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Incorrect estimation of undercut dimensions in the block caving method can lead to the cessation of caving operations aisdolfoa large
portion of deposits. Numerical modeling is one of the methods for determining the minimuecaving span. Numerical and physical modelin
methods are useful for an accurate understanding of caving operations. Accordingly, this research focused on investigatipgriormance
of physical and numerical modeling in determining the effects of deptmd joint orientation on the minimum required caving span for the
initiation and propagation of caving. The physical model was made with 1.5*1.5 square meter dimensions and consisted ofitebtocks

with 4*4 square centimeter dimensions. In additionpjnts were modeled with dips of 0, 90, 45, 135, 30, and 120 degrees. The physical n
could simulate ground stress conditions to great depths and show the behavior of the jointed rock mass in alfmensional space. Further.
by capturing this behaviort was possible to compare its result with UDEC software. The results demonstrated that the number of fall
blocks and the height of the caving increased by increasing the dip. Furthermore, the formation of arches due to high hdaksimess stops
the caving, which will occur again with the increasing span. Although the horizontal stresses and geometrical properties obthts jaffect

the shape of the caving area, its shape largely follows the dip and orientation of the rock mass joints. Poor dratrotcauses caved ore
columns, which can lead to the formation of a stable arc. Finally, the height of the caved back increases in each spamdasing the depth
while decreasing the dip of the joints.

Keywords Block caving, Cavingpan, Physicainodeling, Numerical modeling, UDEC.

L.Introduction a series of fractures parallel to the surface of the caving and progress as

) a eéjumpE to parallel and vertical fa
An accurate understanding of the process that occurs at the initiation ¢ 31 | ed Efracture bandi ngé.

and propagation of caving helps determine the cavability of the rock
mass. As stated by Laubscher [1] and Chitomb@], block caving
operations are now moving toward supetaves. Caving will stop if the
undercut dimensions are insufficient for its initiation and propagation;
in addition, much of the orebody will be lost, and additional costs must
be incurred to reinduce caving.

Physical modeling waperformed by Jacobsz and Kearsley [33] at the
University of Pretoria in South Africa to investigate the mechanism of
caving propagation in largescale mines. The experiment was conducted
on a weak artificial rock mass with high and low horizontal stress
conditions, and it was found that in the experiment, rock fracture
occurred by fracture banding. This i

Many studies have focused on the cavability assessment of rock massconceptual model, which is typically accepted as a model for describing
from analytical, empirical, numerical, and physical modeling viewpoints. processes associated with caving propagation.adure banding
Tables 1 and 2 present the history of the performed studies in this field gemonstrates a series of jumped fractures parallel to the céaek,

Numerical modeling is used tredict cavability; however, the results  which is in contrast with the conceptual model of Duplancic [35]. The
depend on the accuracy of the input data. Thus, a better understanding differences in the profile damage of the continuous and banding fracture
of the caving process is needed to calibrate numerical models. The models are schematically illstrated in Figure 1. The results of the above
physical modeling of caving helps perform numerical modeling and is mentioned experiment also revealed that the initial fractures and cracks
highly useful to ensure the accuracy of predictions about caving in of the model control the extent of caving propagation.
different mines [2]. The threedimensional (3D) physical model of Similarly, Bai et al [34] conducted physical modelingo find a
caving is extremely challenging, requires extensive time and cost and is gyjtable structural material that can represent the process of top coal
even impossible to perform due to its extremely large dealt is  caying. In their study, a series of experiments were performed on two
noteworthy that the physical modeling of caving is possible in two |argescale physical models, including sand, gravel, gypsum, and mica to
dimensions. evaluate the cavability of theop coal with hard rock bands based on

Cumming-Potvin and Wesseloo [32] and the Itasca research group two real cases. The results of these experiments indicated that the
used a geotechnical centrifuge to accelerate the physical model of embedded hard rock bands in the top coal caused poor crushing and low
gravity to g80. Based on the Hoek Sed32], the experiment represents  cavability, the quality of which also depends on the strength, thickness,
a state several times the actual size of the sample by accelerating theand location of the hard rock bands. Moreover, based on the results of
Earthé&s gravity. The expsereen DELR1t Sthest expetimertd) the amdusk of thé fragm@nted zone can be used as
camera facilitated the observation of the demolition behavior. These the main parameter that reflects all factors affecting the cavability in the
experiments shoved that the propagation of caving could occur through  top coal [34].
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Table 1History of analytical empirical, and numerical methods used for cavability assessment.

