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Abstract: Due to the continued deepening of today’s mining projects, there is a need to develop new or
improved rockbolts that are strong and yielding and have high energy absorption when exposed to dynamic
loading. Impact tests can provide useful information about the dynamic response of rockbolts but most
laboratory tests involve high costs in preparation and result validation. Numerical modeling is an alternative
that, in addition to complementing laboratory results, can be used to represent the process of deformation and
energy absorption of support elements. In this paper the implementation and results obtained from a finite
difference (FDM) numerical model are presented. The model functions as a simulation tool to illuminate all the
elements that conform the large-scale (1:1) impact test and their behavior and influence on the dynamic
response of a threadbar bolt (22 mm nominal diameter). The model was calibrated using published results and
based on these results as well as parametric analysis, the response of each component (steel tube, grout, and
bolt) could be identified and its behavior in terms of absorbed energy and displacement could be observed.
Results show the model can provide important preliminary information to make design decisions about
support elements design.

Keywords: rockbursts; threadbar; dynamic testing; numerical modelling; energy absorption

1. Introduction

The assessment of the dynamic load absorption capacity of ground support has been the subject
of intensive research during the last two decades. In particular, laboratory and in situ drop tests have
been developed to investigate the energy absorption capacity of support elements [4,19,30,34].
Despite comments about the representativeness of dynamic tests of dynamic events in situ
[8,9,19,20,44], the use of laboratory test results has become a useful design tool. Furthermore,
laboratory tests can analyze and compare the performance of different types of support elements and
provide information about behavior under dynamic load. However, for practical reasons, most
dynamic tests imply a high investment in terms of economic resources, personnel, and preparation
time. Therefore, numerical modeling may serve as a more robust support element design tool and
provide useful preliminary information or feedback before more costly laboratory tests are
undertaken.

Various numerical models have been developed to capture the mechanical processes that
dominate the deformation or failure of support systems/elements. However, when tested under
different loading conditions, it has been difficult to determine the exact response mechanism of all
the element components, even more so when they are tested in the laboratory. This is mainly due
to a) the presence of several different materials (bolt, grout or resin, confining medium) with radically
different stiffness and mechanical behavior, b) the three-dimensional appearance of the system that
is difficult to simulate, i.e., bolt type and geometry, c) loading conditions and d) the way in which the
test equipment applies the load.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Some of the most popular commercially available codes, such as FLAC2D, FLAC3D, UDEC and
3DEC can be used to simulate the mechanical response of different components of a support system.
With these software tools, it is possible to model the response of two distinct reinforcing elements:
the cable and the rockbolt; the main difference between the two approaches is that flexural strength
is not included in the cable element simulation but in some cases is used for simulating reinforcing
elements such as fully grouted rockbolts. The numerical methods that are used to solve the response
of reinforcement elements and in most cases the response of the rockmass to loading and unloading
include the finite element method (FEM), border element method (BEM), finite difference method
(FDM), and discrete element method (DEM).

Several studies have been conducted on the behavior of bolts in different loading scenarios.
Jalalifar and Aziz [15] did an exhaustive review of the existing finite element (FE) models that
simulate bolt, grout, rock and two interfaces under axial and lateral loading, verifying the models
results and analyzing the stress and strains developed in the bolt and surrounding materials.
Simulations of laboratory tests of support systems/elements were made by Ferrero [10] using a three-
dimensional (3D) FE model to represent a shear test of rock discontinuities reinforced by steel
segments. He also performed a back analysis of the elements to define the evolution of the stress,
assuming perfectly plastic elastic behavior for both rock and steel. Graselli [12] subsequently used
a 3D FE code to simulate rebar and Swellex rockbolt shear testing. He assumed an elastic material
model to simulate the bolts and a perfectly plastic model for an interface that represents the joint that
separates the two blocks. This simulation provided some insight into bolt failure mechanisms under
shear loading conditions. Aziz and Jalalifar [2] also proposed a 3D FE code to simulate the laboratory
tests performed on rock joints traversed by bolts subjected to shear load. They investigated the yield
stress and the variation in the deformation of the bolt at the intersection of joint/rockbolt. The steel
was simulated using a bilinear hardening model.

Finite differences (FD) code was used by Chen and Li [5] to simulate laboratory tests performed
on rebar and D-Bolts by varying the anchor displacement angles. They used a trilinear material model
to capture the hardenable behavior of steel. They also used different models to represent the grout-
rock and grout-bolt interfaces to explicitly simulate the different adhesion mechanisms. In the case
of the rebar bolt, the adhesion between the steel and the rock was defined by the high shear strength
at the bolt-grout interface. In the simulation of the D-Bolt, the bolt cohesion was defined by the shear
resistance, assumed as equal in two anchor positions and between them, equal to zero. Using this
model, it was possible to realistically simulate the response of the D-Bolt and rebar in terms of load
and displacement under conditions of pure shear load, pure traction, and combined load.

