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Abstract 
In the last century the expansion of mining into high stress environments, where there are rockburst events 
caused by energy release, have become especially interesting for mining engineers in terms of geomechanics. 
These phenomena have prompted changes in conventional designs, implying more research into how 
underground excavations absorb dynamic impacts. 

Testing programs carried out globally by recognised institutions have provided guidelines for the development 
of new support systems in the last 30 years. Therefore, new reinforcement elements and retaining elements 
capable of both resisting dynamic loads and yielding in the process without failing have been introduced in 
order to ensure safety of underground excavations. However, the integration of these elements under 
dynamic loads is a research area recently under development. 

The execution of these testing programs implies a high cost in time and validation, hence a limited number of 
these have been completed. Numerical modelling to represent the performance of the dynamic process and 
enhance laboratory testing has become increasingly necessary and relevant. 

This paper summarises improvements in the numerical modelling of dynamic testing, developed by the 
University of Chile and supported by MIRARCO (Mining Innovation Rehabilitation and Applied Research 
Corporation), for elements that constitute rock support used in underground excavations. An update of the 
numerical modelling of dynamic testing for threadbar used as rock reinforcement is presented. As well as the 
work carried out to date in the development of a numerical model of dynamic tests for a mesh used as a 
surface retaining element is illustrated. 

Keywords: dynamic testing, reinforcement, retaining, numerical modelling, rockburst, high stress, 
underground mining 

1 Introduction 
New technological developments have been introduced in the mining industry within the last century. These 
technologies have responded not only to production and planning issues, but also to problems related to 
physical phenomena present in the field that hinder mining progress. Internationally, the number of 
rockburst events in high stress underground mining have increased in the last few years according to the rate 
of expansion in the depth of mining, prompting research into this phenomenon. Efforts to understand, 
quantify damage, and mitigate the effects of these events have increased due to studies carried out by 
recognised institutes within the mining industry, and based on the research performed by the Canadian 
Rockburst Research Program (Kaiser et al. 1996; Cai & Kaiser 2018). 
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Recently, the focus of study has been on how underground excavations are supported and how support 
systems absorb dynamic impacts. Therefore, research efforts have been studying the reinforcement and 
retainment elements that compose the support system in an attempt to improve the standard designs widely 
used and initially conceived for static load resistance. Research institutions such as the Canada Centre for 
Mineral and Energy Technology (CanMet) – Mining & Mineral Sciences Laboratories (MMSL) of Canada; and 
the Western Australia School of Mines (WASM) have been studying the behaviour of reinforcement and 
retaining elements under dynamic loads. Their studies have evolved from simply comparing loads to 
analysing the capacity of support system elements to absorb energy from impacts and deform during the 
process. Through laboratory-scale testing representative of in situ conditions, the aforementioned 
institutions have worked to quantify the deformation and absorption of energy of these elements, resulting 
in comparative parameters and an adaptable design under dynamic loads. 

However, laboratory-scale testing involves a high cost in preparation time and validation; hence a limited 
number of these tests are carried out. Numerical modelling is an alternative that, in addition to enhancing 
the results from laboratory testing, should be useful to explain the deformation and absorption process. Yi & 
Kaiser (1994a), Tannant et al. (1995), Ansell (1999, 2005), Thompson et al. (2004), St-Pierre (2007) and 
Marambio et al. (2018) have modelled the dynamic behaviour of reinforcement elements in laboratory-scale 
testing centred around load-displacement relationships. The role of grout, however, has not been fully 
incorporated into these models even though the grout/rockbolt interface has been shown to be where the 
failure of most reinforcement elements occur in situ. 

On the other hand, laboratory-scale testing for retaining elements is a research area that has been developed 
since the early 1980s. Ortlepp (1983), Pakalnis & Ames (1983), Tannant et al. (1997), Thompson et al. (1999), 
Van Sint Jan & Cavieres (2004), Roth et al. (2004), Dolinar (2006) and Player et al. (2008a) have performed 
laboratory-scale static testing programs of steel wire mesh. However, dynamic testing programs of retaining 
elements is an area in development in recent years, most likely Player et al. (2008a) at WASM were the first 
to perform this category of tests, and this still continues today. More recently, Brändle et al. (2017) began 
research on how excavation support (interaction between reinforcement elements and retaining elements) 
resists dynamic loads through a laboratory-scale dynamic testing facility specially designed for this purpose. 

For its part, numerical modelling of static testing for retaining elements has been performed previously by 
Morton et al. (2007) and Karampinos et al. (2018), approaching its behaviour through the numerical analysis 
of its components. Nevertheless, the numerical modelling of the dynamic response of retaining elements is 
an area still in development, the work performed by Thoeni et al. (2013) was probably the first to expose the 
behaviour of steel wire meshes under dynamic loads through discrete modelling. 

The process of developing a new laboratory-scale dynamic testing facility in Chile, supported by the 
University of Chile and MIRARCO (Mining Innovation Rehabilitation and Applied Research Corporation), used 
a mechanism similar to the CanMet-MMSL. It has conducted several studies in which numerical modelling is 
taken into account as an important part of the process. Here the methodology proposed to numerically 
model the process of laboratory-scale dynamic testing of reinforcement elements (Marambio et al. 2018) is 
summarised. Also, improvements in the development of the numerical modelling of an explicit reinforcement 
element are illustrated. Complementing, the work carried out to date in the development of a numerical 
model of dynamic test for a mesh used as surface retaining element is presented. 

