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ABSTRACT

Rock blasting serves as a pivotal tool in mining and civil engineering, specifically for
the purpose of rock removal. It is an efficient alternative to tunnel boring machines,
particularly in the context of tunnel excavation through challenging geological
formations. The detonation of explosive materials triggers the rapid generation of highly
pressurized gas within an extremely short time span, thereby exerting pressures on the

rock wall that can reach magnitudes on the order of several Gigapascals.

Examining the impacts of rock blasting through scaled or full-size experiments is both

tly and time intensive. Conversely, employing numerical methods based on robust
mechanical principles, validated against experimental data, emerges as a promising
avenue for unveiling the fracture processes induced by blasting. The intricaa nature of
the response of rock masses to explosive loads, owing to factors such as anisotropy,
nonlinearity, wvariability in mechanical properties of rock materials, and the

simultaneous presence of solid, liquid, and gas phases, adds complexity to the analysis.

Prior investigations into rock blasting damage and blast-induced vibration have
employed various methods, including theoretical analysis, field tests, numerical
simulations, and model tests. Notably, numerical simulation stands out as a prevalent

approach in the study of blasting processes.

The hydrocode LS Dyna has been used for numerical simulation of the rock blasting
process. Johnson-Holmquist 2 (JH-2) damage model as well as Riedel-Hiermaier-
Thoma (RHT) constitutive nﬁel, combined with Arbitrary Lagrangian Eulerian Model
(ALE) Model has been used. The crack patterns generated by both the numerical models
were found in close conformity with the results of the lab scale experiments performed
with Barre Granite. However, RHT model was found to be more efficient in modeling

rock interaction with explosives compared to the JH-2 model.

After the calibration and validation of the model with the lab experiments, two separate
models were made to understand the propagation of cracks and pressure distribution

due to blasting. The first model was done to understand the effect of decoupling




coefficient on the blasting behavior of the Barre Granite. The second model was created
to understand the effect of delay time and spacing of explosives on thg crack
propagation. The effect of decoupling coefficient was found to be found that with the
increase in the coefficient, the damage area reduced and the pressure in the surroundings
reduced. The energy dissipation was more when air was used as decoupling media

compared to water.

Thereafter, the effect of delay timing of explosives on rock fragmentation was studied.
It was found that there is an optimum delay time for the different borehole spacings
which leads to the highest amount of fragmentation. Furthermore, the effect of spacing
of explosives was found. With the increase in spacing, the damage in the region parallel
to the explosives increased whereas in the region perpendicular to the placement of
explosives decreased. Keywords: Rock Blasting, LS Dyna, JH-2 model, Banadaki

Experiment, Decoupling ratio, Explosive Spacing, Delay Timing.
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1. INTRODUCTION

1.1 Background

Rock blasting is extensively used in civil engineering projects. In the hilly terrain of
Nepal, it has been used for a long time in road construction. To fulfill the enormous
hydropower potential of Nepal, several hydropower projects are being constructed.
Tunneling is a key part of these projects. More than 200 kms of hydropower tunnels
have been constructed till date. In the road sector as well, the tunnel age has begun.
Nagdhunga tunnel is near completion whereas Siddhababa road tunnel is in the
construction phase with several new tunnel projects in the pipeline. Drill and blast is
very common method of tunneling in Nepal. Apart from a few projects constructed
with the Tunnel Boring Machines (TBMs), majority of the tunnels have been
constructed with drill and blast methodology.

In the drill and blast method of tunneling, the tunnel advance is made through drilling
several holes in the rock, loading them with explosives, detonating the explosives and
subsequent removal of rocks and muck. The variables involved in this method include
type of rock, type of explosives, method of cutting such as parallel cut, wedge cut,
powder factor, detonation time and delays, burden, hole diameter and decoupling
ratio. Precise and detailed calculations are required to optimize the blast efficiency to
obtain required cross section through blasting. In other words, underbreak and
overbreak both pose problems to the working contractors as well as client.

In this context, very few research have been made to understand and study the blasting
phenomenon in rocks in Nepal. The experimental analysis is extremely complicated
due to difficulty in obtaining information from the blasting due to transient nature of
the blast as well as safety issues during blasting. However, it is imperative to
understand the blasting process and the manner of crack propagation and destruction
process of rocks subject to the blast loading.

Numerical analysis is a very effective method to understand and simulate the rock
blasting phenomena. Several software programs such as Abaqus, LS Dyna, FLAC
can be used to simulate the process. Using numerical analysis, parametric analysis
can be done to understand the effects of several variables on the whole blasting
process. The study of the blasting process using simulation can improve the blasting

efficiency as well as the whole process of blasting with the aim of improving the
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blasting design in the future.

1.2 Statement of Problem

To better understand the explosion process, it is necessary to accurately simulate the
rock explosion. Several attempts have been made to numerically model the blasting
process. It is important to understand the Constitutive models used for blasting
process, especially for rocks and explosives. For rocks, the constitutive model must
be able to accurately depict the brittle nature of the rocks. Furthermore, the Fluid
Structure interaction in the form of interaction of blasting waves with the rocks and
subsequent damage must be accurately modelled. Various methods of modeling the
rocks and explosives in the form of Lagrangian, Eulerian and Arbitrary Lagrangian
Eulerian (ALE) have been used. Similarly, some parameters of blasting such as effect
of decoupling ratio on blasting using the selected constitutive model needs to be
studied. Furthermore, the effect of delay time and spacing of blastholes on the damage

also needs further analysis.

1.3 Objective

e To establish suitable numerical model validated against a numerical model of case study
and laboratory measurement.

e To determine the effectiveness of constitutive models of rock for simulating blasting.

e To understand the crack propagation process in blasting.

e To understand the pressure distribution during blasting.

e To determine the effect of decoupling coefficient and various decoupling media in
blasting,.

e To determine the effect of spacing of explosives in damage propagation.

e To determine the effect of delay time of detonation of explosives in rock damage.

1.4 Scope and limitation of Study
e ltis carried out based on the laboratory experiment on intact rock. It doesn’t consider the

effect of joints in the rock.
e The study is done on the Barre Granite sample used in the laboratory experiments and the
parameters for model determined from another study.

12




e The analysis is carried out in LS Dyna Software. There was difficulty in meshing to create

smooth shaped mesh around explosives.

1.5 Methodology

The thesis studies the numerical simulation of blasting on the rock. Due to the
limitation in obtaining the field data to validate the numerical model, a laboratory test
conducted by (Banadaki, 2010) on Barre Granite has been used for numerical
validation. The crack patterns in the rock specimen as well as pressure measured in
various points have been used to calibrate and validate the model. After validation,
the same material as well as parameters are used to simulate rock blasting under other
conditions. Firstly, the effect of decoupling coefficient on the damage and crack
propagation in the rock is studied. Furthermore, the effect of spacing of blastholes on
damage ofrock and pattern of crack propagation is further studied. The materials used

were the same as the ones used for experimental studies.

1.6 Content of this thesis

The chapter first introduces the overall thesis works. Chapter two contains the
methodology employed and some literature review about the concepts involved in the
numerical simulation of blasting, including information about the Hydrocodes,
Lagrangian, Eulerian and ALE formulation, methodologies to simulate blast in FEM.
In Chapter 3, the detail about the experimental result is provided. A numerical model
is made to validate the results against the experimental results. Two constitutive
models are used for two separate numerical models. The performance and
effectiveness of both the constitutive models is compared and the numerical model is
calibrated against the experimental measurements. Chapter 4 contains numerical
simulation of blasting for different decoupling ratios. The damage in the rock for
different decoupling ratios are compared and blasthole pressures for different cases
are observed. Comparison between decoupling media of air and water is made.
Chapter 5 contains the numerical simulation in which the rock damage is compared
for different delay time of explosives detonation and different spacing of blastholes.

Chapter 6 contains conclusions.

13




2. METHODOLOGY EMPLOYED

2.1 HYDROCODES

Numerical calculations play a pivotal role in unraveling the intricate mechanisms
underlying highly transient events, such as explosions and impacts. Wave
propagation codes, commonly known as hydrocodes, have been instrumental in
tackling nonlinear challenges across solid, liquid, and gas dynamics.

The solution to transient problems involves applying the principles of mass,
momentum, and energy conservation, along with appropriate initial and boundary
conditions. Modeling the material's behavior is crucial, and hydrocodes oft
employ the division of the total stress tensor into a hydrostatic pressure, uniform in
all directions, and a deviating stress tensor. Volume changes are captured through
an equation of state, relating pressure to density or specific volume, while shear
strength is modeled using a strength model, often determined by the bending stress

tensor at failure.

Explicit time integration schemes are commonly employed in hydrocodes to
calculate state variables efficiently at the current time point. While these schemes
offer high calculation efficiency by bypassing mass or stiffness matrix calculations,
their stability is constrained, with stress propagation limited by the size of the
smallest element in each time step.

Numerous commercial hydla;odes, such as AUTODYN, ABAQUS, and LS-
DYNA, cater to simulating nonlinear dynamic problems like high-speed impact
testing and the effects of explosives on structures. ANSYS AUTODYN, developed
by Century Dynamics, stands out as a comprehensive hydrocode with a rich material
model library covering metals, concrete, soil, ceramics, composites, and explosives.
LS-DYNA, another widely used hydrocode, offers a multiphysics approach with
various descriptions like Lagrangian, Eulerian, Arbitrary Lagrangian Eulerian
(ALE), and Meshfree for simulating complex scenarios such as penetration, blast
loading, fluid-structure interaction, and crashworthiness. LS-DYNA, derived from
DYNA3D, is especially favored in the automotive industry for crashworthiness
calculations and has found applications in researching dynamic tensile fractures of
rocks.