Model type References Purpose and application
Rice and Panek(1948) [3] Prowdl_ng a simple 1D v_o_Iumetrlc method_ to investigate the caving propagation behavior |
assuming constant coefficients of volume increase
) Ross et al. (2005) [4] Estimation of caving propagation rates at the Northparkes mine in Australia
Analytical Carlson et al. (2008) [5] Estimation of caving propagation rates at Henderson mingplorado, USA
Beck et al. (2011) [6] Estimation of caving propagation rates at ridgeway deeps mine, Australia
Someehneshin et al. (2015) [7]  Determination of the optimal block size in the block caving method by the analytical method
King (1945) [8] E;tlmatlon of rock mass cavability based on the rock type, discontinuities spacing, a
mineralogy.
Presentation of the cavability index (Cl) to predict the cavability, fragmentation, and seconda
McMahon (1969) [9] blasting requirements using the data from the Climax and Urad mines and establishing
relationship between Cl and RQD
Morison (1976) [10] Providing a qualitative procedure for selecting the extraction methods in hard rocks
Laubscher (1981) [11] P(O\_ndlng a procedure for selecting the underground mass mining method based on tl
minimum span.
Laubscher (1990) [11] Presentation of hydraulic radius diagram in MRMR by combining the caving mine data
Empirical Mathew et al. (1980) [12] dP:ta;emlng a hydraulic radius graph in terms of stability number by combining the caving mir
Potvin et al. (1980) [13] Adding the data to the Mathews graph and modifying the stability graph
Stewart(1980) [13] Adding the data to the Mathews grgh and modifying the stability graph
Trueman (2000) [14] Development of the data related to stability, minor and major failures of the studied areas, a
application of the Mathews method in a wide range of rock mass characteristics
Mawdesley (2003) [15] ;’P;prr?ethod of predicting the spontaneous propagation of caving through the stope stabili
Mime et al. (2008) [16] Complnlng the Mathews graph with the dilution diagram data related to the design of th
hanging wall of open ®pe.
Lorig et al. (1995) [17] tl;l:rllg the PFC2D code to better understand thesitu fracture and improved shape of the cave
Brown (2003) [18] Demons}ratm_g thg gapamty of the discrete element methods;cmulate both the caving initiation
mechanisms in a jointed rock mass (stress and gravity)
Gilbride et al. (2005) [19] Evaluation of subsidence at the Questa mine using PFC3D
Kalenchuk (2008) [20] Prediction of dilution in sub-level caving mine at Ekati Diamond
Numerical Zhao et al. (2009) [21] Simulation of caving process in the TOP coal method using PFC2D

(Distinct Element)

Sharrock et al. (2011) [22]

Modeling caving mechanisms in the largscale subsidence analyzes

Gao et al. (2014) [23]

Modeling of progressive caving of layers on top of coal mining panel by the long wall methc
using UDEC.