Based on the finite difference method, models of reinforcement elements with a specific focus on the 
threadbar (also known as rebar or gewibar) are developed, which is widely used as rock reinforcement in 
Chilean underground mining and globally. For its part, a welded wire mesh is implemented in the modelling 
of retaining elements due to its general use in underground mining. 
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2 Summary of numerical modelling of dynamic testing for 
reinforcement elements 

Currently, there are two laboratory testing facilities of dynamic conditions for rock reinforcement recognised 
by the industry. The first started between 1992 and 1994 by Yi & Kaiser under the Canadian Rockburst 
Research Program (CanMet-MMSL facility), and the second was started in 2004 by Player & Thompson with 
the support of the Minerals & Research Institute of Western Australia (WASM facility). The difference 
between the CanMet-MMSL and the WASM dynamic testing facilities lie in the principle used for their 
experimental tests. 

The CanMet-MMSL facility applies the energy transfer principle, whereas the WASM facility applies the 
momentum transfer concept. In this sense, the CanMet-MMSL facility transforms potential energy into 
kinetic energy through the fall of a mass from a given height that impacts the lower end of a rockbolt 
embedded in a pipe with grout causing deformation and possible failure (simulating the in situ conditions). 
On the other hand, the WASM dynamic facility operates by measuring the effects of the fall of a complete 
system including a beam, the reinforcement, and a loading mass. The system falls freely until a point where 
it is abruptly stopped by buffers. Under this condition, the rockbolt continues to move and could lengthen 
and/or slip and possibly fail. 

The Dynamic Impact Tester facility of New Concept Mining (Crompton et al. 2018) applies the same principle 
as CanMet-MMSL, expanding the catalogue of laboratory-scale dynamic testing facilities with new 
configurations of tests and reinforcement elements. Figure 1a shows the CanMet-MMSL dynamic testing 
facility set-up, while Figure 1b shows the dynamic testing facility developed by WASM. 

 
Figure 1 (a) Set-up of the dynamic testing facility at CanMet-MMSL (after Yi & Kaiser 1992; 1994b); 

(b) Set-up of the dynamic testing facility at WASM (after Player et al. 2004; 2008b) 

With the development and construction of a laboratory-scale dynamic testing facility in Chile supported by 
the University of Chile and MIRARCO with a mechanism similar to the CanMet-MMSL motivated the 
development of the numerical model for reinforcement elements. In addition, several authors have 
questioned the effects of dynamic loads on rock reinforcements (Doucet & Gradnik 2010; Wu et al. 2010; Li 
& Doucet 2012; Doucet & Voyzelle 2012) and those questions also inspired the numerical model summarised 
here. Most importantly, the response of threadbar using cement grout was selected in this first approach 
because of the urgent need to improve its performance under the dynamic conditions found in Chilean 
underground mining. Regrettably, due to restricted availability of threadbar results from CanMet-MMSL, only 
a limited comparison of results could be made with laboratory-scale dynamic test results from WASM which 
are available in the literature (Player & Cordova 2009; Player et al. 2009). 

Numerical modelling

Ground Support 2019, Sudbury, Canada 359



 

2.1 Model and governing equations of motion 
Various efforts have been made to numerically represent the behaviour of dynamic tests for reinforcement 
elements used in underground excavations in recent years. Two approaches have been widely used within 
the computational mathematical area for the representation of this problem, the lumped-mass models and 
the dynamic deformation models in a continuum media. Lumped-mass models, which describe the 
reinforcement elements as discrete masses in series connected to each other by springs and dampers, have 
been used in models proposed since the beginning of dynamic studies programs for reinforcement elements. 
Tannant et al. (1995) were early proponents of such a model for the CanMet-MMSL test facility within the 
Rockburst Research Program of Canada. Thompson et al. (2004) used a similar model to describe the 
reinforcement behaviour in the WASM test facility. St-Pierre (2007) also use this approach in his master 
thesis, in which the cone bolt dynamic behaviour obtained at CanMet-MMSL facility was numerically 
modelled. 

Dynamic deformation models use discrete elements to describe the behaviour of the reinforcement element 
as a continuous and deformable medium. In this approach, stress and deformation waves characterise the 
material behaviour in the elastic and plastic ranges through the propagation of the discretised elements in 
the medium. Ansell (1999, 2005) reviewed representative models of response under dynamic loads through 
this approach. Yi & Kaiser (1994a) also used these models to describe the wave behaviour inside the 
reinforcement elements with this approach. It is important to note that dynamic deformation models and 
lumped-mass models have different objectives. The dynamic deformation models are more detailed-
oriented and focus on resolving problems related to specific components of a system, whereas lumped-mass 
models are more global and produce solutions involving the complete system. 