14




ABQUS/EXPLICIT, yet another explicit solver, excels in simulating high-speed

dynamic events, complex contact problems, and highly nonlinear quasi-static
scenarios with material degradation and failure. However, it uses,a non-multi-
material ALE description, limiting its capability in handling multi-material
problems. For the dynamic behavior of rock-type materials under blast loads,
ABAQUS often utilizes blast pressure profiles obtained from other software or
analytical models.

For the purpose of this study, LS DYNA has been used.

2.2 ARBITRARY LAGRANGIAN EULERIAN:

The LS-DYNA program incorporates three distinct algorithms: Lagrangian,
Eulerian, and Arbitrary Lagrangian Eulerian (ALE). The Lagrangian algorithm is
well-suited for analyzing material deformation processes and tracking the time
history of substance particles. It accurately captures displacements and
deformations, making it primarily employed for analyzing the stress and strain in
solid structures. However, a drawback lies in its tendency to produce severe mesh
twist deformations or negative volumes in scenarios involving large displacements

and deformations, leading to potential calculation stoppages due to numerical errors.

On the other hand, the Eulerian algorithm maintains a fixed mesh system
independent of the object being analyzed, preventing severe mesh twist
deformations. This algorithm is effective in analyzing fluid flow, as well as the
diffusion and mixing of gases. Nevertheless, it faces challenges in obtaining the
physical ratio occupied by the material in the mesh, and the entire material being

described must be covered by the element mesh.

ae Arbitrary Lagrangian Eulerian (ALE) algorithm addresses the limitations of
both Lagrangian and Eulerian algorithms while capitalizing on their strengths. By
utilizing mass conservation, momentum conservation, and additional momentum
conservation equations, the ALE algorithm overcomes issues related to interrupted

numerical calculations caused by mesh deformation. Simultaneously, it allows for
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effective control and tracking of structural boundary movement. This algorithm is
frequently employed in real-time dynamic analyses of coupled fluids and solids,

providing a versatile solution for complex simulations.
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2.3 SPH Method:

meshfree methods, nodes or particles are affixed to the material, constituting
Lagrangian descriptions. Unlike grid-based methods, meshfree approaches lack
connectivity between nodes or particles, yet they deliver precise solutions for
integral and differential equations. Smoothed Particle Hydrodynamics (SPH) stands
out as a widely utilized meshfree method in both solid and fluid mechanics.
SPH, a meshfree Computational Lagrangian hydrodynamic particle method,
originated approximately three decades ago in the realm of astrophysics, initially
designed for simulating the interacfﬂns of fluid masses in a vacuum without
boundaries. Over time, it evolved into a deterministic mesh-free particle method and

found application in continuum solid and fluid mechanics. SPH is particularly adept
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at handling solid mechanics problems marked by large deformations and
fragmentation. Its mathematical foundation lies in interpolation theory, employing
kernel approximation to a function that remains suitably smooth even for higher-
order derivatives, thereby ensuring stable and accurate results. However, during its
initial application beyond astrophysics, SPH encountered challenges related to
enforcing ﬁnﬁboundaq conditions.

SPH serves as a robust numerical tool for modeling problems characterized by
significant distortions and deformations. Notably, SPH avoids mesh tangling and
hourglassing effects associated with conventional Lagﬁngian meshes. Therefore,
SPH particles are strategically employed in scenarios where large deformation or
severe material failure is expected in the near-field domain, while finite element (FE)
meshes are utilized in instances where intermediate or small deformations are
anticipated in far-field domains.

Although SPH comes with a higher computational cost, the coupled SPH-FE

approach mitigates this demand, offering a balanced solution that leverages the

strengths of both methods.
dp . aVi dVi 1 60'“ dE Ui] av,
dt = Pax,’ dt pox, dt  p ax,
N 36
ap, AL/
ot L Mgy
q=1

2 2
at = P, Py X,
N
aEp 6,0, E}W
at_Zm(pp)anx
q:

Where, @ is the stress, v is the velocity, ij are indexes of components, E is the internal
energy, m is the mass of the particle, W is a kernel function, N is the number of
particles within the smoothing length and p and q are the indexes denoting different
particles.

The equations are solved by:
éf> (x)=[FEHIW(x —x", h)dx’ = FN_, f(xq)W (x — x4, h)AV,
Where <f> is the function interpolation; x is the vector defining the particle’s

position; h is the maximum distance between particles (smoothing length) and W is
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the kernel function.

2.4 Data Manipulation:

LS-DYNA provides two formats for analyzing output data: binary files and ASCIL.
Binary files, including d3plot, d3thdt, d3dump, and interface force files, store finite
element response information from the model. The recording interval for binary files
can be customized, ranging from 250 microseconds to 1000 microseconds,
depending on the desired precision for capturing peak measurements and tunnel

responses during explosive events.

For processing LS-DYNA output and visualizing three-dimensional responses, LS-
PrePost is utilized. LS-PrePost reads various results data files such as d3plot, intfor,
and all ASCII time history data files. Its visualization capabiﬁies include dynamic
animations and color contour images on meshes, representing acceleration, velocity,
displacement, and element pressure time history data. Additionally, LS-PrePost
computes various parameters, including strains, bending moments, and reaction

forces along constrained boundaries.

Binary d3dump files are automatically generated upon normal termination and serve
the purpose of restarting the model by eliminating redundant elements. This feature

enhances efficiency and allows the continuation of simulations from a specific point.

2.5 Keywords used in LS DYNA to simulate explosions:

MAT JOHNSON HOLMQUIST CERAMICS:

MAT JOHNSON HOLMQUIST CERAMICS, known as the Johnson-Holmquist

Ceramic (JH-2) material model, is employed in LS-DYNA to replicate the behavior
rittle materials like ceramics under high strain rates. This model is an extension

of the Johnson-Holmquist Concrete (JH-1) material model and is specifically

designed to simulate how ceramics respond to dynamic loading conditions.

The JH-2 model addresses aspects such as brittle failure, strain rate effects, and

damage evolution in ceramic materials. It integrates the Johnson-Cook constitutive

model for the plasticity component and includes criteria for strength and failure in

ceramics. The essential material properties required for implementing the JH-2
18




model encompass density, elastic properties of the material, strength parameters,

failure parameters, and strain rate sensitivity.

MAT HIGH EXPLOSIVE BURN

High explosive burn pertains to the rapid combustion or swift chemical reaction of
high explosives, leading to the release of energy in the form of heat, pressure, and
the production of hot gases. When high explosives undergo combustion, it typically
involves a speedy exothermic reaction that travels through the material, causing

rapid decomposition and the liberation of a significant amount of energy.

The behavior of high explosives during burning is influenced by several factors,
including the specific consumption of the explosive material, its physical
characteristics, and the conditions under which the burn takes place. Modeling the

burn is a challenging task that often necessitates specialized models.

Within LS-DYNA, the MAT HIGH-EXPLOSIVE_BURN feature enables users to
define properties of the explosive material, such as detonation velocity, reaction rate,
energy release, and the pressure-volume relationship. Detonation velocity represents
the speed at which the detonation wave spreads through the explosive material, while
the Chapman-Jouguet Pressure denotes the pressure at which the detonation velocity

reaches its maximum.

EOS JWL

ﬁe Jones-Wilkins-Lee (JWL) equation of state finds application in modeling the
dynamics of high explosives, especially in hydrodynamic simulations. It
characterizes the pressure-volume correlation of the explosive material based on its

specific energy and detonation velocity.

Description of parameters:

CO0= Initial sound speed of the material.

A, B: Parameters controlling the shock Hugonoit curve

R1,R2,R3: Parameters controlling the release isentrope.

T1,T2, T3, T4, T5: Parameters controlling the time delay behavior.

These parameters collectively define the infricate relationship between pressure and
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volume for high explosives in dynamic scenarios. The JWL equation of state is a
valuable tool for accurately simulating and understanding the behavior of high
explosives under various conditions.

SECTION _SOLID:

The solid element's section definition serves the purpose of allocating material
properties and attributes to designated regions or segments within the solid mesh.
This definition is instrumental in specifying crucial characteristics, including
material type, thickness, orientation, and integration type for solid elements.
Essentially, it plays a pivotal role in outlining the anticipated behavior and response
of the solid elements throughout the simulation process. By utilizing the section
definition, engineers and analysts can precisely tailor the material considerations for
distinct portions of the solid model, contributing to more accurate and detailed
simulations of the structural response.

The term "Elform" refers to element formulation parameters, which play a crucial
role in determining the integration and shape functions applied within elements in a
simulation. Specifically, when elform is set to -2, it signifies the use of the Hourglass
Control formulation for solid elements.

The Hourglass Control element formulation is employed to address and minimize
hourglass-type deformations that may arise in certain types of elements, especially
when utilizing reduced or selective reduced integration methods. These
deformations can impact the accuracy and stability of simulations, and the Hourglass
Control formulation serves as a technique to mitigate such undesired effects. By
adjusting the elform parameter, users can select the appropriate formulation to
enhance the performance and reliability of the simulation, particularly when dealing

with solid elements.

SECTION SPH:

It is used to define the material properties and characteristics for Smooth Particle
Hydrodynamics (SPH) elements.