Zhang et al. [46] proposed a DEM model in 3D that investigated the micro and macro behavior
at the grout bolt interface, considering the effects of the bolt profile and particle size. Results were
validated with measurements carried out in the laboratory. This model, however, only considered
shear static loading but not the type of grout used.

Marambio et al. [26], Ma et al. [22], Nemcik et al. [28] and Vallejos et al. [42] have all reported
the use of the rockbolt structural element for the simulation of completely grouted bolts subjected to
tension. However, Nemcik et al. [28] ignored the forces perpendicular to the rockbolt element and
subsequently its flexural strength since they were only dealing with tensile load. In their analysis, the
rockbolt behaved similarly to the cable element. Ma et al. [22] used the rockbolt element to simulate
laboratory pull tests to determine the interaction between the bolt and the rock mass in a road tunnel;
however, this was done in FLAC2D. Vallejos et al. [42] used a numerical model based on FDM to
simulate laboratory dynamic tests on reinforcing elements. In their model the behavior of the
threadbar bolt was represented when tested under direct impact load similar to that of the CanMet
Mining and Mineral Sciences Laboratories (CanMet-MMSL) test. Although the results obtained were
consistent in terms of load-deformation compared with laboratory results, the bolt was modeled as a
rockbolt structural element, and in addition, the response of the grout and the interfaces that made
up the test were not explicitly modeled.

A review of the technical literature suggests that simulations more often use discretized cable
structural elements rather than rockbolt elements probably because modelling with cable type
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elements is much easier than with rockbolt reinforcements. This is mainly due to the complexity of
the rockbolt element itself in terms of input parameters and the calibration process. For example,
various authors [11,16,19,24,40,43] have implemented the cable element for the simulation of pull
tests or excavation support, even where cables were not used as the actual reinforcement. Ruest and
Martin [39] used the cable element in FLAC2D for the laboratory pull test simulation of instrumented
cables and grouts inside steel tubes. The loads calculated along the cable element were compared
with the loads measured for several tests where the grout properties were varied. The results showed
very good agreement with those of laboratory tests.

In effect, there are a variety of models that have been used to evaluate the support systems used
in mine design. However, as mentioned, because of the complexity of individual elements involved
in rockbolts, mine designers often choose to simulate cable elements rather than rockbolts even when
the actual design will incorporate rockbolts.  In an effort to improve on the existing models, some
of which have been developed in 2D, have used cable structural elements to represent rockbolts
and/or have not identified the effect of all the elements including grout and confinement medium
properties on the model results, a new numerical model of dynamic testing is proposed here. This
model that functions as a simulation tool was designed to distinguish the individual elements of
which a bolt is composed and propose constitutive equations that describe the response of each of
these elements and their interactions. Then, these numerous equations can be solved together using
a computational application. The results of this procedure include the distribution of stress on the
elements that make up the model and the displacement pattern of the fortification system within a
structure. Ultimately, the aim of the model is to more accurately assess the dynamic load absorption
capacity of rockbolt ground support as a fortification design element.

2. Numerical Modeling of the Dynamic Response of the Threadbar

2.1. Problem Assessment

There are currently two active facilities that test rock bolts under dynamic load: the WASM and
CanMet-MMSL. The New Concept Mining team has also developed the new Dynamic Impact Tester
(DIT) to study the behavior of reinforcement and support elements under dynamic loads [6];
however, the results are recent and were not available at the time the model described here was
calibrated. Therefore, the operation of the DIT equipment was not studied. In recent years, the
University of Chile and MIRARCO developed a new facility, which uses the direct impact method
similar to that of CanMet-MMSL. The test configuration and the test procedure of the direct impact
load test of CanMet-MMSL are presented in Figures 1 and 2.
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Figure 1. CanMet-MMSL direct impact load test configuration. Modified by St-Pierre, [41].
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Figure 2. CanMet-MMSL direct impact load test procedure.

The numerical model described in the following sections represents the operating mechanism of
the Chilean facility in hopes that it could serve as a complement for the tests to be carried out in the
near future. This mechanism was selected considering that some authors have questioned the effect
of the other modes of dynamic loading on rock reinforcement elements [8,9,18,42].  The threadbar
was selected (known also as rebar or gewibar) as the reinforcement element to be modeled due to its
wide use and range of success in Chilean underground mining along with the necessity to improve
this element given its possible globalization.

The numerical model is composed of four main elements: the test facility structure, rock bolt,
grout and confinement medium (steel tube). Three different geometries of FLAC3D meshes were
created for the first three components. Various sizes of mesh for the geometries implemented in the
numerical model were tested and the best fit in terms of representativeness and solution time are the
ones selected for the analysis presented in the paper.

