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ARTICLE INFO ABSTRACT

Keywords: This paper investigates the influence of concrete/gypsum bedding layers and their orientation
Bedding layer angles on the tensile failure mechanism in the three-point bending test based on experiments and
Gypsum

numerical simulations. Rectangular samples containing different combinations of concrete and
gypsum layers were prepared, i.e. one layer of gypsum and one layer of concrete, one layer of
gypsum and two layers of concrete, and two layers of gypsum and two layers of concrete. In each
configuration, bedding layer angles varied between 0° and 90° with increment of 30°. A total of
36 specimens including 12 configurations were prepared and tested. In addition, numerical
simulations were conducted on the concrete/gypsum bedding layers at different angles of 0°, 15°,
30°, 45°, 60°, 75°, and 90°. Results show that the bedding layer orientation and bedding layer
thickness affect the observed tensile failure process including the failure pattern and tensile
strength. A pure tensile failure occurred when the bedding layer angle was 0°, while a sliding
failure evolved by increasing the joint angle. When the bedding layer angle was 90°, the failure in
boundary of layer was observed. Specimens with one layer of concrete and one layer of gypsum at
0° inclination angle had the highest tensile strength. However, increasing the number of layers
and inclination angles decreased the tensile strength of specimens as the number of weak layers in
the direction of loading increased.

Concrete
Tensile crack
And three-point bending

1. Introduction

The cleavage, foliation, schistosity, joints, micro-and macro-fissures, and bedding plane play a significant role in the anisotropy
characteristic of the rock [3]. However, the common isotropic and anisotropic sedimentary rocks depend on the bedding planes or
spacing, or restriction of the growth during deposition. Metamorphic rocks are primarily anisotropic because of the consequences of
both schistosity and cleavage [62,63]. Magmatic rocks, like granite, might have anisotropy features because of the micro-cracks under
tectonic plate movement, and understanding the characteristics of the magmatic rocks are vital for many rock engineering projects
[20-22,54]. Such features have been investigated via uniaxial compressive strength (UCS) and triaxial loading condition tests on
sedimentary rocks [4,12,16,23,48]; sandstones [36,61], and [3]; phyllites [60]; artificial materials [78,79], and [81]; gneisses and
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Layered rock mass

Deformation of layer
in tunnel section.

Fig. 1. The possible deformation of underground tunnel with crack patterns by Li [47].

Fig. 2. Pillar that had an original width-to-height ratio of 1.7 failed by progressive spelling [28].

Table 1
Concrete mix design used in this study.
Gravel (g) Sand () Cement (g) Water (cc) Superplasticizer (g) Micro silica (g)
3000 10,500 2800 1500 120 90
Table 2
Characteristics of cement and Silica fume.
Properties Cement Silica fume
Physical properties
Specific gravity (gr/cm®) 3.15 2.20
Surface area (mz/kg) 320 20,000
Size (micron) - 0.1
Bulk density (kg/m) - 576
Initial setting time (min) 45 -
Final setting time (min) 375 -
Chemical properties (%)
Sioy 90-96 20-25
Al,0, 0.5-0.8 4.8
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Table 3

Physical properties of sand.
Index value
Specific gravity (gr/cm®) 2.63
Passing 4.75-mm sieve (%) 100
Maximum dry density (kN/m?) 15.5
Minimum dry density (kN/m?) 12.3
Do 0.194
Dso 0.322
Deo 0.344

(b)

Fig. 3. (a) Cylindrical mold with 54 mm in diameter and 112 mm in length, (b) disc mold with 54 mm in diameter and 27 mm in thickness.

(a)

Fig. 4. a) Brazilian test machine, b) uniaxial test machine.
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(d)

Fig. 5. Crack growth in (a) concrete specimen, and (b) gypsum specimen subjected to Brazilian tensile strength test, and crack growth in (c)
concrete specimen, and (d) gypsum specimen subjected to UCS test.