Rafiee et al. (2018) [24]

Investigating the effect of 7 different parameters on cavability using the SRM technique

Song etal. (2019) [25]

Numerical modeling based on 3D particles for process simulation (LTCC)

Wang et al. (2020) [26]

Investigating the effect of top coal block size on the caving mechanism

Alipenhani et al. (2022) [27]

Determination of cavinghydraulic radius of rock mass in block caving method using numerice
modeling and multivariate regression

Table 2.History of other methods used in cavability assessment

Model type

References

Purpose and application

Physical modeling

Park andKicker (1985) [28]

Study of the stress distribution around chain pillar in the long wall method

Whittaker et al (1985) [29]

Study of mining-induced subsidence by the long wall method, and investigation of the fracture
at the upper floors of thestope

McNEARNY and ABEL (1993)
[30]

Study of draw behavior of jointed rock mass in the block caving method

Carmichael andHebblewhite
(2012) [31]

Analysis of crack propagation and the areas formed in the large caving extraction method

Potvin (2016) [32]

Analysis of the caving mechanism under the plane strain conditions in a centrifuge experime

Jacobsz and Kearsley (2018)
[33]

In a centrifuge experiment, the results of placing a weak mass of artificial rock under high a
low horizontal stress conditions were examined

Bai et al (2018) [34]

In this study, experiments were performed on two larggcale physical models including sand
gravel, gypsum, and mica to investigate the cavability of top coal with hard rock bands based
two real cases.

Khosravi et al [35]

Investigation of caving mechanism in the block caving method using numerical and physic
modeling.

Fuzzy rock
engineering system

Rafieeet al (2016) [36]

Investigation of the effective factors on cavability using fuzzy system

Rock engineering
system

Azadmehret al (2019) [37]

Estimation of rock mass cavabilitin the mass caving method using the RES engineering systet
method.

Rafieeet al (2015) [38]

Investigation of the factors affecting cavability using a rock engineering system (RES)

Probabilistic

Mohammadi et a/ (2020) [39]

Presenting aprobabilistic model for estimating the minimum caving span in the long wall
method.
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stone blocks at three consecutive heights of 50 cm and are screwed
together.

After finishing the arrangementof the blocks, the back plates are
placed in their place. The side screws are rotated to apply lateral pressure
and establish a zeralisplacement condition. Further, the axis of the
camera is placed in the center of the model. To create the undercut, the
pillars were sequentially removed by moving the pillar from the center,
leading to the creation of an undercut with a width of 4 cm. This
continues until removing all the pillars. Due to the open space under the
frame, the fallen blocks can be drawn as foWs.

Distance to cave back,

3 RS
a) Continuous yielding model b) Banding fracture model

. Steel Strap
Figure 1lllustration of damage profile conceptual models [33] j“
Likewise, Castro et al [40] applied an experimental solution using a HHE }: _:_Mmmmmm_.d Bl
scaled model to examine the role of a draw policy on induced vertical ||

stresses in a blockaving layout. They studied isolated, panel caving, and
block caving draw policies and concluded that induced vertical stresses
are in the range of 0.3 and 2.8 timeheir initial vertical values and
strongly rely on the distance from the extraction front and the
dimension of the draw and nordraw areas. These results present useful 2 -
information for designing a support system in block or panel caving e
exploitation methods to decrease induced vertical stresses and define
extraction guidelines to avoid the hazards of overstressing that can be 1 I
expected on productiorlevel pillars [40]. el et
The current research aims to perform physical model tests to assess @

the effects of the nunber of joint sets, dip of the joint set, and depth on ‘
g Hydraulic M—

H

the minimum required caving span. A vertical platform is used to test

the rock mass model formed by the rectangular blocks of Travertine.
In the first model, a rock mass with two joint sets perpendicul@o N

each other is simulated, which is 1.5 meters high under the weight of the P iﬁ “-

block itself. In the second model, the same conditions are considered = ® =

with a dip of 45 and 135. Additionally, three joint sets with a dip of 30 g g K180 e i{ﬁ

and 120 degrees (two joint setatiersecting) and under the gravity stress
of 2.5 MPa were simulated in the third model. The horizontal and
vertical joint spacings were 4 cm. The cavability test results are stres$™ £ S i !'
compared with those simulated from discrete element analyses using the . i ] . : : \=
discrete eément method (DEM) method. The schematic flowchart of . -} : mqf
the methodology is depicted in Figure 2. L B m!J