The steel tube is represented by a DKT-CST hybrid structural element (Shell element). The
dimensions implemented in the model are the same as those reported in the available information
for threadbar tests [33,34]. The model configuration is shown in Figure 3.
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Figure 3. Complete geometry of the proposed numerical model.

2.2. Properties and Mechanical Response of Model Components

Below are the equations and properties that allow modeling the dynamic response of the
elements that make up the tested system. In the case of steel and grout, empirical equations were
implemented because in the cases where the elements physical characteristics are different from those
presented in the calibration model it can be easily established and replaced in the numerical model.

2.2.1. Rockbolt

The rockbolt (Figure 4) is represented in the model by an explicit element with the real geometry
of the threadbar (22 mm nominal diameter), which responds to tension through an elastic- perfectly
plastic constitutive model. The response element is controlled by bolt stiffness (K,) and the static
yield limit (o) of the steel.

Figure 4. Geometry of the a) threadbar and b) grout implemented in the numerical model.

The bolt properties under static loading are well known, and manufacturers show the properties
of the steel used in their specific rock reinforcement element in their catalogues. Table 1 presents the
mechanical properties corresponding to the threadbar



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2024 d0i:10.20944/preprints202404.0192.v1

Table 1. Threadbar static mechanical properties.

Property Value
Bar diameter 22 mm
Yield limit 167.258 KN
Tensile strength 440 MPa
Young's Modulus [E] 210 GPa
Poisson'’s ratio [v] 0.27
Density 7,850 Kg/m3
Elongation 10 %

However, steel is known to change its yield limit and ultimate strength under dynamic loading
conditions. According to Malvar and Crawford [26], these magnitudes can be estimated by the elastic
properties of steel scaling through a dynamic increase factor (DIF), and various authors have
implemented this formulation to obtain the dynamic strength properties of steel bars under different
problem configurations with satisfactory results [21,26,41,42].

DIF depends on strain rate (¢) in s (1/second) and a coefficient (ct). The coefficient « is a
function of oy (in MPa) and can be used to calculate the dynamic yield limit and dynamic ultimate
strength of steel. See Equation 1

a

DIF—( d )
“\10-¢

y
74 4 ].

0.
_ _ y
a, = 0.019 ~ 0.009 =~

Where af, and ay, are coefficients for yield limit and the ultimate strength of steel respectively.
The use of the DIF is recommended for steel bars with yield strengths varying from 290 to 710
MPa and strain rates between 107* and 225 s™*. Since threadbar meets the conditions mentioned
above and dynamic tests have shown strain rates around 12s*

to the simulation proposed in this paper.

, this formulation can be applicable

2.2.2. Grout

A group of explicit elements that envelop the threadbar, forming a ring with a defined thickness,
represent the grout in which the rockbolt is inserted in the laboratory-scale dynamic tests. Cement
grout, due to its heterogeneity, presents a complex mechanical response, which requires detailed
analysis and implementation in the model to obtain a precise simulation.

Cement grout exhibits the phenomenon of strain softening under compressive loads. This
behavior can be modeled by using a strain-hardening/softening constitutive model. The constitutive
model is controlled by variations prescribed to the properties of the Mohr-Coulomb model (cohesion,
friction, dilation angle) as a function of plastic strain in the numerical model.

Non-linear strength degradation of grout is highly stress dependent, as documented by
conventional triaxial test results from Hyett et al. [13] and Xie and Shao [46]. These results are used
as primary source of the grout properties.

The confining pressure and the water:cement (w:c) ratio of the grout strongly influence the shape
of the strength degradation curves as well as the value of residual strength. Strength degradation
decreases with increasing confinement pressure, to the point that under high enough confinement
pressure, the grout becomes nearly ductile, and no degradation occurs.

The Cohesion Weakening Friction Strengthening (CWEFS) model proposed by Renani and Martin
[38] allows the variation of the degradation behavior to be defined in relation to the confining
pressure. Equation 2 and Equation 3 were used to describe cohesion degradation (C) and friction
mobilization () of grout as smooth functions of plastic strain:
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where c¢;,; and ¢y are initial and degraded values of cohesion, ¢;,; and @, are initial and
mobilized values of friction angle, and &f, and &, are plastic strains at cohesion and friction angle
within 5% of their ultimate values, respectively.

Based on the information from literature [13,46], the estimated parameters of the CWFS model
for 0.4 and 0.44 w:c ratio of the cement grout are given in Table 2, where E and v are the Young's
modulus and Poisson’s ratio of the cement grout, respectively.

Table 2. Estimated parameters of the CWES model for 0.4 and 0.44 w:c rate grouts. *Values taken
from Hyett et al. (1992).