HOURGLASS HOURGLASS

The term "hourglass" refers to a specific type of numerical instability or undesirable
deformation pattern that can manifest in certain finite element models. Hourglassing

poses a risk of generating unrealistic deformations, potentially yielding inaccurate
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results if not effectively controlled. This phenomenon occurs when a mesh or
element formulation permits local deformations that do not actively contribute to the
overall strain energy. These localized deformations can lead to artificial energy
dissipation, resulting in an inaccurate representation of the material's behavior in the
simulation. Proper control mechanisms and formulation adjustments are essential to
mitigate hourglassing and ensure the fidelity of finite element simulations.

CONTACT AUTOMATIC NODES TO SURFACE

The automatic contact algorithm is a feature that enables the definition of contact
interactions between nodes and surfaces without the explicit specification of contact
surfaces. This functionality is implemented through the
CONTACT AUTOMATIC NODES TO SURFACE keyword. With this
keyword, the algorithm automatically identifies and establishes contact between
nodes and surfaces during the analysis, relying on the proximity of these entities in
the simulation.

In simpler terms, the CONTACT AUTOMATIC NODES TO SURFACE
keyword allows the software to autonomously detect and handle contact interactions,
streamlining the modeling process by eliminating the need for manually defining
contact surfaces. This can enhance efficiency and reduce the complexity of setting
up contact interactions in simulations.

We must identify the slave element and the master element in this keyword.

In the context of contact modeling in finite element analysis, the "Slave element" is
the element that undergoes deformations and makes contact with other elements.
The term "Slave" indicates that this element is influenced or controlled by the contact
conditions established with another element, known as the "Master element." The
Slave element is responsible for transmitting contact forces to the Master element,
which, in turn, reacts to these forces and influences the behavior of the Slave
element.

In summary, the Slave element is the one experiencing deformations and contacting
other elements, and it plays a crucial role in the overall contact interactions within a
finite element simulation. The distinction between Slave and Master elements helps
define the contact relationships and ensures accurate representation of the physical
interactions between different parts of a model.

In the context of contact modeling in finite element analysis, the "Master element"

is the element that the Slave element contacts. The Master element is typically a rigid
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or deformable element that serves as the receiving end of contact forces transmitted
by the Slave element.

The Master-Slave relationship is a fundamental concept in contact analysis. The
Master element is not influenced by the contact conditions; rather, it reacts to the
forces and interactions initiated by the Slave element. This relationship helps
simulate the contact and interaction between different parts of a model accurately,
enabling the simulation of realistic physical behaviors in a wide range of engineering
applications.

INITIAL DETONATION

This keyword helps to define the detonating element and coordinates of the point of
explosion.

CONTROL _TERMINATION

This keyword is used to specify the termination criteria for simulation. It allows to
define the conditions that determine when the analysis should stop based on time

criteria.
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3. COMPARISON OF EFFECTIVENESS OF JH-2 AND RHT CONSTITUTIVE
MODELS TO SIMULATE ROCK BLASTING.

In alab investigatioa:arried out by (Banadaki, 2010), a Barre granite rock specimen
with dimensions of 14.4 cm in diameter and 15 cm in height was employed. A core
hole was drilled at the genter of the specimen, accommodating an explosive
apparatus enclosed within a copper tube with an external diameter of 6.45 mm. The
hole was filled with air, a polyethylene covering, and Pentaerythritol tetranitrate

(PETN).

The materials involved had varying dimensions, with the rock sample having a
diameter of 14.4 cm, the borehole measuring 6.45 mm, air occupying 5.24 mm, the
polyethylene sheath having a diameter of 4.5 mm, and PETN measuring 1.65 mm.
To prevent gas penetration into cracks, the copper tube was securely placed in the

borehole, and the explosive was initiated from the top of the borehole.

(Wang, 2018) and (Li, 2023) duplicatgd the Banadaki experiment using the LS Dyna
Hydrocode. In this thesis, the FEM LS Dyna was used to reproduce both the lab
experiment conducted by (Banadaki, 2010) and the numerical simulations conducted

by (Wang, 2018) and (Li, 2023).

The cylindrical sample was simulated using the JH-2 constitutive law proposed by
(Wang, 2018) and the RHT model proposed by (Li, 2023). To effectively address
issues involving substantial deformation, the ALE (Arbitrary Lagrangian-Eulerian)
methodology was adopted instead of the traditional Lagrangian Finite Element
Method (FEM). The ALE multi-material formulation was specifically utilized. In
the Arbitrary Lagrangian-Eulerian (ALE) formulation, the mesh is granted the
freedom to undergo independent movement, separate from the material flow.
Additionally, each element can accommodate the blend of two or more distinct

materials.
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Figure 4 Cylindrical sample used by (Banadaki, 2010)

DYNO
Cord

PETN
0D =1.66 mm

Polyethylene
0D =4.5mm

Water or Air
OD= 5.25 mm

et
| OD=6.45mm

Figure 5 Plan of the cylindrical sample used by (Banadaki, 2010)

Methodology Employed:

Two models were created for simulating the materials as per the Banadaki
experiment. The first model was created with the material parameters used by Wang
(2018) with JH-2 model and the second model was created with the material
parameters used by Li (2022) with RHT model. The dimensions of the rock, copper,
Polyethylene, air and PETN were the same as that of the experiment. The mesh size
used was Imm x Imm x 5 mm for all the elements. The rock and copper were
modelled using Lagrangian formulation. The PETN, air, Polyethylene was modelled

using the ALE.

The deformation of materials was simulated in two stages, initially with the solid
mesh deforming according to the Lagrangian approach. Subsequently, the state
variable of the Lagrangian elemeﬁ was conveyed to the entire ALE (Arbitrary

Lagrangian-Eulerian) mesh space. The ALE method was chosen as a fluid-structure
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interaction (FSI) technique for facilitating the coupling of the explosive and solid .
In the applied methodology, copper and rock were represented with the material

model of Lagrange, whereas the other four materials used ALE.

The boundaries of % materials incorporated merged nodes, forming ALE layers
that constituted an ALE multi-material group (AMMG). Within this framework,
ALE materials could flow across the meshes of all ALE components without
inducing mesh deformation, following advection algorithms for the flow. Fluid-
structure interaction (FSI) was simulated through a coupling algorithm utilizing the
"Constrained Lagrange in_Solid" keyword in LS-DYNA, capturing the interaction
between materials. The initiation of the material occurred at time t=0 from the base
ofthe sample, mirroring the experimental conditions. The simulation concluded after

1x10°(-4) seconds.

For the Lagrangian elements, Hourglass control type 3 was applied, while control
type 1 was implemented for the ALE elements. Solid Section Element Formulation
1 was used for the Lagrangian elements, and Solid Section Formulation 11 was
employed to simulate the ALE elements. Free boundary conditions were utilized to
align with the experimental setup. The model was configured in SI units, employing

meters for length, seconds for time, and kilograms for mass.

Figure 6 Plan view of the model created using LS DYNA
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Figure 7 View of the Model created using LS DYNA

JH-2 Model for Rock:

The JH-2 plasticity damage model is commonly employed in the simulation of rocks
and other materials exhibiting brittleness. It was initially introduced by (Johnson,
1992). Nevertheless, it lacks the ability for gradual strain softening, which
diminishes its suitability for certain ceramic materials. In response to this constraint,
the modified JH-2 model was introduced, evolving from the groundwork laid by the

original JH-1 formulation.

rength:
o' =0;" —D(0;" — o)
Where o;" is the normalized intact equivalent stress, o;" is the normalized fracture
ﬁress and D is the damage coefficient.

The normalized equivalent stress (%, 0;", o5") have the general form:
o

o' =
OHEL

Where,

o is the actual equivalent stress and oy is the equivalent stress at the Hugonoit

elastic limit (HEL) and the normalized fracture strength is given by:

o7=B (P OM(1+C.ln¢")
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The normalized pressure is P* = P /Pyg;, where P is the actual pressure and Pyg, is

the pressure at the Hugonoit Elastic Limit.

Damage:

The damage is expressed as:

D= Z AeP Je

Where, AgP is the plastic strain during a cycle of integration and &P = f(P) is the

plastic strain to fracture under a constant pressure, P. The specific expression is:

g = Dy(P* + T*)P2

Where, D; and D, are constants.

Equation of State:

& hydrostatic pressure before fracture initiates can be enumerated as:

P=K,.p+K, 1> + K. pi®

The parameters used for the numerical model were as per (Wang, 2018)

S.No. Parameter Details
1. Density 2660
2. ar Modulus (G) 21.9¢9
3. Intact Strength Coefficient, A 1.25
4. Fractured Strength Coefficient, B 0.68
5. Strain rate Coefficient, C 0.005
6. Fractured Strength exponent, M 0.83
7. Intact Strength exponent, N 0.68
8. Maximum Tensile strength, T 57eb
9. Hugoniot Elastic Limit, (HEL) 4.5¢9

(Pa)

10. HEL Pressure, Pa 2.93e9
11. lk Factor 1.0
12. Damage coefficient, D1 0.008
13. Damage coefficient, D2 0.44
14, Bulk modulus, K1 (Pa) 25.7¢9
15. Second pressure coefficient, K2 -386€9

(Pa)
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16. Third Pressure coefficient, K3 12800e9
(Pa)

17. Maximum normalized fractured 0.16
strength

Table 1 Properties of Barre Granite, JH-2 model, Wang (2018)

RHT Model:

Riedel-Hiermaier- Thoma Model (RHT) stands as an advanced damage plasticity

model designed for brittle materials, initially proposed by (Riedel W, 1999) to
analyze the dynamic loading of concrete. Subsequently, it was incorporated into the
-DYNA code by (Borrvall T, 2011) for the modeling of more brittle materials.
The RHT model incorporates three limit sugfaces, namely the failure surface, yield
surface, and residual surface, to characterizeﬁe material strength model. It is crucial
to highlight that the stress reaches the residual surface, as discussed by
(Borrvall T, 2011), the material is fully damaged, and the strength is determined by
the propertiwf the residual surface.
In the RHT model, the damage degree is defined as follows:

AgP
D=2

Where, AP is the accumulated plastic strain and €fis the failure strain written as:

F_ p Pspall
f' £

)P
in which Dy and D, arc the initial damage parameters given by the user; p and

Pspanare pressure and spalling strength respectively, f'c is the uniaxial compressive
strength. In the Banadaki experiment, the mass density of the Barre Granite was
2660 kg/m3, Elastic Shear Modulus was 20.28 Pa. Rest of the parameters used were
as per (Li, 2023).