Table 4

The schematic view of gypsum-concrete interface layers; (a) one layer of gypsum and one layer of concrete, (b) one layer of gypsum and two layers of
concrete, and (c) two layers of gypsum and two layers of concrete inclined at different angles (0°, 30°, 60° and 90°).
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Fig. 6. (a) Plexiglas mold, (b) a rolling cylinder moves below the mold for the creation of layers at specific angles, (c) cap on the mold surface, and
(d) prepared gypsum and concrete layers.

schists [9,24,52,53,64], and [67]; mudrocks [2]; quartz mica schist [99]; and travertine [93]. Anisotropy of sample under UCS test
value is linked to the fabric of micro-cracks in magmatic rocks [17]. Mechanical and anisotropic features of concrete and rocks have
been widely investigated by several researchers via leading lab examinations [8,13,37,42,44,45,69] and numerical modellings [45,47,
70,72-74,95]. Changing the shape of crack [38,75] and crack growth are normally examined to address the anisotropic properties [76,
82,90]. The effects of rock anisotropy on the tensile strength of rock via the Brazilian test were investigated by Hobbs [35] on siltstone,
sandstone and mudstone; McLamore and Gray [48] on shale; Tavallali and Vervoort [80] and Chen et al. [14] on sandstone; Debecker
and Vervoort [19] on slate; and [21,22] and Dai and Xia [20] on granite. The outcomes demonstrate that the tensile strength and crack
growth phenomena depend on the orientation of the weakness planes, and two or three different failure modes were recognized in the
same experiments. Chen et al. [14] introduced two significant modes of tensile splitting; parallel to the loading direction of sample and
by shear failure along the sample layers. In addition, the results of studies by Dai and Xia (2013) and [21,22] indicated that the
pre-existing micro-cracks affect the tensile strength anisotropy. Usage of the point load test for evaluating the strength of the isotropic
and anisotropic rocks is widespread [7,10,11,41,42,77]. However, the angle between the loading direction and foliation planes plays a
critical role in the point load index of anisotropic rocks. The specimen has minimum tensile strength when loading direction was
parallel to foliation plane. Furthermore, Basu and Kamran [7] demonstrated that the UCS value of anisotropic rock could be pre-
dictable from the point load test. The crack growth of the tested samples showed an identical pattern. Concrete is considerably more
delicate below tensile load rather than other types of loading. Brazilian tests on concrete have been widely conducted to determine the
tensile behaviors of concrete materials [25,26,39,84-86,88,91,96,97]. The effects of temperature, confining pressure, strain rate,
water content, and chemical properties on the tensile strength of specimens have been studied previously; however, the attention to
heterogeneity was absent [5,6,30,32,33,49,51,83,94,98]. Therefore, evaluating the tensile strength of concrete with discontinuities is
vital. The review of previous studies highlights the significant attention to the crack features of anisotropic samples [18,50]; Dai and
Xia, 2013; [34,43]. Nevertheless, very limited studies have examined the effects of rock notch on the rock strength [29]. It has been
known for a long time that the expanding amount of joints could noticeably reduce the concrete strength [52,55,78,87]. However, the
strength of the bi-material bedding layer and the relationship with orientations on the tensile strength of the concrete was absence. The
tensile behaviors of layered rocks have been extensively investigated; however, outcomes of layered samples under different loading
conditions have been rarely reported. The fracturing pattern for an underground tunnel with existing natural flaws was investigated by
Li [47] as shown in Fig. 1. In the in-situ survey site, mainly tensile failures were recorded. An anisotropic solid reaction from an
underground tunnel section was calculated with a moderate convergence rate by Lisjak et al. [46]. The movements in the Y-axial to the
X-axial (layers orientations) were comparatively four times larger than displacements parallel to the layers. The convergence in the
layered Lias limestone in the Lotschberg underground excavation was investigated by Seingre [66]. The orientation of discontinuities
greatly influenced the steel sets and surrounding rock masses. The anisotropy displacements observed in underground excavation case
studies are mainly perpendicular to the joints and layered orientations, which perfectly agrees with numerical simulations [89,92].
Layers in large massive slabs, beams-walls, pillars-walls and voluminous constructions can be deflected and leads to drastic failure
(Fig. 2). In this context, many design structures in mining practice require detailed rock mechanics analyses using accurate data and
advanced numerical tools. Stress and stability analyses, indeed, can be carried out using continuous and/or discontinuous numerical
approaches, and they are currently used in the civil and mining engineering sectors due to the possibility to take account of complex
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Prepared gypsum-concrete specimens including; (a) one layer of gypsum and one layer of concrete, (b) one layer of gypsum and two layers of
concrete, and (c) two layers of gypsum and two layers of concrete inclined at different angles (0°, 30°, 60° and 90°).