Grout

w:c 0.44 0.4
Oini [MPa] 36.12 45.92
0. [MPa] 30.19 12.98

E [GPa] 10 10

v 0.25 0.25

&>, 0.017 0.03
£ 0.005 0.006

Qini [°] 214 24

Pure [°1 28.5 37

C;n; [MPa] 12 10

C,;: [MPa] 7.6 3
Density [g/cm3]* 1.98 1.97
Tensile Strength [MPa]* 3.9 3.8

The variation of cohesion and friction for each strain and the corresponding stress-strain curves
under conventional triaxial compression resulting from the application of the CWFS model are
shown in Figures 5a,b and 6a,b. The conventional triaxial test data were analyzed to deduce cohesion

and friction of the grout for implementation in the strain-softening/hardening constitutive model in
FLAC3D.
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Figure 5. CWFS model for 0.4 w:c rate grout a) cohesion loss and friction mobilization in terms of the
equivalent plastic strain, and b) stress-strain curves under conventional triaxial compression.
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Figure 6. CWFS model for 0.44 w:c a) cohesion loss and friction mobilization in terms of the equivalent
plastic strain, and b) stress-strain curves under conventional triaxial compression.

Peak and residual Hoek-Brown (H-B) failure criteria were fitted to the peak and residual
strength values obtained as a result of CWFS implementation. These fits, together with the original
test data and data from CWEFS model, are presented in Figure 7. A comparison shows good agreement
in terms of maximum and residual strength of grout at different confining stresses. In addition to
cohesion and friction, the dilation angle () for 0.44 w:c ratio grout was evaluated, considering that
radial and axial stress-strain curves are available only for such grout samples [46].
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Figure 7. Peak and residual strength test results fitted to Hoek-Brown failure criteria, laboratory data
and CWEFS model. (a) 0.4 w:c (b) 0.44 w:c.

The model to calculate the dilation angle is divided into two parts: one referring to the peak
dilation (peqr) angle and the second to dilation angle decay with plasticity (Ky). Equation 4 and
Equation 5 show the formulation of the dilation model [1]:

Ypear (03) = 7 f{;:‘l"o 5 10810 - —y 4
_yp/yp*
Ky =1+ (Kypear — 1)
5)
Y - vP = - &

- ln[(Kw - 1)/(K1p,peak - 1)]

where Vpeqk) Ppear are peak dilation angle and peak friction angle; Ky, Kypeqr are dilation angle
decay with plasticity and dilation angle decay peak; y?,y?" are shear plastic strain and plasticity
parameter constants, respectively; and o, 03, sf , sg are uniaxial compressive strength, confinement
pressure, major and minor principal plastic strain, respectively.

Using the above-mentioned approach and fit coefficients presented in Table 3 dilatancy angle
for cement grout with 0.4 w:c ratio was estimated for confinement pressures of 0, 3, 5 and 10 MPa.
Also, point clouds for the dilation angle of grout, calculated from conventional triaxial tests, were
made. Figure 8 also shows curves of ¥ as a function of the plastic parameter yp and confinement
pressure. This figure reveals the expected behavior: dilation angle dependencies as pointed out by
Alejano and Alonso [1], such that the dilation angle depends, first, on confining pressure (i.e., as
confining pressure grows, the dilation angle diminishes) and second, on plastic shear strain (i.e., as
plastic shear strain develops, the dilation angle decays).

Table 3. Approach and fit coefficients for calculation of dilation angle variation.

Coefficient Value
0-3=0 20
03=3 21
Ky >
03=b 28
) gl 25[mstrain]

Yo 20[mstrain]
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Figure 8. Dilatant behavior for cement grout of 0.44 w:c ratio in terms of plastic shear strain. Dilatancy
from conventional triaxial test compared with the model proposed by Alejano and Alonso [1].

2.2.2.1. Validation of Grout Mechanical Properties

The validation of the values to use as mechanical properties of grout (e.g. cohesion, friction and
dilation) in the strain-softening/hardening constitutive model was carried out through 3D numerical
simulations of conventional triaxial compression tests of a Mohr-Coulomb strain-softening material
using FLAC3D. The model has a height of 100 mm and a diameter of 50 mm. The mesh contains
96,000 elements and 100,521 grid-points. A constant grid-point velocity of 5 e~® m/step was applied
at the top and bottom of the sample, the time step in the simulations is automatically controlled in
FLAC3D for numerical stability.

Material softening, upon shear or tensile failure, was implemented in FLAC3D by tables relating
friction angle, cohesion and dilatancy angle to plastic shear strain. The elastic parameters Young's
modulus (E) and Poisson’s ratio (v) used initially were the same values obtained from conventional
triaxial tests and are presented in Table 2.

During the simulation of the conventional triaxial loading process, the elements deformed and
revealed degradation and dilation. Considering the strength heterogeneity, the elements undergoing
degradation and dilation will coalesce and the formation of macroscopic fractures is expected. The
simulated stress-axial strain curves under confining pressure of 3, 5, 10, and 15 MPa for 0.4 and 0.44
w:c rate grouts together with analogous results from the actual tests are shown in Figure 9. The
results reveal good agreement in terms of 0., 0. Yyield point and softening behavior. The
implementation presented here is the same for the simulations of grout in the dynamic testing model.