2.Test platform

The frame of the applied physical model for simulating the caving
process of the jointed rock mass had four main parts, including an outer (b)
steel fame 2 * 2.2, an inner steel frame movable on rails, the lower Figure 3.(a) Schematic diagram of the physical model frame and (b) Example of
structure for creating the undercut, and the hydraulic jack for loading  an actual physical model test
the gravitational stress (Figure 3). The inner steel frame, in front of
which the Plexiglas sheet is placed, has the dilio place stone blocks ‘
with a thickness of 5 cm up to a height of 2 meters. A hydraulic jack with PR T —
a capacity of 60 tons was considered to apply vertical pressure in the EESEEEEE i
center of the upper part. The jack piston passes through the space
between the two uper beams and forces the 50 mm steel strap located
on the last row of blocks. The rigidity of this strap causes a uniform force
to be applied to the stone blocks. In addition, four 30 mm screws were
used to apply horizontal stress in the new system. Therit view of the
device, in which the blocks are placed, is displayed in Figure 1. Due to
the existing limitations, it was decided to increase the span by 4 cm steps.
Accordingly, the foundations of stone blocks with a width and height of
50 cm were laid fom the ground to the bottom of the model groove.
Thus, a 4 cm undercut was made by removing each of these bases
(Figure 4). It is noteworthy that the blocks arranged from the front and
back must be restricted to create a plane strain mode in the model.

To this end, Plexiglas was employed on the front to facilitate
photographing the model &s behavi
with a thickness of 2 mm were applied on the back. The low friction
between Plexiglas and the blocks and the distance of abdutmm
between the steel plates and the blocks cannot prevent the natural Figure 4.Typical model characteristics and parameter definition: (a) Prepared
collapse of the blocks. Threpiece steel plates allow the arrangement of model and (b) Failure occurring due to undercutting




3.Rock sample
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To determine the surface characteristics of the blocks, direct shear
and Schmidt hammer tests were performed, the results of whiele

Travertine from the Khoy quarry mine was used to prepare the tested Shown in Figures 6 and 7 and Table 4.

block specimens, and micritic limestone was the samplThe main

To measure normal stiffness, first, the joints are loaded to half of the

constituent minerals of this rock are quartz, microcrystalline calcite, and uniaxial compressive strength of the intact rock and then unloaded,
dolomite. The amount of quartz mineral is less than 5%, and the average followed by repeating the same procedure for the intact rock. The
density is 2.35 gr/cm3. Cubic travertine blocks with dimensions of 4 x 4 difference between the obtained values from the vertical stregatical

x 5 cm were employed tereate the joint. The properties of intact rock
and joints are required for numerical modeling and study of the rock

displacement diagram of the rock joint with the intact rock diagram
(Figure 8) has a linear trend whose slope equals the normal stiffness of

behavior applied for physical modeling. For this purpose, several stone the joint surface [41]. The result of this expement is illustrated in
blocks were prepared from the Khoy quarry mine. In the Rock Figure 9.

Mecharnics Laboratory of the University of Tehran, various samples

were prepared for the uniaxial compressive test (ASTM D7012), indirect 4, Physical model testing

tensile strength (ASTM D3967) direct shear (ASTM D5607) of the joint

surface, and Schmidt hammer (ASTM D5873).
The stressstrain curve of one of the samples is shown in Figure 5, and of geometric, boundary conditions, physical and mechanical properties,
the test results of the mechanical properties of the samples are provided and stress conditions [42,43]. The theory requires that sorsénilarity

in Table 3.