Based on a more global objective to replicate the combined response of the rockbolt and the grout in the 
dynamic testing facilities, the approach illustrated in this section corresponds to the lumped-mass model. 
The model utilises the finite difference software FLAC3D (Itasca Consulting Group 2012), widely known in the 
geomechanical and geotechnical industry, for representing the dynamic testing facility and sample 
configuration as shown in Figure 2a, in which the reinforcement element is represented by secondary 
elements (segments) joined together by nodes, as illustrated in Figure 2b. 

 
Figure 2 (a) Model scheme in FLAC3D Software; (b) Reinforcement element represented by segments 

joined by nodes 

To characterise structures under certain applied dynamic force, diverse models use resolution schemes in 
which the whole system is simplified to be described through a damped oscillator. In this sense, the equations 
that describe the process are well known, as is their solution. However, the complexity of these systems lies 
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in how the conditions of stiffness and damping are applied, incorporating difficulty in representing the real 
conditions of the problem. In order to solve the numerical model, the system is divided into two secondary 
problems as illustrated in Figure 3a. The first problem is described for 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 
(𝑡𝑡𝑖𝑖). The second problem is in the interest of modelling, and it is after the moment of impact, when the mass 
begins to move along with the rockbolt, stretching it or sliding it until possible failure. 

 
Figure 3 (a) Secondary problems of the model at different moments of time; (b) Free-body diagram of 

the model (after St-Pierre 2007) 

After impacting the mass with the plate, the model is characterised as a simplified problem by the free-body 
diagram of the Figure 3b. Therefore, the 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  
Equations 1 and 2 respectively. St-Pierre (2007) has shown a similar scheme in the development of his model 
for the cone bolt reinforcement element. 

 𝑚𝑚𝑥̈𝑥𝑏𝑏 + 𝑐𝑐𝑏𝑏�𝑥̇𝑥𝑏𝑏 − 𝑥̇𝑥𝑔𝑔� + 𝑘𝑘𝑏𝑏�𝑥𝑥𝑏𝑏 − 𝑥𝑥𝑔𝑔� − 𝐹𝐹𝑓𝑓𝑘𝑘 + 𝑚𝑚𝑔𝑔 = 0 (1) 

 𝑚𝑚𝑔𝑔𝑥̈𝑥𝑔𝑔 − 𝑐𝑐𝑏𝑏�𝑥̇𝑥𝑏𝑏 − 𝑥̇𝑥𝑔𝑔� − 𝑘𝑘𝑏𝑏�𝑥𝑥𝑏𝑏 − 𝑥𝑥𝑔𝑔� − 𝑐𝑐𝑔𝑔𝑥̇𝑥𝑔𝑔 − 𝑘𝑘𝑔𝑔𝑥𝑥𝑔𝑔 + 𝐹𝐹𝑓𝑓𝑘𝑘 = 0 (2) 

where: 

𝑚𝑚, 𝑚𝑚𝑔𝑔 = loading mass used in the dynamic test and grout mass, respectively. 

𝑔𝑔 = gravity constant. 

𝑘𝑘𝑏𝑏, 𝑘𝑘𝑔𝑔 = stiffness of rockbolt and grout, respectively. 

𝑐𝑐𝑏𝑏, 𝑐𝑐𝑔𝑔 = viscous damping of rockbolt and grout, respectively. 

𝑥𝑥𝑏𝑏, 𝑥𝑥𝑔𝑔 = displacement of rockbolt and grout, respectively. 

𝑥̇𝑥𝑏𝑏, 𝑥̇𝑥𝑔𝑔 = velocity of rockbolt and grout, respectively. 

𝑥̈𝑥𝑏𝑏, 𝑥̈𝑥𝑔𝑔 = acceleration of rockbolt and grout, respectively. 

𝐹𝐹𝑓𝑓𝑘𝑘  = 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. Notice that the mass of the rockbolt (𝑚𝑚𝑏𝑏) in Equation 1 and grout 
weight (𝑚𝑚𝑔𝑔) in Equation 2 are negligible in comparison with the loading mass of the dynamic test (𝑚𝑚), 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  Equations 1 and 2 are 
approximated by their equivalent stiffness for systems connected in series (Rao & Yap 2011). Furthermore, 
the viscous damping of the rockbolt and the grout shown in  Equations 1 and 2 are proportional to their 
respective masses and stiffness, commonly known as classical damping of Rayleigh (1877). 
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The properties of the rockbolt are well known and each manufacturer shows the properties of the material 
of its specific rock reinforcement element in their catalogues for static conditions. It is known that steel 
changes its yield limit and ultimate strength under dynamic loading conditions. Malvar & Crawford (1998) 
shown that these magnitudes can be estimated by the elastic properties of steel scaling through a dynamic 
increase factor as illustrated in Equation 3. 

 𝐷𝐷𝐷𝐷𝐷𝐷 = � 𝜀̇𝜀
10−4

�
𝛼𝛼

 

 𝛼𝛼𝑓𝑓𝑦𝑦 = 0.074− 0.040 𝑓𝑓𝑦𝑦
414

 

 𝛼𝛼𝑓𝑓𝑢𝑢 = 0.019− 0.009 𝑓𝑓𝑦𝑦
414

 (3) 

where: 

𝐷𝐷𝐷𝐷𝐷𝐷 = dynamic increase factor 

𝜀𝜀̇ = strain rate 

𝑓𝑓𝑦𝑦 = yield limit of steel in static condition in MPa 

𝛼𝛼𝑓𝑓𝑦𝑦, 𝛼𝛼𝑓𝑓𝑢𝑢 = coefficients for yield limit and ultimate strength of steel 

In this case, the normal modes of vibration for rockbolts can be approximated from a steel bar embedded at 
one extreme as shown by Den Hartog (1985). 