Angle
©

Angle
©)

60

30

90

60

60

30

90
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(b)

Fig. 7. Specimens are subjected to the three point bending test.
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Fig. 8. Effects of bedding layer angle and bedding layer number on the stress- displacement curve.

rock mass deformation and failure [15,27,31]. For studying the deflections in the layered rock samples, the anisotropy behaviors of
rock samples in the three-points load testing in necessary, which has not been deeply investigated in previous study. Therefore, in the
present study, the anisotropy strength and failure modes of laminated concrete/gypsum using the three-point flexural test are
investigated to evaluate the effects of concrete/gypsum bedding layers and their inclination angles on the tensile failure mechanism of
specimens.
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Fig. 9. The effect of bedding layer configuration and inclination angle on the tensile strength of concrete-gypsum specimens.

Table 6
Failure pattern of one layer of gypsum and one layer of concrete with different interface angle of (a) 0°, (b) 30°, (c) 60° and (d) 90°.

Angle
©

60

(d)

2. Experimental program

2.1. Materials and mix design

The blocks including gypsum and concrete layers were prepared to be tested in three-point bending to simulate sedimentary type of
rock. Generally, concrete is more robust than the gypsum; therefore, the combinations of concrete with gypsum represent the situation
of rocks in the real world, which is rock masses with a high anisotropy ratio. Also, these material is easy assessable to repeat the test
results. Gypsum was prepared by mixing gypsum and water with the ratio of 2:1. Gypsum consist of gypsum mineral (CaSO4.2 H,0).
The concrete mix included Portland cement, sand, gravel, water, superplasticizer and micro silica. Tables 1-3 summarize the mix
design and specifications of different ingredients used in concrete specimens. Plastiment -BV 40 is the superplasticizer used in this
study.

2.2. Mechanical properties of specimens

Indirect tensile strength test (Brazilian test) was conducted on the gypsum and concrete specimens with the diameter of 54 mm and
thickness of 27 mm (Fig. 3) using Brazilian test machine (Fig. 4a).

The ultimate tensile strengths of concrete and gypsum were measured as 1.8 and 1.3 MPa, respectively. The crack growth of the
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Table 7
Failure pattern of one layer of gypsum and two layers of concrete with different interface angle of (a) 0°, (b) 30°, (¢) 60° and (d) 90°.
Angle Angle
©) ©)
0 30
60 90
(d)
Table 8
Failure pattern of two layers of gypsum and two layers of concrete with different interface angle of (a) 0°, (b) 30°, (¢) 60° and (d) 90°.
Angle Angle
© ©
0 30
60 90

concrete and gypsum samples subjected to Brazilian tests are shown in Fig. 5a and b. Uniaxial compression test was conducted on the
gypsum and concrete specimens with 300 * 160 * 75 (mm) dimension using uniaxial test machine (Fig. 4b) The ultimate compressive
strengths of concrete and gypsum were measured as 20 MPa and 10 MPa, respectively. The crack growth of the concrete and gypsum
samples subjected to uniaxial compressive strength tests are shown in Fig. 5¢ and d.