10 - - -Model-3MPs  — —Model-5MPa  — - ~Model - 10MPa — - - Model - 15MPa

0,000 0,010 0,020 0,030 0,040 0,050 0,060
Axlal Strain (-}

0
0,000 0.010 0020

0,030 0,040 0,050 0.060
Axial Strain (-)

(a) (b)
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Figure 9. Complete set of stress - strain curves for different confining pressures compared with lab
results for a) 0.4 w:c and b) 0.44 w:c.

The contour of shear strain rate and failure state development on the grout sample in the
simulations can be observed in Figure 10. As expected, sample failure is produced by the formation
of localized shear bands. The orientation of shear bands depends on the value of confining pressure.
Then there is a clear transition from brittle to ductile behavior when the confining pressure increases.

03 = 5[MPa]

Figure 10. Contours of shear-strain rate and failure state on the grout sample for conventional triaxial
test for 0.4 W:C grout simulations.

2.2.3. Steel Tube

A shell structural element that envelops the grout represents the steel split pipe in which the
grouted rockbolt was inserted in the laboratory-scale dynamic testing, as shown in Figure 11. The
steel tube applies confinement to the element tested and simulates the ground surrounding an
excavation. That configuration represents what in situ during a seismic event would be solid ground
(steel pipe) and fractured plane (split), [32]. In the numerical model, the shell responds to the tension
through an elastic constitutive model controlled by the Young's Modulus (E) and Poisson ratio (v) of
steel. This model is valid for homogeneous, isotropic and continuous materials that exhibit linear
stress-strain behavior

—— Grout
Threadbar¢——

———» Steel tube

«—— 45mm ———>
<+ 22mm »

Figure 11. Cross section of the simulation of the threadbar inserted in grout and steel tube.
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The link between the shell (steel tube) and the grid (grout) was treated as rigid so that stresses
develop within the shell as the grid deforms. The steel tube remains elastic and rigidly connected to
the grout throughout the simulation. 2.2.4 Interface between rockbolt and grout.

Although the model only consists of four main parts, it was necessary to use interface elements
to allow relative movements between the rockbolt and the grout. These interface elements were used
around the superior and inferior part of the rock bolt; the split tube length was not surrounded by
the interface.

Interface properties play an important role in a rockbolt-grout model, it can fail in tension or
shear governing whether a slip (debonding) or an opening of a gap between the rockbolt and the
grout (decoupling) may occur, both of which are possibilities in the analysis, but this behavior was
not allowed in the laboratory tests.

FLAC3D interface elements have properties of friction, cohesion, dilation, normal (k,) and
shear (kg) stiffness, and tensile strength. Itasca Consulting Group [14] recommends that the use of
normal and shear stiffnesses be ten times that of the stiffest neighboring element, which in this case
was the steel. The apparent stiffness (expressed in units of stress-per-unit length) of an element (or
zone) in the normal direction (k,) is defined by Equation 6:

k+te
k, = 10 x max (6)

min

where K is the bulk modulus of the steel, G is the shear modulus of the steel, and AZ,,;, is the
smallest dimension of an adjoining element in the normal direction.

2.3. Simulation of Dynamic Tests

2.3.1. Equations to Motion

To solve the numerical model, the dynamic system is divided into three stages as proposed and
illustrated by Vallejos et al., [43] and Marambio et al. [27] in Figure 12. The first and second stages
include the free fall of the mass used in the dynamic test until it impacts the plate (damping cushion
in the current test) at a particular time of impact. The third stage is what was modelled here and
occurs after the moment of impact when the mass begins to move along with the rockbolt, stretching
it or sliding it until possible failure. Our model does not explicitly include the external hardware
(nut and plate), so the mass impacts the lower part of the steel tube.

L=t
Free fall Damped system

Figure 12. Solve scheme in FLAC3D Software; from left to right three temporal stages of the numerical
model [43].

The whole system can be represented by two differential equations, in which the first describes
the motion of the rockbolt and the second the motion of the grout, as presented in Equation 7 and
Equation 8, respectively. St-Pierre [42] has shown a similar scheme in the development of his model
for the cone bolt reinforcement element. Equation 7 and Equation 8 are as follows:
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mjc.b + Cb(xb - Xg) + kb(xb — xg) — ka + mg = 0 (7)
myxg — cp(%p — %g) = kp (5 — %) — Cgg — kygXg + Fpy = 0 ®)

where m,m, are the loading mass used in the dynamic test and grout mass, respectively; g is the
gravity constant; kj, k, are the stiffness of rockbolt and grout, respectively; c,,c, are the viscous
damping of rockbolt and grout; x,,x, are the displacement of rockbolt and grout; x,,x, are the
velocity of rockbolt and grout; ¥,, %, are the acceleration of rockbolt and grout; Fpis the friction
force representing the contact between rockbolt and grout. The motion equations are solved by an
iterative numerical method — explicit in time combined with the unbalanced force criteria from
FLAC3D.

