracture
surface fabric of composed materials of cemented sands; thus,
indicate the insufficiency of current studies in cemented sand
breakage for classical geotechnical problems. For example, with
the increase of included angles by fabric directions and loading
directions of composite material, nominal stresses with the same
stretch would evidently decrease [5]. It should also be noted that
in this study only SEM images of totally intact or completely frac-
tured surfaces are applied to conduct multiscale rotational HWT. It
is reasonable to conduct multi-scale rotational HWT on images
mixed with unfractured and fractured surfaces, which can be dis-
tinguished by the fabric difference, to extract more fracture fea-
tures, such as fracture location and fracture width via fabric
value, and complex fracture paths via fabric direction.

We also realize the disadvantages of this study; that is, no quan-
titative relations between fabric tensor and failure mechanism
parameters, such as failure stress and elastic modulus. However,
our experiments currently do not have enough data for efficiently
introducing this, which is ongoing.
5. Conclusion

In this study, real soil grains (e.g. Leighton Buzzard sands,
crushed limestone sands) were used to prepare artificially cemen-
ted particle samples, which could present slightly cemented or
younger clastic rock in nature, according to Jiang et al. [23] as
defined as a ‘‘thick bond”. Gypsum plaster and Portland cement
were used as the bond materials. The artificially cemented parti-
cles were tested using a novel apparatus under different loading
paths, including compression, shear and bending to investigate
the mechanical response and the failure behaviour.

The results show that under compression, the compressive
force increases roughly linearly with increasing of displacement
until a catastrophic failure occur sand cracks along loading axis
could be observed in both particles and cementations. For pure
shear tests (with a constant compressive load), with increasing of
shear force and horizontal displacement, cracks at both interfaces
between grains and bond could be found. Detachment of particles
from cementation results in the failure in this loading paths. Dur-
ing the combined compressive-shear-bending tests, the mechani-
cal response in terms of shear-displacement curves exhibited a
hardening regime before the peak force and then turned into a
softening regime with a residual stress. Inclined cracks initiated
and propagated in the cementation in this case. Also for combined
bending tests, with the increasing of normal force, peak shear
force, bending moment at failure as well as the ratio of shear force
over normal force could increase, respectively.

For compressive tests, the samples before and after tests were
scanned using scanning electron microscope (SEM) and a fabric
quantification method for cemented sand fracture surface was pro-
posed. Since cracks could initiate in both sand particles and cemen-
tation in this loading path, generated fracture surface tomography
features are rather different, especially for different materials.
Using a newly defined fabric tensor based on rotational Haar
Wavelet transformation (HWT) performed on subareas of SEM
images, the change of fabric could be described quantitatively,
and the compressing-induced fracture surfaces could be automat-
ically characterized rather than by vague human cognition. More
interesting results sufficiently indicating the dependence of failure
modes on fracture surface fabric, as well as influences of fracture
surface fabric tensor on fracture stress and elastic modulus can
be obtained by large number of experimental.
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