Physical modeling must have established rules of similarity in terms

coefficients, defined as the ratios of prototype parameters for modeling

The stress level of the model must be determined for evaluating the Parameters, must be constants [44,45]. The optimal geometric scale

rigidity of the samples used in the physicainodel. The maximum

factor was taken to be 0.01 based

pressure on the model is applied when considering the total capacity of iSsues. Selecting a smaller scalek®a it difficult to model the joints. In
the jack (60 tons). At the height of 150 cm and the width of 100 cm of addition, choosing a larger scale requires much money to build frames

the model and the 5 cm width of the travertine blocks, the maximum

and power equipment. To simplify the task, in situ rock mass materials

stress applied to the lowe blocks equals 11.52 MPa. Based on the Were assumed for use. Scale factors are listed in Table 5. The conditions
obtained values from the experiment at the stress of 37.56, the length in the physical model can be attributed to an actual condition by these
reduction is about 0.102 mm. The length reduction will be linear because Scale factors.

the sample is in an elastic state at this stress. At the stress levéthén

As mentioned earlier, this experiment primarily sought to identify the

physical model (11.52 MPa), the length change will be 0.03 mm, which initiation and propagation of caving, and image analysis was employed
can be easily ignored, thus the prepared travertine blocks will have no for this purpose. The expemental process was imaged to investigate the
problem in terms of rigidity.

To determine the surface characteristics of the blocks, direct shear converted into photos and underwent analysis.

and Schmidthammer tests were performed, the results of which are

shown in Figures 6 and 7 and Table 4.

40
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Figure 5.Stressstrain curve from a uniaxial compressive test of Travertine

Table 3.Mechanical properties of Travertine

Test ;z‘:giﬁ Uniaxial compressive Pois_son Mo_dylus of
number (MPa) strength (MPa) ratio elasticity (GPa)
1 5.97 45.2 0.13 48.72
2 5.86 34.59 0.18 40.83
3 4.96 32.61 0.15 42.83
4 6.02 26.38 0.14 45.63
5 5.75 33.49 0.15 46.73
6 5.89 37.38 0.18 44.5
7 5.68 38.72 0.14 48.82
8 5.77 42.22 0.15 48.67
9 6.6 45.36 0.13 49.39
10 55 37.56 0.18 48.47
Average 5.8 37.35 0.15 46.5

behavior of the caving rock mass. Then, the captured videos were

The experiments were performed by preparing the travertine blocks
for image analysis. To this end,nty photographing and measuring the

6
= 5 — » 4
o
4
1]
1%
o 3 /
b7 /
82
4

K

0

0 0.2 0.4 0.6 0.8 1

shear displacement (mm)

Figure 6.Shear stress shear displacement diagram of the joint surface.

y caazsL7.
2 = 0. 9048
R2 18-

Shear stress (MPa)
O R N W dH o o N 0 ©

o

5 10 15
Vertical stress (MPa)
Figure 7 shear stressZ) - vertical stress £,) diagram of the joint surface.

height and width of the caving in the images of eacttage were
applied by AutoCAD software. In other words, in each photo, the height

on
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Table 4.direct shear andSchmidt hammer tests results.

Properties Cj (MPa) vj JRC JCS (MPa) UCS (MPa) Kn (GPa/m) Ks (GPa/m) JCS
Value 0 295 3 71.3 37.35 38.076 14.43 713

Table 5.Calculated scale factors.

Quantity Length Density  Gravity acceleration Modulus of elasticity ~Strain  Stress Displacement  Joint friction angle  Poisson ratio
Symbol C Cn Cy Ce Cs Cx C, Ct Cu
Value 0.01 1 1 1 1 1 0.01 1 1

of the fall was measured by recognizing the size of the created span. Thedegrees) and under the gravity stress of 2.5 MPa were simulated in the
center of the blocks was painted with a color different from the third model. Figures 10 and 11 depict examples of performed
background of the block. Then, the side borders were placed at a experiments.

distance of one meter from each other, and their vertical position was

controlled by alignment. Plexiglas was placed in front of the model. 5§ Results and discussn

Next, the foundations of stone blocks were laid from the ground level to
a height of 50 cm, followed by leveling theurface of the bases and
placing travertine blocks on each of these bases. Due to the dimensions
of the model (1x1.5 square meters) and travertine blocks (4x4 square The undercut is a space wider than the salfipported span. Also, the
centimeters) in each model, 938 blocks were needed, and picking this roof was caved after blasting and drawing the fragmented material.
number of blocks inthe model required extensive time. After finishing  Considering that the creation of an undercut in a 2D model can be
the arrangement of the blocks, the back plates were put in place. Further, considered similar to the excavation of a space larger than a -self
the side screws were rotated to apply lateral pressure and establish asupported span, caving can be examined as an instability mechanism in
zero-displacement condition. The axis of the camera was qdal at the this space.