The mass of the rockbolt (m;) in Equation 7 and grout weight (m,) in Equation 8 are negligible
in comparison with the loading mass of the dynamic test (m), where the loading mass is about 200
times higher than the mass of the rockbolt, and therefore not taken into account in motion equations.
The stiffness of the rockbolt and the grout shown in Equation 7 and Equation 8 are approximated by
their equivalent stiffness for systems connected in series [36].

Furthermore, the viscous damping of the rockbolt and the grout are proportional to their
respective masses, stiffness and a damping component (c,¢;), commonly known as classical
Rayleigh damping [37]. Equation 9 and Equation 10 show the damping components of the rockbolt
and grout.

Cp = Ag,myp + ay, ky

— 2
Ao, = 201,81, — A1, 0T,

_ 2((‘)217621, - wlbglb) (9)
w3, — wi,

alb

Cg = Ao Mg + algkg

— 2
Ao, = 201,81, — G107,

_ Z(wzgfzg - w1gf1g) (10)
a1g - w%g — (‘)229

where w,, is the n normal vibration mode for rockbolt, assumed as a bar anchored at one end; &,
is the n critical structural material damping, between 2%_and 5%; Wng is the n normal mode for
grout, and &, is the n critical geological material damping, between 2% and 10%.

The damping components mentioned above depend on the normal mode of vibration for rock
bolt as in Equation 11 [7], grout as in Equation 12 [30], and strain rate:

w. = Hn ﬂ
™22 | pA

o=, w

where L is the length of rockbolt; p the density of rockbolt, E the Young's modulus of rockbolt, I
the moment of inertia of rockbolt, u, the empirical coefficient for each mode, k, grout stiffness,
and m, the grout mass.

(11)

2.3.2. Model Operation

The model simulates the movement and the impact of the loading mass, considering the
behavior of the rockbolt and grout, and follows the steps described below:
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e  The dynamic test is represented by a mass that generates the impact. The input necessary to
represent it is the loading mass in Kg. For initial modeling, the loading mass is 2000 Kg.

e  Force at each node is calculated from stress, applied load, and body forces (stress and strain are
constant within an element).

e  The equations of motion are used to derive new nodal velocities, displacements and forces in
each zone representing the rockbolt. In this sense, new strain rates are derived from nodal
velocities to apply the dynamic increase factor proposed by Malvar & Crawford [25] in a
constitutive model elastic-perfectly plastic. This is repeated at every time step of the calculation
until the system reaches equilibrium.

e  The strain rate of each element is determined from the velocity of each node.

e However, in the split-tube configuration a monitoring point for the strain rate is located at the
discontinuity of the encapsulating tube.

e  The confinement imposed by the encapsulating tube is represented by a structural element type
DKT- CSTH shell whose constitutive behaviour is considered to be elastic. For initial modeling,
the thickness of the split tube is 5 mm.

2.4. Modeling Results

The maximum and minimum principal stresses in the zone around the simulated discontinuity
(split tube) for rockbolt and grout are shown in Figure 13 and Figure 14, respectively (note that in
FLAC3D by definition, tension and extension are positive). In the case of rockbolt, the strength
increases as the length analyzed moves away from the split tube zone, indicating that the bolt is more
prone to failure in the confinement-free zone.

0, -Grout+Bolt

FLAC3D 6,00 |2l s

(©2018 ltasca Consulting Group, Inc '
Zome Minimum Principal Strers |
Caloulnted by VolumericAvemging
-1.4000E+05
-1.6000E+05
-1.8000E+05
-2 0000E+05

-2 1460E+05
0.0000E+00
5 9360E+03
2.D000E+04
4.D000E+04
6.0000E+04
§.0000E+04
1.0000E+05

1.2000E+05
1.4000E+05
1.6000E+05
1.B000E+05
2.0000E+05
3.0000E+05
3.5000E+05
4.0000E+D5

Figure 13. Principal maximum stress o; at split tube zone for rockbolt and grout
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Figure 14. Minimum principal stress o3 at split tube zone for rockbolt and grout

.A monitoring zone was located along the split tube zone to measure the variation of load and
displacement of the threadbar in the simulation from the mass impact (initial loading) and until the
simulation returned to equilibrium. The comparison between the simulation and laboratory-scale
dynamic test results for the threadbar can be seen in Figure 15 [33]. In this graph, the similarity
between the numerical model and the laboratory testing results in terms of yield load and ultimate
plastic displacement (D) of the bolt can be seen.

250

N
=1
=]

LOAD [KN]
g g

s0 Hf/

0 50 100 150 200
DISPLACEMENT [MM]

s Explicit Model [3.2m] <« oo« Tb 135-1 Din. Tb 137 -1 Din.
--------- Tb 136-1 Din. Tb 138-1 Din.