Due to the less homogeneous and less isotropic nature of the material, the cement grout is more difficult to 
model. Hyett et al. (1992) studied the behaviour of the cement grout through static tests for cable bolts, 
commonly known as pull-out tests. Through these tests, it was found that the properties depend mainly on 
the water-cement ratio used, the length of the embedding, and the radial confinement applied. However, in 
laboratory-scale testing, in which the borehole is simulated through a steel pipe, the external confinement 
effect is practically null. Due to the above, the radial stiffness exerted by the pipe that encapsulates the 
cement grout appears as a ‘radial compression’ and is implemented in the model through the formulation of 
Hyett et al. (1992). 

On the other hand, to estimate the axial stiffness (𝑘𝑘𝑔𝑔) and the cohesive strength (𝑐𝑐𝑔𝑔) of the cement grout, 
the formulations of St John & Van Dillen (1983), intrinsically present in FLAC3D, were used. In this case, since 
the interface of interest is between the grout and the rockbolt, the cohesive strength is evaluated in this 
interface. This is consistent with the in situ experience where the failure of most reinforcement elements 
occurs in the rockbolt/grout interface rather than the grout/rock interface. In addition, the normal modes of 
vibration for the grout are determined by the eigenvalues of the modal matrix, where the values of the 
normal modes are extrapolated to a damping system, as illustrated by Nilsson (2009). 

Figure 4 shows three temporal stages of the dynamic test model with the split-tube sample configuration in 
FLAC3D, demonstrating how the numerical model represents the scheme shown in Figure 3a. 

 
Figure 4 Solve scheme in FLAC3D Software; from left to right three temporal stages of the numerical 

model 
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2.2 Results and discussion 
The desired result in this case is to replicate the dynamic test response for reinforcement elements used in 
underground excavation, in particular for the threadbar. Figures 5a, 5b and 5c show the comparison between 
the model (simulated curve) and laboratory-scale dynamic test results from the WASM Institute for threadbar 
with a debonded section (Player et al. 2009; Player & Cordova 2009) for three different lengths of 
reinforcement. In these graphs, the similarity between numerical results and laboratory testing results can 
be appreciated. The parameters and coefficients used in the modelling are summarised in Table 1. In 
addition, Figure 5d illustrates a numerical example of the force, cement grout yielding state and bolt yielding 
state profiles of a sample of rockbolt of 3.2 m length at a final time stage of the model (when equilibrium has 
been reached). 

The combined movement of the mass and the reinforcement element found by modelling during the 
simulation time generates a velocity profile, and corresponds directly to the results observed in laboratory 
testing. The velocity profile determines the oscillatory curve shape in the yield limit. This curve is consistent 
with how the dynamic increase factor is calculated, directly depending on the strain rate and thus the velocity 
profile (Equation 3). However, the basis of the oscillatory curve shape during the yielding condition may be 
explained by the hysteretic loading profile of the rockbolt when it reaches the dynamic plastic deformation 
zone. This zone is a result of the deformation of multiple segments, each of which deforms at different 
intervals producing overlapping responses. Therefore, a more accurate study to verify this explanation is 
necessary. 

 
Figure 5 Model response comparison with test results: (a) 2.3 m rockbolt length; (b) 3.0 m rockbolt 

length; (c) 3.2 m rockbolt length (after Player et al. 2009; Player & Cordova 2009); (d) Example 
of final force (𝑵𝑵), cement grout state and bolt state profiles for 3.2 m rockbolt length 
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Table 1 Parameters of the modelling for three different dynamic tests (after Player et al. 2009; Player 
& Cordova 2009) 

Length 
Bar 

diameter 
Loading 

mass 
Impact 
velocity 

Borehole 
diameter 

Radial 
stiffness 

Energy 
dissipated 

Initial stiffness and damping 

Rockbolt Cement grout 

(m) (mm) (kg) (m/s) (mm) (MPa/mm) (kJ) k(kN/mm) c(Ns/mm) k(kN/mm) c(Ns/mm) 

2.3 22 1,964 6.7 45 1,010 19.7 10.42 12.10 15.24 0.25 

3.0 22 1,964 7.6 45 1,010 20.9 21.06 16.43 19.38 2.09 

3.2 22 1,964 7.9 45 1,010 30.5 7.87 16.88 20.50 2.51 

For its part, the behaviour of the cement grout has a limited influence on the final strength of the 
reinforcement element (Figure 5). The cement grout mainly influences the initial stiffness and the velocity 
profile during the process. Furthermore, the cement grout slightly improves the damping of the system. 
However, if the cement grout is observed separately from the whole system, it reaches the yielding condition 
depending directly on the cohesive strength value without taking into account the grout friction angle 
(St John & Van Dillen 1983). At this yielding point, the yielding condition is propagated partially or completely 
along the rockbolt due to the cohesive strength value used in the model. Nonetheless, the rockbolt reaches 
the yielding condition in some sections before the cement grout, even for low cohesive strength values. This 
generally agrees with observations made in laboratory-scale results of dynamic tests for threadbar (Player & 
Cordova 2009; Player et al. 2009). It must be taken into account that the behaviour of the cement grout 
under dynamic conditions is an area that is just recently being researched, and for this reason the results 
found and parameters used by numerical modelling should be taken as an approximation of actual behaviour. 