center of the model. To create the undercut, the bases were gradually  In a physical model, the angle between the joints is right; therefore,
removed from the center of the model. A-¢m undercut was created by  the breaking state of the roof layarcan be considered a broken beam.
removing each of the bases, and this process continued with the removal Given that the applied stress to the model is the only gravitational stress

5.1Analysis of vertical and horizontal joints test

of all the foundations. of travertine blocks, the uniaxial compressive strength of the blocks is
highly greater than this stress. After the beginning of the caving
20 mechanism, bending occurs in the roof layers. It can be considered that
18 f //-{" the mechanism of caving initiation is caused by the force of gravity
= 16 / /', because the initial horizontal stresses at the borders are extremely low.
E 14 /" / // Caving propagates upwards and then stops widim increase in the span
3 1z L (Figure 8). In other words, in spans where caving occurs up to a certain
2w £ /'// height, the initiation and propagation of caving occur according to the
T 8 F ;;f,//;/ —— Rock with joint definition of caving, but continuous caving is unachievable.
56 7 — 4 — Intact rock After the beginning of thefall, bending failure occurs in the roof
oy P’_._:‘é,/,’ﬁ/ layers by increasing the ratio of the beam length (the opening created
24 by the undercut) to the distance of the joints (Figure 11).
0 Based on the obtained data, caving does not occur in some parts of
0 01 02 03 04 05 the undercut (Figure 11, at the height of 32 cm), which has fallen over
vertical displacement (0.01mm) time. These results are consistent with those of Beck et al. [6] at the

Ridgeway deep mine in Australia.

When the undercut is created along the entire width of the model, the
bending in the layers reehes the ceiling and causes the caving to reach
the total height of the model, leading to the continuous occurrence of

Figure 8. vertical stress- vertical displacement diagram of intact rock along with
intact rock with the joint.

9 * caving. In this case, the mechanism of caving is caving resulting from
=8 settlement, because the shear strength of the rock mass at the
% 7 v =38.32% - 5.7262 /y boupdaries is Ie_ss than the force of gravity; moreover, s_lippage at the
% 6 RZ=0/9671 vertical boundaries of the block occurs due to the creation of a large
§ 5 g space under the block.

% 4 Additionally, the height of the undercut does not affect the caving in
2 3 this model because the is no change in the behavior of the upper layers
22 of the roof (the broken beam). Finally, when the caving reaches the

1 ;/v ceiling, the shape of the resulting settlement is in good agreement with

0 the results of Vyazmensky [46]. The amount of settlement was 261.

0 0.1 0.2 0.3 0.4 According to the obtained experiences from the double undercut
Vertical displacement 0.0Inm) with a height of 42 meters in the Northpark mine and the results from
international caving studies, the undercut height does not affect the

caving.

Figure 9.vertical stress- vertical joint displacement diagram. However, the height of the undercut mawgffect the stability of the rib

In the first model, a rock mass with two joint sets perpendicular to pilar. In this method, the caving mechanism does not differ by increasing
each other was simulated, which was 1.5 meters high under the weight the height of caving (increasing the height of the undercut) in each
of the block itself. In the second model, the same conditions were sequence since the undercut is created sequentially. No rib pillar is left
performed with a dip of 45 and 135. Eventually, tbe joint sets with a  in the block caving method. At one stage of undercutting (e.g., 8 cm),
dip of 30 and 120 degrees (two joint sets intersecting with a dip of 90 the height of the undercut affects the stability of the remaining side
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. 3 '_ Layerbendmg
Caving boundary : . O

-Settlement-profile

- "Hz=100cm’

a) b)