S.no. Parameter Value
1. Mass density 2660
2. Elastic shear modulus (Pa) 20.28
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3. Eroding Plastic Strain 2.0

4, Parameter for polynomial EOS, 1.22
Bo

5. Parameter for polynomial EOS, 1.22
Bl

6. Parameter for polynomial EOS, 51.57€9
T1 (Pa)

7. Parameter for polynomial EOS, 0.0

(Pa)

8. Failure surface parameter, A 2.57

9. Failure surface parameter, N 0.75

10. Compressive strength (Pa) 259¢6

1. sh pressure PEL (Pa) 172.67e6

12. Relative shear strength 0.21

13. Relative tensile strength 0.10

14. Load angle dependence factor, Qo 0.68

15. Load angle dependence factor, B as

16. Reference compressive strain 3e-5
EOS (S-1)

17. Reference tensile strain rate ETC 3e-6
(S-1)

18. Break compressive strain rate EC 3e25
(S-1)

19. éreak tensile strain ET (S-1) 3e25

20. Compressive strain rate 0.026
dependence exponent

21. Tensile strain rate dependence 0.007
exponent

22, Volumetric plastic strain fraction 0.001
in tension

23. Compressive  yield  surface 0.53
parameter

24, Tensile yield surface parameter 0.70

25. Shear modulus reduction factor 0.50
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26. Damage parameter, D1 0.04

27. Damage parameter, D2 1.00

28. Minimum damaged residual 0.015
strain

29. idual surface parameter 1.60

30. Residual surface parameter, NF 0.61

31, Gruneisen gamma, GAMMA 0.0

32. Hugonoit polynomial coefficient, 51.57¢9
Al (Pa)

33. Hugonoit polynomial coefficient, 60.23¢9
A2 ( Pa)

34. Hugonoit polynomial coefficient, 9.76e9
A3 (Pa)

35. Compaction pressure, PCO (Pa) 6e9

36. Porosity exponent NP 3.0

37 Initial porosity 1.006

Table 2 Properties of Barre Granite, RHT Model from (Li, 2023)

Explosive:

Mat_High Explosive Burn alogg with the Jones Wilkins Lee, Equation of State is

used as per (Wang, 2018). The explosive used in the blasting operation is modeled
by MAT HIGH EXPLOSIVE BURN in LS DYNA (Material type 008) together
with Jones- Wilkins-Lee EOS (LSTC, 2007)1s used to describe the explosive as it is
the most popular one and the easiest to calibrate. The EOS defines the pressure as

follows:

w w wE
—R1_V R —R1V —
Rl\f')e +B(1 RZV)E ty

P:A(l—

In the above equation V is the relative volume or the expansion of the explosive, E
is the initial energy per volume, vp is the detonation velocity, Py is the pressure at
the critical point, A, B, Ry, R, and w are the empirically derived constants for the
explosives. This equation allows the use of a wide range of different high explosive
parameters such as TNT.

The parameter according to (Banadaki, 2010):
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Parameters DYNO Cord (PETN)

p (kg/m?) 1630

Velocity of Detonation 6690

(VOD)

P¢;(GPa) 1.6e10

A (Pa) 5.86el 1
j(Pa) 2.16el0

R, 5.81

R, 1.77

) 0.282

A |

E0 (J/m? 7.38¢9

Table 3 Properties of DYNO Cord Explosive as per (Banadaki, 2010)

Air Model:

The air is represented using an ideal gas model employing the MAT NULL material

model, which incorporates a linear polynomial Equation of State (EOS). The use of
the null material model proves effective in accurately simulating fluids and
hydrodynamicﬂ)stances. The pressure is expressed by:

P =Cy+ Cypt 4+ Cou? + Cap® + (C4 + Csp + Copu?)E
Where,
E= internal energy per unit volume
Cy, C4,Cy, C4,Cy, Ccand Cg = constants

P 1, where L is the ratio of current density to initial density.

Po Po

=

4
The linear polynomial equation represents an ideal gal with the gamma law EOS, in

whichCy=C, =C,=C =C,=0andC, =Cs=y—1

where, v is the ratio of specific heat at constant pressure per specified heat at constant volume.

The pressure is then described by:
p

P=(-1D—E
Po

Eo = pocy * T

y is an adiabatic constant for air behaving as an ideal gas, p is the density,

¢y is the specific heat at constant volume and E,, is the initial internal energy per unit volume.
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The material parameters according to Wang (2018) is as follows:

Parameter Details

Density ( kg/m3) 1.29
W 0

Co 0

Cl 0

C2 0

C3 0

C4 0.4

C5 0.4

Ceo 0

Eo(Pa) 2.5¢5

Vo 1

Table 4 Properties of Air

Copper Model:
The Johnson-Cook Model, a metal constitutive model, was employed to characterize

the copper material, and it is entirely empirical in nature. The parameters for Johnson

Cook Model, (Wang, 2018)is as follows:

S.No. Parameter Detail
1. Density (kg/m3) 8330

2. Young’s Modulus ( Pa) 1.38¢10
3. Poisson’s ratio 0.35

4. A (Pa) 8.963¢7
5. B (Pa) 2.916¢8
6. N 0.31

7. C 0.025

8. M 1.09

9. Melting Temperature 1200
10. Room Temperature 30

11. Specific Heat 4400
12. C (Gruneisen EOS) 0.394
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13. Sl 1.489
14. S2 0

15. S3 0

16. Gamma 2.02
17. A (Gruneisen EOS) 0.47
18. Eo 0

Table 5 Properties of Copper, Johnson Cook Model as per (Wang, 2018)

Polyethylene model:
Polyethylene was modeled with Mat Null with Equation of state, EOS_Gruneisen.

The parameters for polyethylene (Wang, 2018) are as follows:

S.No. Parameter Details
1. Density (kg/m3) 79

2 lk sound Speed (m/s) 290.1
3 Material constant, S1 1.481
4. Material constant, S2 0

5 Material constant, S3 0

Table 6 Properties of Polyethylene

Results of the Study:

The numerical results depict the presence of cracks through the utilization of damage
contours that span from 0 to 1. Blue signifies fringe level 0, indicating the absence
of damage to the rock, while red signifies fringe level 1, indicating complete damage
in the rock. In essence, the red contour denotes the area of crushing, while the green
contour represents the circumferential and radial cracks. The remaining colors,
which correspond to fringe levels 0 and 1, signify varying degrees of damage in the

rocks.

Figures 8 to 15 illustrate a close alignment between the outcomes of our 3D model
and those derived from the experiment. The simulation shows the generation of crush
zones near the blast holes, accompanied by radial cracks extending towards the outer
boundaries upon detonation. The scale of damage decreases gradually as one moves
away from the blast hole. Near the blast hole, the damage exhibits a dispersed

crossing pattern, whereas in the farther zone, it takes on a radial pattern, ultimately
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leading to the creation of a fractured zone.

The cracking in the bottom of the model is more than that in the top because the
explosive is detonated at the bottom. This is very similar to the (Banadaki, 2010)
experiment.

Both the JH-2 model and RHT model are successful in predicting the pattern of
cracks. However, the RHT model generated more crushed zone indicated by red
area compaged to the JH-2 model. Similarly, the number of radial cracks were more
for RHT model compared to the JH-2 model. However, the circumferential cracks

were generated by the JH-2 model but not generated by the RHT model.

The close similarity between the experimental results and the numerical simulation
proves that both the JH-2 model and RHT model can be used for simulating the
explosion process of rocks, provided that the parameters are carefully calibrated. The
thesis will now be focused on exploring the effects of decoupling ratio on the blast
damage as well as the effects of spacing of blastholes on the damage of rocks. RHT
model is preferred over JH-2 model due to close similarity in the cracking and

the damage pattern.

Description Crushed Radial Circumferential
zone Cracks Cracks
diameter

JH-2 model l6mm 8 More

RHT model l6mm 14 Few

Table 7 Comparison between the JH-2 model and RHT Model
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Figure 8 Damage Pattern in in the top of the numerical model, (Wang, 2018)

Figure 9 Result of the (Banadaki, 2010) experiment in the top

Figure 10 Damage pattern at the top with JH-2 model
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Figure 11 Damage pattern at the top with RHT model

Figure 12 Damage pattern in the top of the model , (Wang, 2018)

Figure 13 Crack pattern in the bottom of the sample, (Banadaki, 2010)
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Figure 14 Result of damage pattern in the sample from RHT model

Figure 15 Result of the damage pattern in the bottom of the model from JH-2 model
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4. INFLUENCE OF DECOUPLING RATIO ON BLASTING IN BARRE GRANITE
4.1 Background and Literature Review:

In blasting practices, air and water have been employed as coupling media, with the
efficacy of the blasting process contingent on various factors. These factors
encompass rock properties, hole diameter, charge length, stemming material type,
initiation point, and decoupling. The decoupling factor, defined as the ratio of the
drill hole radius to the charge radius (Ucar, 1975), holds significance, particularly in
smooth blasting and presplitting blasting applications.