Figure 15. Load vs. Displacement curves from dynamic testing and numerical modeling of
threadbar.

In Figure 16, grout behavior from simulations is presented in comparison to images of a sample
after dynamic testing. In laboratory testing, the simulated standard boreholes included shear pins
installed through the pipe wall penetrating approximately 5 mm into the grout to minimize or stop
grout sliding [32]. Therefore, in the simulation neither slipping nor gap opening are allowed in the
tube-grout interface. As can be observed in Figure 16b, shear pins were installed as pairs above and
below the simulated discontinuity and due to this, the grout around these areas failed.
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Figure 16. a) FLAC3D Grout zone state b) Grout state after dynamic testing, taken from Player &
Cordova [33].

All available mechanical parameters of grout and steel were considered in the simulations.
Results show the model responded as expected according to experience in dynamic conditions,

showing failure all around the simulated discontinuity and near the grout bolt interface in the length
where the system was less confined.

3. Influence of Varying Parameters on the Dynamic Response of Threadbar

Total bolt length was modified from 3.2 m to 3.0 and 2.3 m. These lengths were chosen based on
published results [33,34], which allow comparison with the numerical model. The 1 m length for the

upper steel tube was maintained in the three scenarios. In Figure 17 a comparison of the stresses
obtained with the new lengths is presented.
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Figure 17. Stresses for 2.3 and 3.0 m length rockbolt model.

Figure 18 shows the bolt response in terms of load vs. displacement for both the model and for
laboratory tests. The model results and the laboratory test results show good agreement with a
difference of load and displacement measured between curves that does not exceed 5% in any point
of the trajectory. Following the validation experiments with bolt length, further validation measures
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were carried out varying other parameters: Rockbolt diameter, impact mass and steel tube thickness.
Model results in terms of load and displacement are presented in Figure 19.

Threadbar L=3.0 [m]
210 m Threadbar L=3.2 [M] Threadbar L=2.3 [m]
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0 0 109 =0 znn i
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e e THiE o
Te 137 1D 13100
T 1381 Bin

Figure 18. Load vs displacement curves for various rockbolt lengths. Numerical model and test
results.
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Figure 19. Load vs. Displacement curves for parametric analysis.

To model variation in the diameter of the rockbolt, total lengths of 3.2 m and a 2,000 Kg impact
mass weight were fixed as inputs. It was observed that both yield strength and stiffness increase with
increased diameter. In addition, when displacement and, therefore, deformation were analyzed, a
strong inverse relation regarding the diameter was seen.

The effect of mass impact variation was noticeable only in terms of total displacement of the rock
bolt such that the larger the mass, the greater the displacement. Steel tube thickness was also seen to
have a strong influence on rock stiffness but less influence on rockbolt deformation. For the last
analyses, 3.2 m rockbolt length and 22 mm diameter were fixed.

After evaluating the above parametric analysis, it was found that grout response was strongly
influenced by the variation of the steel tube thickness, as confinement is directly related with the
inside and outside diameters of the pipe [13]. Modeling results are presented in Figure 20, where
grout yield load is increased as thickness increases while displacement has the contrary response,
being greater at less confinement. Total bolt length and impact mass were not found to have an
important effect on the mechanical response of grout.

GROUT W:C 0.4
Steel tube tickness variation

Load [MPa]

0 0,01 0,02 0,03 0,04 0,05
Displacement [mm)]

[ =10 mm ———5mm 3.5mm |

Figure 20. Load vs. Displacement curves for various steel tube thickness.
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As there are no measurements about the strength and deformation in the grout in dynamic
laboratory tests, the model results obtained were compared with the Mohr-Coulomb failure envelope
[17] and the modified failure envelope presented by Shen et al. [40] in terms of o, and o3, since the
latter criteria consider the variation in terms of the friction and cohesion that the grout presents. In
addition to the above, Figure 21 shows results from laboratory triaxial and tensile tests [13] and
results from CWFS model [38]. Results were also located in the t Vs. o,, plane. For this analysis,
results from direct shear tests and the failure envelope proposed by Moosavi and Bawden [28] were
also compared as shown in Figure 22. The figure shows strength values that agree with the expected
behavior of grout under axial loads.

1 Laboratory peak
= = =Mohr-Coulomb
—#— Peak CWFS
—+— Residual CWFS
- - -Series4
*  Laboratory residual
® Laboratory tensional
Shen et al.
+ Model peak

o1 [MPa]

o3 [MPa]

Figure 21. Grout ¢4 vs o3 for various confining loads.
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Figure 22. Grout T vs. g, for various confining loads.