Figure 10Examples of physical models withoubverburden stress: a) Dip 45and 135degree, b) Dip 0 and 90 degrees

materials, but these materials are then removed to complete the difference in horizontal stress between the two models. In the case of
undercut space. Therefore, its stability has no effect on the critical overburden stress, the amount of horizontal stress in the model is 440
dimension. kPa, while the value of tfs stress is 6.61 kPa in the model without
In addition, a lack of drawing of all the fallen blocks will form a  overburden stress. Therefore, horizontal stress has a positive role in
column that prevents the above blocks from falling. This can be caving initiation [24,27], but it locks the blocks and prevents them from
observed from the 8&m span on the right side of the model. In other  falling during propagation.
words, if the draw control is not correctly performed, the formain of As shown in Figures 13 and 14, the hetgind the width of the cave
bases in the walls reduces the undercut area and affects cavability. Toback increase by increasing the span. Additionally, the height of the
solve such a problem in caving mines, the rock mass boundaries are caveback in the case of two joints with dips of 45 and 135 is higher than
loosened by blasting. This issue highlights the importance of draw in the case of two joints with dips of 0 and 90. However, the width of
control in the caving method. Due to the ahost uniform draw and a the cavebadk has an opposite trend. In the first case (dips 45 and 135
high drawing rate, the blocks have extremely little crushing when degrees), the span of caving initiation is smaller compared to the second

moving in the draw column. case (dips 0 and 90 degrees). As the size of the span increases, the
In the 2.5 MPa overburden test, the initial caving occurs at a-d# difference in the height of the cawback in the twocases represents an

span (Figure 12), which is reduced compared to the nawerburden increase.

state, where caving occurs at a 2m span. Furthermore, in the same Based on data in Figures 12 and 13, there is an exponential

spans, the height of the cavback is higher in the presence of relationship between the height and width of the cavieack with the
overburden pressure in the two models; however, the caving stops at the created span, and the gradient of changes in the height and width of the
44-cm span, and a stable arc is formed accordingly. Bhthe caving does  caving increases whethe span is closer to its critical size.

not propagate upwards by an increase in the span. This is due to the
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Figure 13.Caveback width as a function of undercut span without overburden
stress

5.2.Analysis of two inclined joint sets

After placing theblocks, the lateral load was applied through the side
screws, and the test was performed according to the steps mentioned
earlier. In this case, the sinusoidal component of gravity is less than that
of the vertical and horizontal joints, and the resistiviorce or the cosine
component of gravity is higher than that of the vertical and horizontal
joints. Therefore, in this case, the formed beams are expected to have
more resistance. As depicted in Figure 8, the failure mechanism begins
when the block falls fom the roof of the undercut.

As the width of the undercut increases, the bending of the layers due
to the increase of the undercut és
addition, the locking of some blocks has prevented them from falling in
some parts. Thenitial caving has occurred at an undercut width of 20
cm, and the shape of the fallen zone follows the dip of the joints. Hence,
the behavior associated with the direction of the displacement of the
rock mass at the time of the fall is controlled by therientation of the
joints.

The mechanism of caving, in this case, is subsidence caving; this is
because the shear strength of the rock mass at the boundaries is less than
the force of gravity, and the slip at the vertical boundaries of the block
has occured due to the creation of a large empty space under the block.

In the experiment with an overburden pressure of 2.5 MPa and a slope
of 30 and 120 °, the initial caving occurs at a-& span (Figure 14),
which is decreased compared to the newverburden sate where the
caving occurs at a 26m span. This issue is also related to the difference
in the dip of the joints. Furthermore, in the same spans in the two
models, the height of the cawback is higher in the presence of
overburden pressure. However, theaving stops at the span of 100 cm,
and a stable beam is formed (Figure 9) so that the caving does not
propagate upwards. This is because of the difference in horizontal stress
between the two models.