Finally, it is also important to remember that the model represents the CanMet-MMSL dynamic test facility, 
whereas the comparative results belong to the WASM dynamic test facility. As was noted previously, the 
results of tests from CanMet-MMSL for threadbar are restricted and not available for comparison. Then, the 
comparison of the model at this point could be made only with the limited number of tests available in the 
literature for threadbar that have been done at WASM. Furthermore, the choice of representing the CanMet-
MMSL dynamic test facility was made with the intention of applying the model to other reinforcement 
elements in the future, due to its similarity with the future laboratory-scale dynamic testing facility to be built 
in Chile. It should also be observed that the results shown by the CanMet-MMSL facility and the WASM facility 
for reinforcement elements other than the threadbar – the results of which are restricted as noted  
above – are generally the same in terms of the response and curve shape within a measurable range (Player 
et al. 2008b; Villaescusa 2012; Li & Doucet 2012; Doucet & Voyzelle 2012), even when both test facilities 
apply different concepts in their operation. In addition to the above, the model is adaptable and can be 
adjusted, if necessary, to extrapolate from and enhance the results of the future laboratory-scale dynamic 
testing facility to be built in Chile. 

3 Improvements in the numerical modelling of dynamic testing for 
reinforcement elements 

Continuing with the numerical modelling of the dynamic testing for reinforcement elements, the present 
section illustrates some improvements taken into account to achieve a better representation and response 
for threadbar. Therefore, a model of cement grout for numerical purposes and the progress to date towards 
an explicit numerical modelling of the dynamic testing for reinforcement elements are illustrated. 

Progress in the numerical modelling of dynamic testing for reinforcement
and retaining elements used in underground excavations

JA Vallejos et al.

364 Ground Support 2019, Sudbury, Canada



 

3.1 Grout modelling for numerical purposes 

3.1.1 Grout strength degradation model 
Cement grout exhibit the phenomenon of strain softening under compressive loads. Thereby the non-linear 
strength degradation is highly stress dependant. As documented by triaxial test results from Hyett et al. 
(1992) and Xie et al. (2008), the confining pressure and the water:cement (w:c) ratio of the grout strongly 
influences the shape of the strength degradation as well as the value of residual strength. The strength 
degradation decreases with increasing confinement pressure. Finally, under high confinement pressure the 
grout becomes nearly ductile and no degradation occurs. 

The cohesion-weakening-frictional-strengthening (CWFS) model proposed by Renani & Martin (2018) allows 
definition of the variation of the degradation behaviour in relation to the confinement pressure. This 
proposal was enhanced to conserve the non-linear nature of damage and to avoid sharp changes in the rate 
of cohesion degradation and friction mobilisation, as Hajiabdolmajid et al. (2002) proposed. Equations 4 and 
5 were then used to describe the cohesion degradation and friction mobilisation of brittle material as smooth 
functions of plastic strain. 

 𝑐𝑐 = 𝑐𝑐𝑢𝑢 + (𝑐𝑐𝑖𝑖 + 𝑐𝑐𝑢𝑢) �2 − 2

1+exp (−3.66𝜀𝜀
𝑝𝑝

𝜀𝜀𝑐𝑐∗
𝑝𝑝 )
� (4) 

 𝜑𝜑 = 𝜑𝜑𝑢𝑢 + (𝜑𝜑𝑖𝑖 + 𝜑𝜑𝑢𝑢) � 2

1+exp (−3.66 𝜀𝜀𝑝𝑝

𝜀𝜀𝜑𝜑∗
𝑝𝑝 )

− 1� (5) 

where: 

𝑐𝑐𝑖𝑖, 𝑐𝑐𝑢𝑢 = initial and degraded value of cohesion, respectively. 

𝜑𝜑𝑖𝑖, 𝜑𝜑𝑢𝑢 = initial and mobilised value of friction angle, respectively. 

𝜀𝜀𝑐𝑐∗
𝑝𝑝 , 𝜀𝜀𝜑𝜑∗

𝑝𝑝  = plastic strains at cohesion and friction angle within 5% of their ultimate values, respectively. 

Based on the information from literature (Hyett et al. 1992; Xie et al. 2008), 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 𝐸𝐸 and 𝜈𝜈 are the 
modulus and Poisson’s ratio of the cement grout, respectively. The variation of cohesion and friction and the 
corresponding stress-strain curves under triaxial compression tests are shown in Figure 6. 