4. Energy Absorption Capacity

The energy absorption capacity of the reinforcement element is one of the main requirements to
be considered when designing a support system [4]. For this reason, Figures 23-25 present the energy
absorbed by the bolt from simulations varying input parameters compared with energy absorbed in
laboratory tests. From this information, it can be seen that impact mass and rockbolt total length are
the parameters that most influence the energy absorption capacity of the bolt.
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Figure 23. Energy absorbed in terms of total length and diameter.
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Figure 24. Energy absorbed in terms of impact mass and diameter.
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Figure 25. Energy absorbed in terms of steel tube thickness and diameter.

Figure 26 is a compilation of results from drop tests and simulations, in which the total energy
absorbed is plotted as a function of the displacement. The figure includes data grouped under 3
datasets, represented by different colors. Each dataset represents a variation in the diameter of the
bolt and whether it was tested in the laboratory or simulated.
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Figure 26. Trends from Absorbed Energy vs Displacement. The symbol (+) indicates an increase in
the magnitude of the mentioned parameter and (-) indicates a decrease in the magnitude of the
mentioned parameter.

Considering that a wide variety of parameters were tested or simulated, the datasets compiled
show some very clear “quasi-linear” trends. The yellow line indicates the behavior tendency for
threadbars with 22 mm diameter, 3.2 m length, 2,000 Kg impact mass and 5 mm steel tube thickness
in both tests and simulations. The other trend lines indicate how the threadbar responds to the
parametric variation implemented in the numerical model. The blue lines show what is observed
when the parameters’ values are increased and the green lines when decreased.

A large cloud of data plots is in the area defined between 24 and 32 k] of total energy absorption
and between 150 and 175 mm displacement. This trend of increasing energy with displacement is to
be expected as the energy is a result of the load capacity and displacement. In this specific zone of the
graph, the data were obtained from the highest mass impact implemented. As shown in Figure 26,
the simulations showed increased bolt displacement as the impact mass increased as would be
expected for dynamic loading.

The first half of the graph — energy between 20 and 31 k] and displacement between 25 and 150
mm — is dominated by results obtained from the implementation of greater bar diameter or greater
wall tube thickness. Results showed that total displacement is inversely proportional to these two
parameters while load is directly proportional. From this analysis, it can be established that
diameter has the greatest influence on bolt energy absorption capacity and stiffness.

5. Conclusions

A model that simulates the behavior of threadbar subjected to dynamic laboratory tests was
presented. The model’s configuration was based on the CanMet-MMSL direct impact load test facility
and was implemented in FLAC3D software. The same threadbar, grout and steel tube elements
tested in the CanMet-MMSL laboratory facility were modelled. Using this model, the role of grout in
the overall reinforcement system strength was determined. To achieve this, grout properties of
cohesion, friction, and the dilation angle for 0.4 and 0.44 c:w ratio as a function of plastic strain were
established. With these requirements, the behavior of grout in simulations of its response to triaxial
load but also in models where the grout is a fundamental part of a fortification system was found to
approximate well with what has been reported as actual grout behavior. Importantly, these results
contradict what has been indicated by some authors who have claimed that the constitutive models
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available in FLAC3D do not represent the real behavior of the grout under dynamic or static testing
of reinforcement elements [3].

As further evidence of the adequacy of this model, when analyzing the independent response of
grout in the simulation of a direct impact test, it was observed that it failed partially along the rockbolt
at the expected zones, mainly around the split tube due to the mechanical parameters assigned and
to low confinement in that region of the tested element. This shows that the constitutive model and
parameters chosen are appropriate to describe the grout response including the post failure stage.
Also given that the real threadbar geometry (rib pass and form) was implemented in the numerical
model, the interaction between the grout and the bolt showed appropriate responses, including grout
failure in circumscribed areas at the grout bolt interface. This is due to the loss of cohesion and
mechanical interlock of the ribs, which would be the expected outcome in the real situations as
modelled here.

When comparing the results of the bolt in dynamic testing with the model results, good
agreement was reached when initial stiffness, yield load, ultimate load and maximum displacement
were analyzed. It should be noted that the dumping at the final load/deformation stage was
exaggerated in the model, although to a lesser extent compared to similar models, but had no relevant
influence on the energy absorption capacity of rockbolt.

From the parametric analysis can be concluded that the impact mass has a strong influence in
the increase of the displacement of the bolt, while the larger the diameter of the bar, the expected
displacement is less and the absorbed energy increases. On the other hand, when the thickness of the
confining tube decreases, the displacement of the bar increases and the energy absorbed is lower.

Because laboratory testing is expensive and time consuming, the success of this model represents
an interesting advance in terms of preliminary exploration before more in-depth laboratory dynamic
testing is undertaken. The application of modelling with careful attention to the simulation
parameters can save time and money, and further exploration of this type of modelling is an attractive
area for future research. Furthermore, given the increasing depths expected in future mining projects,
models and simulations such as those described here should be useful when designing threadbar
with increasing capacities for energy absorption.
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