2.3. Sample preparation containing bedding layers

For this research project, the effects of concrete/gypsum bedding layers and their inclination angles on the tensile failure mech-
anism of specimens were evaluated via three-point bending test. Samples containing different layers of concrete and gypsum were
prepared including one layer of gypsum and one layer of concrete, one layer of gypsum and two layers of concrete, and two layers of
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Fig. 10. Different configuration of bedding layer above the underground gallery.
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Fig. 12. stress-strain curve for a) intact concrete model and b) intact gypsum model.

gypsum and two layers of concrete as shown in Table 4. In each configuration, the angle of layers to the horizon varied at 0°, 30°, 60°
and 90°. Entirely, 36 specimens including 12 types were prepared and tested (Sample I-XII in Table 4). Each test was repeated three
times to ensure the accuracy of results and the average value was reported as the representing value.

The fresh gypsum and concrete were poured into the rectangle Plexiglas molds with the dimensions of 300 x 150 x 50 mm
(Fig. 6a) and then vibrated for 90 s to remove entrapped air. The molds were built from fiberglass to eliminate any changes in the
dimensions during the sample preparation. Before pouring the mixed materials into the box, box was marked with guide line by a
marker (Fig. 6a) based on the both of the angles between layers and layers thickness. The gypsum was poured into the mold according
to the marked line. After initail soldification, concrete slurry was poured into the mold according to the marked line. As shown in
Fig. 6b, for constructing the layers with specific angles and thickness, a rolling cylinder was moved below the mold to achieve the
desired inclination angle and thickness. And whole system was built on the big container which filled with soil for controlling of the
layers angle and thickness. The big container with soil was selected because it could change any directions and get any inclination. One
cap was located at the top of the mold to hold the fresh mix in place (Fig. 6¢). Fig. 3d, shows one sample containing four layers of

10
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(b) (c)

Fig. 13. Brazilian tests for determination of mechanical properties of gypsum-concrete interface [65].
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Fig. 14. Axial force versus Displacement curve for gypsum—concrete interface.
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Fig. 15. (a) Model dimensions, (b) failure pattern of the gypsum model, and (c) failure pattern of the concrete model.

concrete and 4 layers of gypsum. Samples containing different combinations of concrete and gypsum layers (for horizontal configu-
ration, it consisted of one layer of gypsum and one layer of concrete, one layer of gypsum and two layers of concrete, and two layers of
gypsum and two layers of concrete) inclined at 0°, 30°, 60° and 90° were prepared as shown in Table 5.

11
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Table 9
Gypsum/concrete model in PFC2D including one layer of gypsum and one layer of concrete with different interface angle.
Angle Angle
o o
O) )
0 15
(a) (b)
30
(©) (d)
60
90
(2

2.4. Three-point bending test (flexural strength test)

The specimens were tested in three-point bending after 28 days of curing to determine their flexural strength and their mechanical
behaviors. The experimental arrangement for the flexural tests was according to the ASTM C78-16 [1]. For this arrangement, the cubic
specimens were held by two sets of breaker near the end of its span. Hence, the prepared specimens were placed in the Y-axis utilizing
two compressive wedges at a specific location. This arrangement stimulated the shear stress and permanent bending moment within
the specific location. Individually, the normal tensile and compressive stresses emerged at the head and base of this central location.
Besides, most of the substances have a specific amount of anisotropy in them. Bending strength in MPA (c7¢x) can be calculated using
Eq. (1).

3WL
O-/Iex - W (1)
Where W is the maximum applied force, L is the distance between two loading point, b is the sample height and d is the sample width.
In the tested specimens, L was 20 cm, b was 12 cm, and d was 10 cm. Two couples of steel wedges were installed in the lab equipment
(see Fig. 7). The boundary condition for lower wedges was stationary to the machine, while the boundary condition of the top wedge
was adjusted and controlled through a compressive platen. For applying the load on the specimens, the concrete-gypsum block samples
were located in the uniaxial box (Fig. 7) and the rate of applied force was 0.005 mm/s.