Controlled blasting, aimed at reducing peak pressure and optimizing blasting energy
utilization, relies on proper decoupling. Notably, when the explosive charge doesn't
completely fill the hole, the imparted energy diminishes significantly. Research by
(Wang W. L., 2020) demonstrated the pivotal role of the uncoupling coefficient in
blasting-induced damage. (Ding, 2021) concluded that judicious decoupling
enhances crack propagation and soil fragmentation. (Ma, 2022), utilizing ANSYS
AUTODYN software, observed a substantial alteration in blasting damage up to a
decoupling coefficient of 3. (Song, 2019) determined that the optimal blasting effect
occurs within a decoupling coefficient range of 1.67-2.

Additionally, (Yang, 2018) found that stress attenuation initially increases and t
decreases with an increase in the decoupling coefficient. (Li, 2023) delved into the
effects of air-water ratio and decoupling ratio on rock fragmentation, shedding further

light on the intricate dynamics of decoupling in blasting scenarios.

4.2 Details of Numerical Model:

Two different numerical models are established to investigate the effects of

decoupling ratio on the damage and crack propagation. The rock material is Ere
Granite as in Chapter 1. RHT constitutive model is used for the rock and High
Explosive burn along with Jones Wilkins Lee Equation of State is used for modeling
the PETN explosive. The air is modeled using MAT Null and Equation ofﬁlte
Linear Polynomial. Five numerical models have been created with decoupling ratio,
k=1, k=1.5, k=2.5, k=3 and k=4 to understand the damage patterns induced by the

changing decoupling ratio with air as decoupling media. Furthermore, in the same
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numerical model, further analysis was done by substituting water as the decoupling
media and comparisons made between the both.

The dimension of the numerical model is 2Zm x 2m x 1geA blasthole of 45 mm has
been used for all the experiments. For the decoupling ratio, k=1, k=1.5, k=2.5,k=3
and k=4, the drillhole diameters are 45mm, 6Z.5 mm, 112.5mm , 135 mm and 180
mm respectiyggly. The mesh size used was 2.5 cm x 2.5 cm x 10 cm. Lagrangian
formulation is used to model the rock. ALE formulation is used to model the air and
TNT. Constrained Lagrange in_Solid is used for Fluid Structure Coupling between
rock and air and explosive. Nodes were merged at the interface. The explosives were
detonated at the top. Nonreflecting boundary condition were applied at the boundaries
except the top to simulate the infinite rock medium. The explosive was detonated
from the top. The purple color indicates explosive whereas the green and red color

indicate air and the rock respectively.

Figure 16 Detail of numerical model, k= 1.  Figure 17 Detail of numerical model, k= 1.5
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Figure 18 Detail of numerical model, k= 2.5 Figure 19 Detail of numerical model, k=3

Figure 20 Detail of numerical model, k= 4

4.3 Material Parameters
The material parameters were the same as that used in the (Banadaki, 2010)

experiment on Barre Granite. RHT material was used for modeling the rock. The
parameters for the rock, air and explosive are the same as in Table 2, Table 3 and

Table 4. For water, the parameters are as follows:

4.4 Results with air as decoupling media

For the decoupling ratio of 1, the damage pattern is as shown in Figure 22. The
crushed zone indicated by the red zone has a diameter of around 0.4m with around 8

radial cracks shown by the green line.

40




For the decoupling ratio of 1.5, the damage pattern is as shown in Figure 23. The
crushed zone has a diameter of around 0.36m with the number of radial cracks
reduced to 6.

For the decoupling ratio of 2.5 (Figure 24), the crushed zone diameter is 0.25m and
the radial cracks has reduced to 5.

For the decoupling ratio of 3 (Figure 25), the crushed zone diameter is 0.22m and the
radial cracks are very few.

For the decoupling ratio of 4 (Figure 26), the crushed zone has diminished to 0.15m
and radial cracks cannot be seen.

The damaged area for all five cases can be seen in Figure 21 and Table 8. For the
analysis of the damaged area, the toral undamaged area calculated by image software
(Imagel) is used. To obtain the undamaged area, the damaged area shown by the
colors except blue are calculated. The areais deducted by 100 to obtain the percentage

of damaged area.

Decoupling coefficient Damaged Area(%)
1 18.72
2 15.49
3 4.15
4 3.95
5 1.46

Table 8 Relation between Decoupling Coefficient and Damaged Arca

Damaged Area versus Decoupling

ratio
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Figure 21 Influence of Decoupling ratio on Damaged Area
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Similarly, the blasting pressure provides a quantitative glimpse into the mecahnism
of wave pressure attenuation due to the decoupling coefficients. To obtain the
pressure distribution, the blasthole wall pressures are obtained and plotted. Figure 27
to 29 show the Blasthole wall pressure for the Decoupling coefficient of 1, 1.5,2.5,3
and 5.

The pressure for blasthole for decoupling coefficient are shown in the Figures 27 to
31. Figure 27 shows the peak blasthole pressure for k=1 which is 3000 MPa. Figure
28 shows the peak presure for k=1.5 which is 1000 Mpa. The borehole pressure
decreased highly for k=2.5 to 400 Mpa, which can be seen in Fig.29. The pressure
slightly decreased for k=3 to 250 Mpa, shown in Fig.30. However, there is a slight
increase in pressure for k=4 to 200 Mpa, shown in Fig. 31.

The blasthole wall pressure provides a good indication of the blastwave pressure
induced to the rock. As shown in the above figures, it can be clearly seen that when
there is no air,i.e. k=1, very high blastwave pressure is transmitted to the rock. For
k=1.5, the pressure is still very high. However, as the value of k increased to 2.5,
there was almost a drop of pressure to 4 times. Then, for k=3.5, there was slight

decrease in pressure. For k=4, there was a further decrease in pressure.

LS-DYNA keyword deck by LS-PrePost
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T T T

Pressure (E+9)
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Figure 27 Borehole wall pressure for decoupling ratio of 1
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Figure 28 Borehole wall pressure for decoupling ratio of 1.5
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Figure 29 Borehole wall pressure for decoupling ratio of 2.5
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Figure 30 Borehole wall pressure for decoupling ratio of 3
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Figure 31 Borehole wall pressure for decoupling ratio of 4

1 1 3000
2 1.25 1000
3 1.5 1000
4 1.75 600
6 2.5 400
7 3 250
8 - 200
9 5 30

Table 9 Pressure for Different Decoupling Coefficient, Air as Decoupling Media.

Borehole wall pressure and Decoupling Ratio
3500
3000 <
2500 \
2000
1500

Pressure [ MPa)

1000 \O
500

0 1 2 3 4 5 6
Decoupling Coefficient

Figure 32 Peak Pressure in Blasthole for different Decoupling ratios
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It can be seen from the above figures that as the decoupling ratios increases, the
blasthole pressure decreases. However, when the decoupling ratio exceeds 2, the
blasthole pressure stays nearly the same. Therefore, it can be concluded that as
decoupling ratio increases, initially there is a drastic reduction in damage of the rocks.
However, with further increase in the ratio, the damage to the rocks progressively

becomes insignificant.

4.5 Results of Comparison between air and water as decoupling Media

The numerical simulation was conducted with water as the decoupling media instead
of the air and the blasthole pressures were noted in the same locations as before. The

distribution of Pressure with time is shown in the following figures.

LS-DYNA keyword deck by LS-PrePost
T

Pressure (E+9)

2 : : : J. : .l : :

( 0.2 0.4 06 0.8
Time (E-03)
Figure 33 Blasthole Pressure for Water Decoupling, k=1.5
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Figure 34 Blasthole Pressure for Water Decoupling, k=2.5
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Figure 35 Blasthole Pressure for Water Decoupling, k=3
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Figure 36 Blasthole Pressure for Water Decoupling, k=4

S.No. Decoupling Blasthole Pressure (MPa)
CoefTicient Air Water

1. 1 3000 3000

2. 1.5 1000 2000

3. 2 500 1500

4. 3 250 850

5. 4 200 550

Table 10 Decoupling ratio and Pressure for Different Coupling Media
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Blasthole Pressure versus Decoupling

3500
3000
2500
2000
1500
1000

500

Blasthole Pressure

Ratio

1 15 2 3

4
Decoupling Ratio

M Blasthole Pressure (MPa) Air M Blasthole Pressure (MPa) Water

Table 11 Influence of Decoupling ratio on Blasthole pressure for Different Decoupling Media

Figure 37 Damage contour for Water and Air Decoupling, k=2.5

Therefore, it can be observed that compared to air, more pressure is transferred by the

water as the coupling media. The pressure readings obtained for water decoupling are

considerably high compared to the air media. Similarly, from the damage contours

obtained, there is considerably low damage with air than in the water as can be seen

with more blue area with air compared to water. Therefore, about energy dissipation,

air is a better decoupling medium. Similarly, the pattern of pressure dissipation with

the decoupling ratio for both the decoupling media is similar. Both the media showed

drastic reduction in pressure dissipation at the lower decoupling ratio but with the

increase in the ratio there is a lesser reduction of pressure. In this way, the influence

of decoupling ratio on blast induced damage was investigated.
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5. EFFECT OF DELAY TIME OF EXPLOSION AND BOREHOLE SPACING ON
BLAST INDUCED ROCK DAMAGE

The effect of blasthole spacing on crack propagation and damage of the rocks is
analyzed in this section. A numerical model is established in the same principle to the

decoupling experiment.