Table 2 Estimated parameters of the cohesion-weakening-frictional-strengthening (CWFS) model for 
0.4 and 0.44 w:c ratio of the cement grout. * taken from Hyett et al. (1992) 

W:C 
ratio 

𝝈𝝈𝒊𝒊 𝝈𝝈𝒖𝒖 𝑬𝑬 𝝂𝝂 𝜺𝜺𝒄𝒄∗
𝒑𝒑  𝜺𝜺𝝋𝝋∗

𝒑𝒑  𝝋𝝋𝒊𝒊 𝝋𝝋𝒖𝒖 𝒄𝒄𝒊𝒊 𝒄𝒄𝒖𝒖 Density* Shear 
strength* 

(MPa) (MPa) (GPa)    (°) (°) (MPa) (MPa) (g/cm3) (MPa) 

0.44 36.12 30.19 10 0.25 0.017 0.005 21.4 28.5 12 7.6 1.98 3.9 

0.40 45.92 12.98 10 0.25 0.030 0.006 24.0 37.0 10 3.0 1.97 3.8 
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Figure 6 From top to bottom, cohesion loss and friction mobilisation and stress-strain curves under 

triaxial compression tests, respectively: (a) cohesion-weakening-frictional-strengthening 
(CWFS) model response for 0.4 w:c ratio of the cement grout; (b) CWFS model response for 
0.44 w:c ratio of the cement grout 

The triaxial test data was analysed in order to deduce the main geotechnical features of the cement grout. 
Therefore, peak and residual Hoek–Brown failure criteria were also fitted to the peak and residual strength 
values obtained as a result of testing. 

3.1.2 Grout dilatancy model 
A reasonable parameter for evaluating plastic behaviour of cement grout is the dilation angle 𝜓𝜓. As radial 
and axial stress-strain curves are available only for 0.44 w:c ratio of the cement grout (Xie et al. 2008) for 
confinement pressures of 0, 3, 5 and 20 MPa, a point cloud for these curves of dilation angle as a function of 
the plastic parameter 𝛾𝛾𝑝𝑝 and confinement pressure applying the proposal of Arzúa & Alejano (2013) was 
obtained, as shown in Figure 7. Alejano & Alonso (2005) proposed a dilatancy angle model divided into two 
parts, one referring to the peak dilation angle 𝜓𝜓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and the second part related to dilation angle decay with 
plasticity 𝐾𝐾𝜓𝜓 as is illustrated in Equations 6, 7 and 8. 

 
Figure 7 Dilatant behaviour for cement grout of 0.44 w:c ratio. Dilatancy from triaxial test compared 

with the model proposed by Alejano & Alonso (2005) 
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 𝜓𝜓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝜎𝜎3) = 𝜙𝜙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
1+𝑙𝑙𝑙𝑙𝑙𝑙10𝜎𝜎𝑐𝑐

𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝜎𝜎𝑐𝑐

𝜎𝜎3+0.1
� (6) 

 𝐾𝐾𝜓𝜓 = 1 + (𝐾𝐾𝜓𝜓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)𝑒𝑒−𝛾𝛾𝑝𝑝/𝛾𝛾𝑝𝑝∗ (7) 

 𝛾𝛾𝑝𝑝∗ = − 𝛾𝛾𝑝𝑝

ln�(𝐾𝐾𝜓𝜓−1) (𝐾𝐾𝜓𝜓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−1)� �
 𝛾𝛾𝑝𝑝 = �𝜀𝜀1

𝑝𝑝 − 𝜀𝜀3
𝑝𝑝� (8) 

where: 

𝜓𝜓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, 𝜙𝜙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  peak dilation angle and peak friction angle, respectively. 

𝐾𝐾𝜓𝜓, 𝐾𝐾𝜓𝜓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  =  dilation angle decay with plasticity and dilation angle decay peak, respectively. 

𝛾𝛾𝑝𝑝, 𝛾𝛾𝑝𝑝∗ =  shear plastic strain and plasticity parameter constant, respectively. 

𝜎𝜎𝑐𝑐, 𝜎𝜎3, 𝜀𝜀1
𝑝𝑝, 𝜀𝜀3

𝑝𝑝 =  uniaxial compressive strength, confinement pressure, major and minor principal 
plastic strain, respectively. 

Using the above mentioned approach, the dilatancy angle for cement grout with 0.4 w:c ratio was estimated 
for confinement pressures of 0, 5, 15 and 20 Mpa. Hence, three coefficients are necessary to fit each one of 
the curves shown in Figure 7. These coefficients are presented in Table 3. 

Table 3 Fit coefficients for dilation angle-plastic parameter curves for cement grout of 0.4 w:c ratio 

𝑲𝑲𝝍𝝍 𝜸𝜸𝒑𝒑 𝜸𝜸𝒑𝒑∗ 

𝛔𝛔𝟑𝟑 = 0 (MPa) 𝛔𝛔𝟑𝟑 = 3 (MPa) 𝛔𝛔𝟑𝟑 = 5 (MPa) 𝛔𝛔𝟑𝟑 = 15 (MPa) (mstrain) (mstrain) 

20 21 28 30 25 20 

Dilatancy from laboratory test results were compared with the models proposed at different confinement 
pressures and plotted as shown in Figure 7. The model fits the laboratory data in terms of peak friction angle 
and the process of dilation decay. 