12
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Table 10
Gypsum/concrete model in PFC2D including one layer of gypsum and two layers of concrete with different interface angle.

Angle Angle
©) ©)
0 15
(a) )
30 45
(©) (d)
60 75
() )
90
(2)

3. Experimental results
3.1. Effects of bedding layer angle and bedding layer number on the stress- displacement curve

Fig. 8 shows the effects of bedding layer angle and bedding layer number on the stress- displacement curve. In constant layer angle,
the maximum displacement associated to maximum stress was decreased by increasing the bedding number. When bedding layer angle
was 0°, the average maximum displacement was 0.6 mm while it was 0.12 for layer angle of 90°. Therefore it can be concluded that the
average maximum displacement was decreased by increasing the bedding angle. The stress-displacement curve was non-liner for layer
angle of 0° while it was linear for layer angle of 90°. Because the intact material was mobilized in failure processes for layer angle of
0° while the layer interfaces was mobilized for layer angle of 90°.

3.2. Effects of bedding layers on the tensile strength

Fig. 9. Shows the effect of bedding layers on the tensile strength. As can be seen, the tensile strength decreased by increasing the
bedding layer numbers because of increasing the number of weak layers in specimens. Keeping the layer angle fixed, the highest tensile
strength belonged to the case with one layer of concrete and one layer of gypsum, which is intuitively expected due to the involvement
of the lowest number of interfaces. In addition, the tensile strength decreased by increasing the bedding layer angle, which is due to
decreasing the angle between loading direction and bedding plane. The specimen including one layer of concrete and one layer of
gypsum inclined at 0° had the highest tensile strength (1.8 MPa). However, the lowest tensile strength (0.56 MPa) belonged to the
specimen including two layers of gypsum and two layers of concrete inclined at 90°, when the loading direction was parallel to the
weak plane. Considering the effects of bedding layer and their inclination angle, it can be concluded that the effect of inclination of
bedding layer is more significant on the tensile strength of specimens comparing to the number of bedding layers. As the inclination
angle reaches 90°, the tensile strength of specimens becomes less sensitive to the number of layers because, in this configuration, only

13
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Table 11
Gypsum/concrete model in PFC2D including two layers of gypsum and two layers of concrete with different interface angle.
Angle Angle
@) @)
0 " )
(b)
(a)
(©) (d)
(@) | @
(2)

one tensile failure surface developed through the model by increasing the layers number. However, for the other inclinations, the
failure surface number changed by increasing the layers number.

3.3. Crack growth in concrete-gypsum blocks

Tables 6-8 show the crack growth of concrete-gypsum blocks. In the samples of this research, two kinds of failure modes were
detected. When the interface angle was 0° and 30° (Tables 6-8 a and b), one tensile crack was initiated in the gypsum and developed in
the vertical direction until coalescence with gypsum-concrete interface. In other words, the failure mode is autonomous of layers (AL),
whereby fractures occur in the central zone of the samples. This tensile crack propagated parallel to loading axis again and went
through the concrete layer until coalescence with gypsum boundary. When the interface angle was 60° (Tables 6-8c), one tensile crack
initiated in the concrete-gypsum interface and propagated diagonally until joining the cracks in the top edge of the sample. When the
interface angle was 90° (Tables 6-8d), one tensile crack initiated in the concrete-gypsum interface and grew in the vertical direction
until joined the cracks in the top edge of sample. In other words, the failure mode is dependent of layers, whereby fractures occur in the
concrete-gypsum interface zone of the samples. When the interface angle was 90°, the loading direction was similar to the joint plane.
Therefore, the crack propagated along this weaker zone. The fracturing pattern outcomes in the concrete-gypsum blocks seem to be
compatible with the results of Khanlari et al. [40]. They investigated the crack growth of the two types of sandstone under an indirect
tensile test. The shift in the crack pattern based on the three-point bending test values is also observed in other studies. Khanlari et al.
[40] showed the alteration of the fracture pattern in BTS samples (Brazilian Tensile Strength) of sandstone at layers angle= 45.