Based on the findings of Figures 15 and 16, the heightl the width
of the caveback increase by an increase in the span (in dips of 30 and
12 degrees). At the dip of 0 and 90 degrees, due to the presence of high
horizontal stresses, the height of the cadmack does not exceed 12 cm
and has not changed by #hincrease of the span dimension.
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Moreover, the height of the cawdack in the case of two joints with
dips of 30 and 120 is higher in comparison to the case of two joints with
dips of 0 and 90; however, the width of the cadEack represents a
reverse trer. The size of the span for caving initiation is the same in

both cases. As the size of the span increases, the difference in the height

of the caveback indicates an increase in both cases.

Based on data in Figure 14, the height of the cavack does not
increase significantly by increasing the size of the undercut span, which
occurs due to horizontal stresses and the vertical dip of the joints. When
the joints are inclined, the height of the cavback increases by an
increase in the size of the span. Iroth cases, the width of the cavieack
increases by increasing the span size (Figure 15).

As shown in Figures 19 and 17, the amount of the caving height has
increased by increasing vertical stress. This increase is up to a certain
amount of the span dimengin and then the trend is constant, which is
due to the presence of confining stress. The caving initiation spans for
the various experiments are given in Table 6. In cases 3 and 4, the caving
initiation spans are the same, but the cadmck height is 4 cnfor case 3
and 2.18 cm for case 4.
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Figure 14 Caveback height as a function of the undercut span with overburden
stress
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Figure 15.Caveback width as a function of the undercut span with overburden
stress
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Figure 16Caveback height as a function of the undercut span and vertical stress.
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Figure 17Caveback width as a function of the undercut span and vertical stress.

Table 6.Caving initiation spans

Case initiation caving span (cm)
24
16
12

12

Case 1: 0 &90 without overburden pressure

Case 2: 45 &135 without overburden pressur

Case 3: 0 &90 with overburden pressure

Case 3: 30 &120 with overburden pressure
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Figure 18Comparisons of DEM simulations with physical models for various dips:
(a) 45 and 135 degrees and (b) 30 and 120 degrees
Note. DEM: Discrete element method.

6.Numerical modeling

Due to the discontinuity of the physical model, th®EM method was
used for its simulation. The properties of travertine and joints (Tables 3
and 4) were included in the numerical model. According to the physical
model, the model boundaries were considered limited displacements.
The boundary conditions of he model walls were fixed as a roller
abutment and the floor conditions of the model in both directions.
Overburden pressure was applied as stress on the upper limit of the
model. The dimensions of the model are the same as the physical model
of 1 meter byl.5 meters. The joints are similar to the physical model with
a spacing of 4 cm in the model.

Similar to the physical model, fallen blocks are allowed to exit the
model floor. The dimensions of the mesh were changed from 4 cm to
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0.5 cm, and it was obserdethat the results did not change from 2 cm
smaller. Therefore, the optimal mesh dimensions of 2 cm were
considered for this purpose. Based on the results of the uniaxial
compressive test, the blocks were in the elastic state, thus in the
numerical model,the elastic behavioral and MohColumb behavioral
models were used for the blocks and joints, respectively. According to
the modeling process, first, the model was balanced with elastic
behavior, and then the behavioral model of the joints was changed to
Mohr-Columb, and the undercut was created accordingly. In addition,
the amount of the friction angle between the steel and stone was applied
at the lateral boundaries of the numerical model. Similar to the physical
model, a 4cm undercut was created in eaddtep in the numerical model.

In the numerical model, caving is created in the upper layers of the
undercut. The UDEC results are compared with those of the physical
models in Figures 17 and 18 for various dips of vertical stresses. Figure
19 illustrates @amples of UDEC models after caving for various spans
and dips. Figure 20 displays the strain contour at the corresponding
spans in Figure 19. As shown in Figure 20, the shape of the caving zone
follows that of the strain zone.
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Figure 19DEM simulation results for different dips: (a) 0 and 90 degrees without
overburden stress, (b) 0 and 90 degrees with overburden stress, (c) 45 and 135
degrees without overburden stress, and (d) 30 and 120 degrees with overburden
stress Note. DEM: Discrete element method.
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