Therefore, Figure 7 reveals the expected behaviour, where it can be observed the dilation angle dependency 
as pointed out by Alejano & Alonso (2005). Then, the dilation angle depends first on confinement pressure 
(i.e. as confinement pressure increase, the dilation angle diminishes), and second on plastic shear strain 
(i.e. as plastic shear strain develops, the dilation angle decay). 

3.1.3 Numerical modelling for verification of mechanical properties of the grout 
A series of 3D numerical simulations of triaxial compression tests of a Mohr–Coulomb strain softening 
material were conducted in FLAC3D. The model was constructed to represent a cylindrical cement grout 
sample of 100 mm height and 50 mm diameter. A constant velocity of 5 × 10-8 m/step was applied at the top 
and bottom of the sample, respectively. During the simulation of the triaxial loading process, the elements 
deform and reveal degradation and dilation. Considering the strength heterogeneity, the elements 
undergoing degradation and dilation will coalesce and then lead to the formation of macroscopic fractures. 
The simulated stress – axial strain curves under confinement pressures of 3, 5, 10 and 15 MPa for 0.4 and 
0.44 w:c ratio of the cement grout with analogous results from actual tests are shown in Figure 8. 
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Figure 8 Comparison of complete set of stress-strain curves for different confinement pressures with 

laboratory results: (a) 0.4 w:c ratio of the cement grout; (b) 0.44 w:c ratio of the cement grout 

Material softening, upon shear or tensile failure, is defined by tables where friction angle, cohesion and 
dilatancy angle are related to plastic shear strain as was shown previously. The total stress–total axial strain 
results presented in Figure 8 together with analogous results from actual tests reveal good agreement in 
terms of uniaxial compressive strength, residual strength, yielding point and softening behaviour for the 
cement grout. In this context, despite the models for strength degradation and dilatancy were proposed for 
rock material, it is observed that these can be adjusted for more homogeneous materials such as cement 
grout. 

Constitutive model and sets of mechanical parameters including friction angle, cohesion and dilatancy angle 
as function of plastic strain for cement grout were integrated in an update of the numerical model of dynamic 
testing for reinforcement elements summarised previously in section 2 (Marambio et al. 2018). 

3.2 Towards an explicit numerical modelling of dynamic testing 
With the aim of achieving a model that represents more precisely the behaviour of the threadbar under 
dynamic loading, an explicit numerical modelling of the dynamic testing is in development and still in the 
calibration process. Main components were replaced by explicit elements that represent the rockbolt, the 
grout and the split encapsulating tube instead of the cable element that was used in the previous model 
(Marambio et al. 2018). In addition, the mechanical behaviour of grout stablished in section 3.1 and an 
interface that allows to represent the possible slippage between the rockbolt and the grout were integrated 
to the principal FLAC3D model. The model defines the movement and the impact of the loading mass as in 
the previous model, the difference in the behaviour of the rockbolt lies mainly in the fallowing aspects: 

• The equations of motion are invoked 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 (1998) in a 
constitutive model elastic-perfectly plastic. This is repeated at every time step of calculation until 
the system reaches equilibrium. 

• The confinement imposed by the encapsulating tube is represented by a structural element type 
DKT-CSTH shell (Itasca Consulting Group 2012) being its constitutive behaviour elastic-perfectly 
plastic. 
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The new geometry of the problem tries to better represent the real problem and is expected to be adaptable 
to other reinforcement elements in future updates. Figure 9 illustrates an example of the new numerical 
modelling implemented in FLAC3D. 

 
Figure 9 Example of the new geometry for the numerical problem implemented in FLAC3D 

4 Development of numerical modelling of dynamic test for retaining 
elements 

The research of underground excavations under dynamic loads involves several studies in which each 
element of the complete support system is tested separately. Retaining elements are the complement of 
reinforcement elements and its study under dynamic loads is necessary to understand its behaviour, 
performance and strength. Therefore, since the early 1980s a number of authors have performed  
laboratory-scale static testing programs for retaining elements, using the program implemented by Player 
et al. (2008a) at WASM (Figure 10a) which is probably the most recognised today. Due to high costs in time 
and validation of these testing programs, numerical modelling of laboratory-scale testing facilities appears 
as an alternative to analyse and quantify the performance of retaining elements in order to extrapolate and 
enhance previous results. However, the numerical modelling of these testing facilities is an area still in 
development at the present time. In this context, the work performed by Karampinos et al. (2018), in which 
numerical modelling was used to represent the behaviour of a steel wire mesh under static load at the WASM 
testing facility, is perhaps the most recent approach that uses this methodology to analyse the response of 
retaining elements in a testing facility. 
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Figure 10 (a) Dynamic testing facility of retaining elements at WASM; (b) Free-body diagram of the 

problem; (c) Dynamic testing model of retaining elements in FLAC3D 

Therefore, based on the work done mainly by Karampinos et al. (2018) and Morton et al. (2007), the present 
section illustrates the progress to date for the numerical modelling of the dynamic response of steel wire 
mesh under laboratory-scale conditions, aiming to simulate the WASM dynamic testing facility. For the 
above, a simple damping oscillatory system, as illustrated in Figure 10b, is used to represent the dynamic 
behaviour of the steel wire mesh under a dynamic load applied by a mass that freely falls and impacts the 
steel wire mesh. In this approach, due to its common implementation in Chilean mining, and globally, the 
steel welded wire mesh is used as a sample to analyse the behaviour of a surface retaining element under 
the laboratory-scale dynamic test through numerical modelling in FLAC3D. 