S. Abharian et al. Case Studies in Construction Materials 17 (2022) e01272

Table 12
Gypsum/concrete model in PFC2D including two layers of gypsum and three layers of concrete with different interface angle.
Angle Angle
o o
) @)
0 15
(a) (b)
30 45
(©) (d)
60
(e) )
90
(2

3.4. Behavior of bedding layer above the underground space

Fig. 10 shows different configuration of bedding layer above the underground gallery. From above findings, it can be concluded
that model I and model XII have highest tensile strength and lowest tensile strength, respectively. Model I can deformed largely before
final failure while model XIII has a small deformation before final failure. Therefore model XIII is a critical condition for bedding layer.

4. Numerical simulation
4.1. Particle Flow Code

A polygonal grain arrangement of balls was taken into account by [57] to develop the flat joint (FJ) model. According to Fig. 11, FJ
contacts are modeled as inflexible balls that are rigidly connected to flat notional surfaces. The notional surface of each piece is its face,
and the face of the contacting piece is its notional surface. Therefore, faces on grains were represented as two-dimensional or
three-dimensional balls with skirts. In two-dimensional, these faces are lines, while in three-dimensional, they are disks. The phrase
(FJM) flat-jointed material refers to what is known as a ball assembly held together by FJ contacts. Faceted grains can be discretized
into elements, with some pieces being bonded and some unbonded. The FJs are then established at grain-to-grain contact with force
and torque set to zero at each element and are varied according to the force-displacement law of bonding and relative motions between
faces. Shear forces were adjusted incrementally, while normal forces were adjusted directly. It will behave linearly as long as the

bonded element’s strength remains under its limit. An element’s normal and shear stress maximum is measured (aﬁ,f,)lx, rﬁ,f)lx) based on

the following:

15
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Table 13
Gypsum/concrete model in PFC2D including three layers of gypsum and three layers of concrete with different interface angle.
Angle Angle
o o
@) )
0 15
(a) (b)
30°
() (d)
60°
(e) ()
90°
(2
-F
(e) _ (e)
Umax - A((D) (2)
(e) __ (o)
mer - A(e) (3)

Where ff(le) and er) are normal and shear loads applied on the element, and A® is the element area, respectively. A unique arrangement

of faced grains supplied elements with excellent rotational resistance and comparatively no torque contribution. Coulomb criterion
with tension cut-off was utilized to calculate the strength of bonded elements. When normal stress overreaches to the element tensile

strength (aﬁfu)lx > op), the element breaks in tension, causing tensile cracks to form and the element phase change to unbonded.
Cohesion ¢ and friction angle @, determine an element’s shear strength. When shear stress overreaches to the element’s shear

strength [r,(ﬁflx > T, =¢p —EtanQ)b] , the bond breaks in shear, and the bond phase altered to unbonded. Linear elastic with frictional slip

is the mechanical behavior of unbonded elements. The following is the force-displacement law:

_ [ 0 g=0

"‘{—kng g<0 } @
_ | —otang, ~06<0

T‘{ 0 =0 } &

Whereg the element is gap, and @, is the residual friction angle of unbonded element. The FJ contact suffers some damage as a result
of the breakage of each bonded element. As soon as a FJ contact is displaced beyond its diameter, the faces are removed, and the linear

16
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Table 14
Failure pattern of gypsum/concrete model in PFC2D including one layer of gypsum and one layer of concrete with different interface angle.
Angle Angle
o o
) )
0 15
(a) | (b)
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contact model is applied if these particles come back into contact again [56,58, 59].