5.1 Geometry of the Model

A numerical model is created with the dimensions of 2m x 2m x Im. Two blastholes
are created with diameter of 45mm each. For the first case, two spacings of blastholes,
0.4m and 0.5m are used. Various Delay times are used, and the damage subsequently
induced are analyzed. For the second case, various spacings are created to analyze
the effect of spacing ing. A total of six models are created with the spacings
between the blastholes of 0.1m, 0.2m, 0.3m, 0.4m, 0.5m and 0.6m. PETN explosive
is used in the blasthole. The decoupling coefficient is kept as 1. The explosive is
detonated from the top.

The rock is modelled as Lagrange elements and the explosive, PETN and the air is
modelled as ALE elements. Constrained Lagrange in Solid is used for Fluid
Structure Coupling. ALE Multi Material Group is created separately for the air and
explosive. The nodes are merged at the interface of the elements. Nonreflecting
boundary condition is used to simulate the infinite medium. The model is run for a

time period of 1 x 10-4 seconds.

5.2 Material Parameters

RHT constitutive model is used to model the Barre Granite sample as per Table 2.
MAT HIGH_EXPLOSIVE BURN and EOS JWL is used for the explosives as per
Table 3. STRFLG is set as 4 in DATABASE BINARY EXTENT for providing the

damage plots for the rock.

5.3 Influence of Delay time on Blast Induced Damage:

The primary aim in optimizing rock fragmentation is to minimize energy
consumption. Substantial research undertaken by scholars and engineers has focused
on improving rock blasting methodologies to achieve superior fragmentation,
constituting a longstanding area of study. Among the critical factors expld in these

investigations, the timing of blasts emerges as a pivotal variable. Given the dynamic
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nature of blast phenomena, it becomes evident that stress waves originating from

different blastholes will inevitably interact within the rock mass.

A fundamental question arises concerning the consequences of this interaction on
both fragmentation and damage in the rock mass. While existing studies have
suggested that a concise delay time may contribute to heightened fragmentation, a
precise understanding of the extent of damage resulting from varying delay times
remains elusive. This underscores the need for further research to unravel the intricate

dynamics of blast timing and its impact on rock fragmentation and damage.

Attempt has been made to understand the effects of delay time on the blast induced
damage. For the purpose, the numerical model as shown above is used. Two cases
have been explored. In the first case, the borehole spacing is taken as 0.4m and in the

second case the borehole spacing is taken as 0.5m. The results are as follows:

S.No. Delay time (seconds) Crushed Area (%)
1 0 8.81
2 0.0000001 8.78
3 0.0000005 8.78
4 0.000001 8.76
5 0.000005 8.81
6 0.00001 8.77
7 0.00002 8.85
8 0.00003 9.28
9 0.00004 9.29
10 0.00005 9.56
11 0.00006 9.22
12 7.00E-05 9.21
13 8.00E-05 9.3
14 9.00E-05 9.57
15 0.0001 9.39
16 0.000125 9.76
17 0.00015 10.12
18 0.00025 1068
19 5.00E-04 10.76
20 0.00075 1055
21 1.00E-03 1064
22 0.00150 1051
23 2.00E-03 1034
24 3.00E-03 10.18
25 5.00E-03 9.66
26 1.00E-02 9.48
27 2.00E-02 93
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228 5.00E-02 | 9.3

Table 12 Influence of Delay time of explosives in crushed area of rocks, for blasthole spacing

of 0.4m

Delay time of explosion versus Damaged area

12

g

OCR0,
<
¢
<
&

oo

Crushed area of rock (%)
[+3}

0 0.01 0.02 0.03 0.04 0.05 0.06

Delay time in Seconds

Table 13 Influence of Delay time of explosion to the damage in the rocks, for borehole spacing

of 0.4m

1 0 9.1

2 0.0000001 9.08
3 0.0000005 9.42
4 0.000001 9.03
5 0.000005 9.17
8 0.00001 9.27
9 0.00002 9.19
11 0.00004 9.49
12 0.00005 N2
13 0.00006 9.78
14 7.00E-05 9.63
16 9.00E-05 10.12
17 0.0001 10.22
20 0.00025 10.61
21 5.00E-04 11.65
22 0.00075 11.63
2 1.00E-03 12.08
24 0.00150 11.92
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25 1.75E-03 11.68
26 3.00E-03 11.44
27 5.00E-03 11.25
28 7.00E-03 11.26
29 2.00E-02 11.06
30 5.00E-02 10.82
31 7.50E-02 10.7

Table 14 Influence of Delay time of explosives in crushed area of rocks, for blasthole spacing

of 0.5m
Delay time of explosives versus Damaged
area
14
12
g &OO S o
8 10
8
.- 8
5 6
g 4
o
2
0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Delay time of explosives

0.08

Table 15 Influence of Delay time of explosives to the Damage in the rocks, for blasthole

spacing of 0.5m
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Figure 38 Blast induced damage for 0 delay time between detonation of explosives

Figure 39 Blast damage for 1e-6 delay time between detonation of explosives.
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Figure 41 Blast induced damage for 5e-4 seconds delay time between the detonation of

explosives.
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Figure 43 Blast induced damage for le-2 delay time between the detonation of explosives.

For both the cases of spacing of 0.4m and 0.5m, initially there is an increase in the
total crushed area with the subsequent increase in the delay interval of the explosives.

For 0.4m spacing, the simultaneous detonation of explosives produced a damage area
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of 8.81%. The delay time was subsequently increased for the further simulations. It
was found that up to the delay time of 2e-5 seconds, there was not much effect of the
delay time on damage. When the delay time was 3e-5 seconds, the damage area
slightly increased to 9.28%. The blast induced damage continued to increase with the
delay time and subsequently peaked at 5e-4 seconds to 10.76%. Thereafter, the
crushed area started to decrease with the increase in delay duration. For the delay
duration of 5e-2 seconds, the crushed area was found to be 9.3%.

Therefore, for borehole spacing of 0.4m, the optimum delay time between the

explosions was found to be 5e-4 seconds.

For the spacing between the boreholes of 0.5m, a similar trend was found. The
crushed area for simultaneous detonation was 9.1%. Up to the delay time of 2e-5
seconds, the crushed area was relatively unchanged. For delay time of 4e-5 seconds,
the crushed area increased to 9.49%. Thereafter, there was a subsequent rise in the
crushed area with the increase in delay time. The damaged area continued to increase
continuously up to the delay time of le-3 seconds. The crushed area was 12.08% at
this stage. For further increase in the delay time, the crushed area showed a decreasing
trend. For 7.5e-2 seconds, the crushed area was found to be 10.7%.

Therefore, for borehole spacing of 0.5m, the optimum delay time between the
explosions was found to be 1e-3 seconds.

It can be concluded that there is an optimum delay time for different spacings
of boreholes as shown by the increasing damage up to that delay time and
decrement in crushed are beyond that delay time. Similarly, it was found that
the increment in spacing between the explosives, the optimum delay time is

more.
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5.4 Influence of Spacing of Blastholes on Rock Damage:

The damage pattern for the rock for different spacings is shown below. Figures 44 to
49 show the damage pattern for blastholes with spacings in horizontal direction from
0.1m to 0.6m. Similarly, Figures 50 to 55 show the damage pattern for blastholes with
spacings in vertical direction from 0.1m to 0.6m.The red color indicates the maximum
damage which is the crushed zone. Blue color indicates the undamaged zone. Green
color indicates the radial cracks. The damage variable 4 is used to provide graphical
image of damage for the RHT model of the rock. Image analysis was done to
understand the extent of the damage to the rocks. The area of blue undamaged portion
is calculated to estimate the percentage of rock undamaged by the blast wave. The

remaining area is calculated as the damaged portion. Furthermore, the red area is

calculated as the crushed zone.

Figure 44 Damage pattern for horizontal blasthole spacing of 0.1m
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Figure 46 Damage pattern for horizontal blasthole spacing of 0.3m
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Figure 48 Damage pattern for horizontal blasthole spacing of 0.5m
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Figure 49 Damage pattern for horizontal blasthole spacing of 0.6m

Figure 50 Damage pattern for vertical blasthole spacing of 0.1m
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Figure 51 Damage Pattern for Vertical Blasthole Spacing of 0.2m

Figure 52 Damage Pattern for Vertical Blasthole Spacing of 0.3m
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Figure 53 Damage Pattern for Vertical Blasthole Spacing of 0.4m

Figure 54 Damage Pattern for Vertical Blasthole Spacing of 0.5m
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Figure 55 Damage Pattern for Vertical Blasthole Spacing of 0.6m

It can be seen from Figures 44 to 55 that as the spacing between the blastholes
increased, the damage zone extended in the direction parallel to the explosives for
both the horizontal and vertical spacings of blastholes. For shorter distance between
the blastholes, the stress waves generated by both the blastholes interacted resulting
in larger damage around the blastholes. With the increase in spacing, there is lesser
interaction between the stress waves. There was lesser superposition of stress waves
compared to smaller spacings and there was an extension of damage zone but lesser

damage.
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6. CONCLUSION

The comparison of the numerical model to the results of the laboratory experiment
served two purposes. Firstly, it helped to calibrate the model for further simulations
of the effect of decoupling coefﬁcieﬁ and effect of blasthole spacing. Secondly, it
helped to compare two common constitutive models for simulating the brittle

behavior of rock materials, JH-2 model and RHT model.