The model is characterised then by the motion of a simple oscillatory system described by Equation 9. The 
constitutive model for the steel is assumed as elastic-perfectly plastic, including the dynamic increase factor 
for the yielding limit as was illustrated by Malvar & Crawford (1998) through a FISH Code (programming 
language of FLAC3D). The maximum plastic moment capacity and maximum deflection of each steel section 
of 100 mm that conforms the square patron of the welded wire mesh can be easily calculated by Equation 10 
as was shown previously by Karampinos et al. (2018). 

 𝑚𝑚𝑥̈𝑥𝑚𝑚 + 𝑐𝑐𝑚𝑚𝑥̇𝑥𝑚𝑚 + 𝑘𝑘𝑚𝑚𝑥𝑥𝑚𝑚 −𝑚𝑚𝑚𝑚 = 0 (9) 

 𝑀𝑀𝑝𝑝 = 𝜎𝜎𝑦𝑦𝐼𝐼
𝑐𝑐

 𝑆𝑆 = 𝑀𝑀𝑝𝑝𝐿𝐿2

12𝐸𝐸𝐸𝐸
 (10) 

where: 

𝑚𝑚, 𝑘𝑘𝑚𝑚, 𝑐𝑐𝑚𝑚, 𝑥𝑥𝑚𝑚, 𝑥̇𝑥𝑚𝑚, 𝑥̈𝑥𝑚𝑚 =  loading mass of the test; stiffness, viscous damping, displacement, 
velocity and acceleration of the welded wire mesh, respectively. 

𝑀𝑀𝑝𝑝, 𝑆𝑆, 𝜎𝜎𝑦𝑦, 𝐼𝐼, 𝑐𝑐, 𝐿𝐿, 𝐸𝐸 =  moment capacity, maximum deflection, yield stress, moment of inertia, 
furthest distance from the neutral axis, beam length and Young’s 
modulus, respectively. 

In this approach the classical viscous damping of Rayleigh (1877) was used to describe the behaviour of the 
welded wire mesh under the dynamic load applied by the testing facility. The model constructed in FLAC3D 
is illustrated in Figure 10c where the dimension of the elements preserve the dimensions described for the 
dynamic test (Karampinos et al. 2018; Player et al. 2008a). An iterative explicit in time sequence was used to 
solve the problem and the result was compared with a previous result from literature (Player et al. 2008a). 
Figures 11a, 11b and 11c show an example of evolution of the force response in time in the numerical 
modelling. Whereas Figure 11d illustrates the comparison between the dynamic response of the welded wire 
mesh at the WASM facility and the response of the numerical model. 
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Figure 11 (a) Initial state of the numerical modelling; (b) Impact of the loading mass in the numerical 

modelling; (c) State after impact in the numerical modelling; (d) Comparison of response with 
literature (Player et al. 2008a) 

Based on the results illustrated previously, it can be noted that through the numerical modelling the response 
of the steel welded wire mesh depends mainly on the strain rate generated by the impact and contact 
between the loading mass and its surface. In this sense, the response is similar with the previous result of 
the threadbar, where the relations shown by Malvar & Crawford (1998) are achieved. 

At this point of work, it should be noticed that the dynamic testing in the numerical modelling uses the energy 
transfer concept rather than the momentum transfer concept applied by the WASM dynamic testing facility, 
this was a change that was made to simplify the problem in this first approach. On the other hand, the three 
welded wire mesh failure mechanisms as were illustrated by Player et al. (2008a) up to this moment have 
not been taken into account in the numerical modelling, however, how to identify these failures in a 
appropriated way through the modelling is in development. Despite the limitations mentioned, the result 
achieved to this point is reasonable and represents a tool that can be improved upon to represent the 
complete behaviour of this retaining element and others. 

5 Conclusion 
For both the reinforcement element and the retaining element, the direct relationship among the 
propagation velocity through these elements, the dynamic increase of their yielding point, and their ultimate 
strength is appreciable through the numerical modelling. Consistent with the observations of Malvar & 
Crawford (1998), these variables, appreciable during the simulation time, have a distinct influence on the 
limit and the oscillatory profile of the yielding condition in these elements. 

For its part, based on the first modelling of the reinforcement elements, cement grout plays a secondary role 
in the overall strength of the system, mainly influencing the system’s initial stiffness and initial damping. 
Therefore, in order to improve its behaviour, a calibrated CWFS model was implemented to the cement grout 
considering the friction angle, cohesion and dilatancy angle. This model was proposed previously for rock 
material. 
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Based on the cement grout model, it is expected to obtain a more realistic representation of the dynamic 
testing for reinforcement elements, especially for threadbar in a new explicit numerical modelling that 
improves the behaviour of the cable elements implicitly present in FLAC3D. Nevertheless, numerical 
modelling results to this date represent a valuable tool to visually support, enhance and illustrate the dynamic 
processes of reinforcement elements and retaining elements under laboratory-scale dynamic testing. 
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