4.2. Preparation and calibration of the DEM Model

For calibrating the micro-mechanical feature of intact concrete and gypsum the trial-error approach by [68,71] was used. Fig. 12a
and b shows the stress-strain curve for both of the intact concrete model and intact gypsum model. The results shows the well matching
between the numerical simulation and experimental test.

4.3. Numerical simulations on the gypsum—concrete interface

After calibration of PFC2D, Brazilian tests for determination of mechanical properties of gypsum-concrete interface were exper-
imentally tested and numerically simulated by creating two semi-circular model (by using the calibrated micro-parameters) as shown
in Fig. 13. The PFC2D specimen had a diameter of 100 mm. The micro-parameters for gypsum and concrete were applied into the
model, considering 50 % of the model as gypsum and the other 50 % as concrete. Micro-properties for layer interfaces were also chosen
by try and error method to obtain the best results close to the experimental outcome. Therefore, the normal bond (n_bond), shear bond
(s_bond) and friction coefficient were considered as 1000 MPa, 1000 MPa, and 0.25, respectively. The red line in Fig. 13c represents
the tensile crack created in gypsum-concrete specimen under loading. By comparing Fig. 13a and c, it can be concluded that the tensile
fracture occurs in interface of gypsum/concrete sample. The failure load was measured as 1000 N.

Fig. 14 shows the axial force versus axial displacement for gypsum—concrete interface in experimental test and numerical simu-
lation. The results shows the well matching between the numerical simulation and experimental test. It could be concluded that the
numerical model was calibrated correctly.
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Table 15
Failure pattern of gypsum/concrete model in PFC2D including one layer of gypsum and two layers of concrete with different interface angle.

Angle Angle
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4.4. Numerical simulation of intact gypsum and intact concrete specimens under three point bending

The tensile strength of gypsum and concrete specimens were calibrated for numerical simulation in three point bending test. The
dimensions of the rectangular samples were 120 mm (width) and 25 mm (height) as shown in Fig. 15a. The tensile crack shown by a
black line represents the failure pattern of both intact rectangular gypsum and concrete specimens in Fig. 15b and c, respectively. In
gypsum models, the tensile crack was initiated from lower part of the model and propagated parallel to loading axis till coalescence
with model boundary (Fig. 15b). In concrete models, the tensile crack was initiated from lower part of the model and propagated
parallel to loading axis. This crack was rotated toward the right side of the upper loading wall and coalescence to model boundary
(Fig. 15c). The ultimate tensile strength of concrete and gypsum under three-point bending test in numerical simulation were
determined as 1.7 and 1.2 MPa, respectively.

4.5. Model development by Particle Flow Code

After model calibration, a box model with dimension of 120 mm x 25 mm in PFC2D including layers of concrete and gypsum were
simulated to be tested under three-point bending tests as shown in Tables 9-13. A total of 7179 balls with 0.54 mm diameter were
utilized to make the sample. Models containing different combinations of concrete and gypsum layers were prepared i.e. one layer of
gypsum and one layer of concrete (Table 9), one layer of gypsum and two layers of concrete (Table 10), two layers of gypsum and two
layers of concrete (Table 11), two layers of gypsum and three layers of concrete (Table 12) and three layers of gypsum and three layers
of concrete (Table 13). In each configuration, bedding layer angles changed from 0° to 90° with increment of 15°. Totally 35 models
were simulated and subjected to three point bending (Tables 9-13) to examine their mechanical behaviors.