Both JH-2 model and RHT model are efficient in simulating the cracks
compared to a laboratory experiment. However, more cracks comparable to the
experiment were found with the RHT model. Therefore, the RHT model is better
compared to the JH-2 model.

The effect of decoupling ratio was investigated using the calibrated model. RHT
model was used for the rock. The result clearly showed in terms of damage to the
rock and the pressure in the blasthole that as the decoupling coefficient increased, the
damage to the rock decreased. It indicates that there is dissipation in the blast wave
pressure through the coupling media. It is an essential finding in controlled blasting
which can help in understanding the effect of air media for optimizing the blast
design. Furthermore, a comparison was made between two decoupling medias
commonly used in explosion, air, and water. It was found that in terms of energy
dissipation, air is a better decoupling media than water. The pressure
transmitted to the surrounding rock by water as a decoupling media is 2-3 times

higher than when the air is used as the decoupling media.

The delay time between explosives detonation is another essential parameter. It was
found that there is an optimum delay time for different spacings of boreholes as
shown by the increasing damage up to that delay time and decrement in crushed
area of rock beyond that delay time. It can be useful for calculating the delay

timings of explosives.

In addition, it was found that as the spacing increases the damage increases in
the direction parallel to the explosives for both the horizontal and vertical

spacing of explosives. For shorter distance between the blastholes, the stress
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waves generated by both the blastholes interacted resulting in larger damage
around the blastholes. With the increase in spacing, there is lesser interaction
between the stress waves. There was lesser superposition of stress waves

compared to smaller spacings and there was an extension of damage zone but

lesser damage.
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APPENDICES
PROCEDURES FOR FINITE ELEMENT ANALYSIS

Define Material Property for Explosives.

Keyword Input Form

NewlD MatDB  RefBy Pick Add  Accept  Delete  Default  Done  ENAIILI

() Use *Parameter | Comment (Subsys: 1 banadakiretrial1717withrht.k) Setting

*MAT_HIGH_EXPLOSIVE_BURN_(TITLE) (008) (1)

TmE
PETN
1 MD RO D EQ BETA K <] SIGY
5 1320.0000 6690.0000 1.800e+10 0.0 « 00 oo 00
COMMENT:
a
Total Card: 1 Smallest ID: 5 LargestID: 5 Total deleted card: 0 a
v
Define Material Property for Air.
Keyword Input Form
NewlD MatDE RefBy Pick Add Accept Delete Default Done
4 Polyehylene
[CJ Use *Parameter ] Comment

(Subsys: 1 banadakiretriall 717withrht.k) Setting
"MAT_NULL_(TITLE) (009) (2)

TITLE
ar
1 MD RO EC My TEROD  CEROD YM ER
3 1.2900000 0.0 0.0 00 00 00 0.0
COMMENT:

Total Card: 2 Smallest ID: 3 Largest ID: 4 Total deleted card: 0

Define Polyethylene Material.
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Keyword Input Form

MatDE  RefBy Pick Add || Accapt || Daieta || Defaukt || Done
[l Use "Parameter || Comment (Subsys: 1 banadakiretrial1 71 7withrht.k) Setting
*MAT_NULL_(TITLE) (009) (2)
TImE
Polyehylene
1 MD RO EC MU TEROD CEROD ™ R
4 915.00000 0.0 0.0 0.0 oo (] 00
COMMENT:
Total Card: 2 Smallest ID: 3 LargestID: 4 Total deleted card: 0 a
v
Define Copper Material.
Keyword Input Form
NewlD MatDB RefBy Pick Add Accept Delete Default Done
() Use *Parameter [ Comment (Subsys: 1 banadakiretrial1 71 7withrht.k) Setting
*MAT_JOHNSON_COOK_(TITLE) (015) (1)
TmE
Copper
1 MD RO G E ER DTF VP RATEOP
2 8330.0000 5.110e+12  1.380e+11  0.3500000 0.0 00 v 00 v
2 A B N C M ™ IR EPSQ
8.963e+07 2.916e+08 0.3100000 0.0250000 1.0900000 1357.6000 30.000000 1.0000000
3c EC SPALL T n D2 D3 D4
£400.0000 0.0 20 v| oo , 00 0.0 00 0.0
4 D5 QJp EROD EEMIN NUMINT
00 oo o 1.000e-06 0.0
Total Card: 1 Smallest ID: 2 LargestID: 2 Total deleted card: 0 -
Define Rock Material.
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Keyword Input Form

NewlD MatDB RefBy Pick Add Accept Delete Default
[CJUse *Parameter || Comment (Subsys: 1 banadakiretrial1717withrht.k)
“MAT_RHT_(TITLE) 272) (1)
ImE
rock
1 MD RO SHEAR ONEMPA  EPSF B0 Bl pet
h 2660.0000 2028e+10 O w 20000000  1.2200000  1.2200000  S5.157e+10
24A N EC ES® B 20 B 2
25699999  0.7500000 2590e<08 02100000 0.1000000 06800000 05000000 0.0
3 EOC EoT EC 138 BETAC BETAT ETE
3.000e-05 3.000e-06 3.000e+25  3.000e+25 00260000  0.0070000  0.0010000
4 GC* GT= X D D2 EPM AF NE
0.5300000  0.7000000  0.5000000  0.0400000 1.0000000 0.0150000  1.6000000  0.5100000
5 GAMMA Al a2 A3 EEL ECO he ALPHA
Total Card: 1 Smallest D: 1 Largest ID: 1 Total deleted card: 0
Define Equation of State for Copper.
Keyword Input Form
NewlD RefBy Add Accept Delete Default

() Use *Parameter (] Comment {Subsys: 1 banadakiretrial171Twithrht.k)

*EOS_GRUMNEISEN_(TITLE) (2)

TITLE
copper
1 EOSD [
] 3840,0000
2 Vo
0.0

s1 s2
1.4890000 0.0

GAMAQ A
0.4700000 0.0

COMMENT:

Total Card: 2 Smallest ID: 1 Largest ID: 2 Total deleted card: 0

Define Equation of State for Polyethylene.
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Setting

Done

Setting

|
2 Polyethylene




Keyword Input Form
NewiD |

[C)Use *Parameter [ | Comment

RefBy

Add Accept Delete Default

(Subsys: 1 banadakiretriall 717withrht.k)

*EOS_GRUMNEISEN_(TITLE) (2)

Done

Setting

Tmie
Polyethylene
1 EOSD c 51 52 53 GAMAQ a E0
2 2501.0000 14890000 0.0 0.0 16400000 00 0.0
2 Vo
1.0000000
COMMENT:
-
Total Card: 2 Smallest ID: 1 LargestiD: 2 Total deleted card: 0
Define Lagrange Section.
Keyword Input Form
MNewlD Draw RefBy Add Accept Delete Default Done
[ClUse *Parameter [ | Comment (Subsys: 1 banadakiretriall 717withrht.k) Setting
*SECTION_SOLID_(TITLE) (2)
TITLE
lagrange
1 SECID ELFORM  AET
~ |0 ~

Repeated Data by Button and List

Repeated Data by Button and List
Total Card: 2 Smallest ID: 1 Largest ID: 2 Total deleted card: 0

Define ALE Section.
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Keyword Input Form
E Draw RefBy Add Accept Delete Default Done !jg’h‘
[JUse *Parameter [ Comment (Subsys: 1 banadakiretriall 71 7withrht.k) Setting

*SECTION_SOLID_(TITLE) (2)

TITLE
ale
1 SECID  ELFORM  AET
2 n | 0
Repeated Data by Button and List
Data Pt.
elete lp
Repeated Data by Button and List
Total Card: 2 SmallestID: 1 Largest ID: 2 Total deleted card: 0 -
Define Lagrange and ALE Hourglass.
Keyword Input Form
NewlD RefBy Add | Accept = Delete  Default  Done Izlimm_
ale
[ Use *Parameter (] Comment (Subsys: 1 banadakiretrial1717withrht.k) Setting
*HOURGLASS_(TITLE)  (2)
IImiE
lagrange
1 HGID Ho oM IEQ o Q2 QBVDC QW
1 3 w | 01000000 O 1.5000000  0.0600000 0.1000000  0.1000000
COMMENT:
-
Total Carc: 2 Smallest ID: 1 Largest|D: 2 Total deleted card: 0 a

Assign Material and Section Property to Rock.
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Keyword Input Form

MNewlD Draw RefBy Pick

Add Accept Delete Default Done

7 copper
[ Use *Parameter ] Comment (Subsys: 1 banadakiretriall 717withrht.k) Setting g ;'; -
*PART_(TITLE) (5) 10 petn
1 TmeEe
rock
2 PD SECD» MDe EOSDe® HGIDe®  GRAV ADPOPT ® TMID ®
6 1 1 0 1 0 v| 0 0
COMMENT:
Total Card: 5 Smallest ID: & Largest ID: 10 Total deleted card: 0
Assign Material and Section Property to Copper.
Keyword Input Form
NewlD  Draw RefBy Pick Add | Accept  Delete  Default  Done ' rock

[ Use *Parameter [ Comment

*PART_(TITLE) (5)

(Subsys: 1 banadakiretrial I 717withrhtk)  Setting

1 TITLE

copper

2 PID SECDe MDe EOSD® HGID ® GRAV ADPOPT » TMID ®
7 1 2 1 1 0 v 0 0
COMMENT:

Total Card: 5 Smallest ID: 6 Largest ID: 10 Total deleted card: 0

Assign Material and Section Property to Air.
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8 air
9 polyethylene
10 petn




Keyword Input Form

NewlD Draw RefBy Pick Add Accept Delete Default Done
() Use *Parameter  [_) Comment (Subsys: 1 banadakiretrial1717withrht.k) Setting
*PART_(TITLE) (5)
1 TITLE
ar
2 FID SEChe MDe EOSID e  HGID GRAV ADPOPT o TMID ®
8 2 3 4 2 0 v|o 0
COMMENT:
Total Carck 5 Smallest ID: 6 Largest ID: 10 Total deleted card: 0
Assign Material and Section to Polyethylene.
Keyword Input Form
NewiD Draw RefBy Pick Add Accept Delete Default Done
() Use *Parameter [_| Comment (Subsys: 1 banadakiretriall T17withrht.k) Setting
*PART_(TTLE) (5)
1 TITE
polyethylene
2 FID SECIDe MD e EOSID®  HGID ® GRAV ADFOFT @' TMID ®
] 2 4 2 2 (1] v 0 0
COMMENT:

Total Card: 5 Smallest ID: & Largest ID: 10 Total deleted card: 0

Assign Material and Section to Explosive.
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6 rock
7 copper

9 polyethylene
10 petn




Keyword Input Form

NewlD Draw RefBy Pick Add Accept  Delete Default Done |6 rock
7 copper
[[J Use "Parameter [ Comment (Subsys: 1 banadakiretrial1 71 Twithrht.k) Setting 8 air
9 io!ﬂhilene
*PART_(TITLE) (5)
1 IIIE
petn
2 FID SECDe MDe EOSIDe HGID ® GRAV ADPOFT » TMID ®
10 2 5 3 2 0 ~ 0 0
COMMENT:
a
Total Card: 5 Smallest ID: 6 LargestID: 10 Total deleted card: 0 a
v
Define Lagrange and ALE Part List.
Keyword Input Form
NewlD Draw RefBy Pick Add Accept Delete Default Done
ale
[CJUse *Parameter [ | Comment (Subsys: 1 banadakiretrial1717withrht k) Setting
*SET_PART_LIST_(TITLE) (2)
TImE
lagrange
1 s DAL DA2 DA3 DA4 SOLVER
[ 0.0 00 0.0 0.0 MECH
Repeated Data by Button and List
ED1 ® ED2 * ED3 * EID4 ® EID5 ® EIDG ED7 ® FIDg ®
T 0 o 0 o 0 0 0
Range Set Data
Data Pt. 1
L ) oo o oo oo LR

Total Card: 2 Smallest ID: 1 LargestID: 2 Total deleted card: 0

Define ALE Multimaterial Group.
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Keyword Input Form

NewlD Refly | Pick  Add | Accept Delete | Default  Done _
() Use *Parameter ) Comment (Subsys: 1 banadakiretrial1717withrht.k) Setting 3

“ALE_MULTI-MATERIAL_GROUP {3)

1sDe IDTYPE GPNAME
B

1 v air

COMMENT:

Total Card: 3 Smallest ID: 1 Largest ID: 3 Total deleted card: 0

Define AMMG for Polyethylene.

Keyword Input Form

NewlD RefBy Pick Add Accept Delete Default Done 1
|
[ Use "Parameter (] Comment (Subsys: 1 banadakiretriall717withrht.k) Setting 3

*ALE_MULTI-MATERIAL_GROUP (3)

8 1 v polyethyl

COMMENT:

Total Card: 3 Smallest ID: 1 Largest ID: 3 Total deleted card: 0

Define AMMG for PETN and Air.
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Keyword Input Form

RefBy  Pick Add | Accept  Delete  Default  Done ;
() Use *Parameter () Comment (Subsys: 1 banadakiretriall 717withrhtk)  Setting  ERRME
*ALE_MULTI-MATERIAL_GROUP (3)

1 S IDTYPE GPNAME

10 1 ~  pein
COMMENT:
a
v
Total Card: 3 Smallest ID: 1 Largest ID: 3 Total deleted card: 0 -

Assign Coupling between Lagrangian and ALE entities.

Keyword Input Form
NewiD Pick Add | Accept  Delete  Defaut  Done | NN

() Use *Parameter [[) Comment (Subsys: 1 banadakiretrial 1 717withrhtk)  Setting
*CONSTRAINED_LAGRANGE_IN_SOLID (1)

1 COUPID  TINLE

p ale and lagrange coupling
2 SLAVE® MASTER ® SSTYP MSTYP NQUAD CTYPE DIREC MCOUP
1 2 0 v |0 vl 5 w2 v |1
3 START END EEAC ® ERIC ERCMIN ~ NORM NORMTYF DAMP
0.0 1.000e+10 0.1000000 0.0 0.5000000 o o 0.0
4 20 HMN HMAX LEAK BAEAK LCIDPOR @ NVENT BLOCKAGE
0.0 0.0 0.0 1 ~ 01000000 0 0 0 ”
5 BOXID IFENCHK  INTFORC JALESOF  LAGMUL  PFACMM  THKF
0 0 ~llo vllo v 00 0 v 00
Repeated Data by Button and List
Total Card: 1 Smallest ID: 1 Largest ID: 1 Total deleted card: 0 a
Define ALE parameters.
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Keyword Input Form

Clear Accept Delete Default Done

() Use *Parameter [ Comment (Subsys: 1 banadakiretrial1717withrht.k) Setting

*CONTROL_ALE (1)

1 pcr NADV METH AFAC BFAC CFAC DFAC EFAC

-1 0 2 » -1.0000000 0.0 0.0 0.0 0.0

2 START  END AAFAC VEACT ERIT EBC PREF NSIDEBC @
0.0 1.000e+20  1.0000000  1.000e-06 0 v 0 v 00 0

3 NCPL NBKT IMASCL  CHECKR BEAMIN  MMGFREF FDIFMX  DTMUFAC
1 s0 0 ~ 00 0.0 | B oo L]

4 QPTIMPP
0

COMMENT;

Assign Termination time.

Keyword Input Form

Clear Accept  Delete  Default Done

() Use *Parameter (] Comment (Subsys: 1 banadakiretrial1717withrht.k) Setting

*CONTROL_TERMINATION (1)

1 ENDTIM  ENDCYC  DTMIN ENDENG  ENDMAS  NOSOL
1.000e-04 0 0.0 0.0 1.000e+08 v

COMMENT:

Define timescale and mass scaling factors.
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Keyword Input Form

[JUse *Parameter || Comment

Clear Accept

(Subsys: 1 banadakiretrial1 717withrht.k)

*CONTROL_TIMESTEP (1)

1 DTINT  TSSFAC  [SDO ISUMT  DT2MS  LCTM e ERODE MSIST
0.0 09000000 @ 00 0.0 0 0 0
2 DT2MSFE  DT2MSLC ® IMSCL®  UNUSED  UNUSED  RMSCL
o0 o 0 0 0 0.0
COMMENT:
Define time period between the outputs.
Keyword Input Form
Pick Accept Delete Default Done
[ Use *Parameter [[] Comment (Subsys: 1 banadakiretrial1717withrht.k) Setting

101 LCDT @ BEAM
2.000e-07 o L]

2 IOOFT
] -

COMMENT:

Total Card: 1 Smallest ID: 1 Largest (D: 1

“DATABASE_BINARY_D3PLOT (1)

NPLTC ESETID
0 0

Total deleted card: 0

Assign Time interval between the outputs.

79

Delete

Default Done

Setting




Keyword Input Form
NewlD Pick | Accept = Delete | Default | Done
[ Use *Parameter (] Comment (Subsys: 1 banadakiretriall 717withrhtk) ~ Setting

*DATABASE_BINARY_D3THOT (1)

107 LCDT »  BEAM NPLTC ESETID »
1.000e07 0 0 0 o
COMMENT:
a
Total Card: 1 Smallest ID: 2 LargestID: 2 Total deleted card: 0 a

Define output characteristics.

Keyword Input Form
MNewlD Accept Delete Default Done |
[l Use "Parameter || Comment (Subsys: 1 banadakiretrial1 T17withrht.k) Setting

*DATABASE_EXTENT_BINARY (1)

1 NEPH  NEPS ~ MAXINT STRAG  SIGALG  EPSFIG  RLTAG  ENGAG

k 0 3 1 1 vl w1 w1 v
2 CMPFLG IEVERP BEAMIP DCOMP SHGE STSSZ N3THDT JALEMAT
0 ~ 0 v 4 1 w11 w1 w2 |1
3 NINTSLD PKP SEN  SCLP HYDRO MSSQL THERM INTOUT ~ NODOUT
0 -0 ~ 10000000 © 0 ~lo v " ”
4 DTDT RESPLT NEIPB QUADR CUBIC
0 w | D v 0 0 v | 0 "
COMMENT:
Total Card: 1 Smallest ID: 3 Largest|D: 3 Total deleted card: 0 -

Assign explosives and coordinates.
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Keyword Input Form

NewlD Draw

) Use *Parameter

1 FDw» X
10 0.0
COMMENT:

[C] Comment

<

00

Pick Add Accept Delete Default Done
(Subsys: 1 banadakiretriall 717withrht.k) Setting
“INITIAL_DETONATION (1)

Z T
0.1500000 0.0

Total Card: 1 Smallest ID: 1 Largest ID: 1 Total deleted card: 0
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