5. Results
5.1. Failure pattern of concrete- gypsum blocks in numerical simulation

Tables 14-18 show the failure pattern of the concrete- gypsum blocks in numerical simulation. When the interface angles were 0°,
15° and 30°, one tensile crack initiated in concrete and propagated in the vertical direction until reaching the gypsum-concrete

interface. In other words, the failure mode is autonomous of layers (AL), whereby fractures occur in the central zone of the
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Table 16
Failure pattern of gypsum/concrete model in PFC2D including two layers of gypsum and two layers of concrete with different interface angle.
Angle Angle
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samples. This tensile crack propagated parallel to the loading axis and went through the gypsum layer until coalescence with gypsum
boundary. We want to emphasize that unusual tensile cracks developed in the interface of concrete-gypsum layers. This trend was
observed in the other combination of concrete and gypsum layers with interface angles of 0°, 15° and 30° (Tables 14-18). When the
interface orientations were 45°, 60°, 75° and 90° (Table 14), one tensile fracture initiated in the boundary of concrete-gypsum layers
and propagated in the concrete-gypsum interface until coalescence with the upper boundary of sample. In other words, the failure
mode is dependent of layers, whereby fractures occur in the concrete-gypsum interface zone of the samples. This trend was observed in
the other combination of concrete and gypsum layers with interface angles of 45°, 60°, 75° and 90° (Tables 14-18).

5.2. The relationship of the orientation layers and the tensile strength of concrete/gypsum specimens in numerical simulation

Fig. 16 shows the effect of concrete/gypsum bedding layers on the tensile strength of specimens in numerical simulation. As can be
seen, the tensile strength of specimens increased by increasing the bedding layer thickness (decreasing the number of layers). In
addition, tensile strength decreased by increasing the bedding layer angle. Therefore, the specimen with one layer of concrete and one
layer of gypsum and 0° inclination angle had the highest tensile strength.
6. Conclusion

The effects of different concrete/gypsum layer numbers and their inclination angles on the tensile strength and failure pattern of the

gypsum-concrete blocks were studied in the three point bending test using experimental tests and numerical simulation. The results
from this study can be summarized as:
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Table 17
Failure pattern of gypsum/concrete model in PFC2D including two layers of gypsum and three layers of concrete with different interface angle.
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Under three-point bending test conditions and numerical simulation, the concrete/gypsum layer’s crack patterns depend signifi-
cantly on the layers’ orientation.

The three-point bending test results show that samples with one layer of concrete and gypsum with layer angle less than 30°
(1.76 MPa) have higher tensile strength than samples with layer angle more than 30° (1.52 MPa). This follows the anticipation that
when the layer orientation is horizontal or sub horizontal layer angle less than 30°, the cracks mostly cross the layers, but with
increasing layer orientation layer angle to more than 30°, the cracks appear alongside the layer. In other words, the cracks appeared
in the weaker mechanical properties zone.

Two significant ways of fracture patterns were detected in the concrete-gypsum blocks of this study. For layer angle less than 30°,
the failure mode is autonomous of layers (AL) (fractures occur parallel to the loading direction). For layer angle> 30, failure mode
depends on layers (cracks appeared in the interface of the layer).

In constant layer angle, the maximum displacement associated to maximum stress was decreased by increasing the bedding
number. The stress-displacement curve was non-liner for layer angle of 0° while it was linear for layer angle of 90°.

By reducing the number of layers in the sample, the tensile strength increases.

Tensile strength decreases by increasing the bedding layer angle.

As the inclination angle reaches to 90°, the tensile strength of specimens become close to each other because in this configuration,
only one tensile failure surface developed through the model by increasing the layers number. However, in other inclination, the
failure surface number changed by increasing the layers number.

The failure patterns achieved in the numerical simulations are in good agreement with the experimental data (Table 14a, c, e and g,
Table 15a, c, e and g and Table 16a, c, e and g) and experimental tests (Table 5).

Tensile strengths are approximately identical in both the numerical simulations and experimental tests (one layer gypsum/one
layer concrete-one layer gypsum/two layer concrete- two layer gypsum/two layer concrete).
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Table 18
Failure pattern of gypsum/concrete model in PFC2D including three layers of gypsum and three layers of concrete with different interface angle.
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Fig. 16. The effect of bedding layer on the tensile strength of concrete/gypsum specimens in PFC2D.
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