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1 Introduction 
 

Numerical modelling of rock using the Distinct Element Method (DEM) has seen significant 
advancements in recent years. Particle Flow Code 2D (PFC2D) an explicit DEM software has become 
an important tool for modelling rock. In PFC2D rock is modelled using rigid particles which acts as 
mineral grains and the bonded contact model (Potyondy 2004) acts as a cementing medium between 
these mineral grains. By calibrating the bonded contact model, the numerical rock model can replicate 
the macroscopic mechanical properties of rock. 

However, the bonded contact model involves several micro-parameters to be calibrated depending on 
the type of bonded contact model chosen and the commonly used method of calibration is trial-and-
error approach (Itasca 2014). This approach involves matching macro properties (Uniaxial 
compression strength, Tensile strength, Young’s modulus and poisons ratio) of numerical simulated 
model with laboratory model by varying the micro properties. But the disadvantage of this approach is 
it is often time-consuming because even though a micro propertycan have a large effect on a specific 
macro property it can also have a little effect on another macro property. This causes several repeating 
cycles of varying the micro properties to match the macro properties. To avoid this indirect way of 
calibrating micro properties a direct way of calibrating micro property involves determining 
mechanical properties of rock at the micro-scale. Nanoindentation testing enables the measurement of 
mechanical properties at the Nano-scale. 

This paper presents the calibration of micro-parameters using Nano indentation test results. For 
Validation, crack propagation from a pre-existing flaw is compared between experimental results and 
numerical models simulated using both the conventional trial-and-error calibration method and the 
Nano indentation-based calibration approach. 

2 Nano indentation test  
 

Nano indentation is an indentation test in which an indent is made on a material to determine its 
mechanical properties such as hardness and elastic modulus using an indenter with known properties. 
The applied load is typically in millinewtons, and the displacement is measured in nanometer. A load–
indentation depth curve is obtained from the test, from which the elastic modulus (E) and hardness (H) 
of the material are calculated. 𝐸 = (1 − 𝜈ଶ)( ଵாೝ − ଵି ఔ೔మா೔ )(1) 

Where Er Reduced Modulus 
Ei Indenter Modulus  
ν Poisson’s Ratio of Sample 

 νi Poisson’s Ratio of indenter 
 𝐻 =  ௉೘ೌೣ஺೎  (2) 

Where Pmax Maximum Load Applied 
Ac Projected Contact Area  

 

Unlike conventional indentation tests, the contact area (Ac) is calculated depending on the depth of 
penetration and geometry of the indenter. In our study Berkovich indenter a three-sided pyramidal 
indenter is used. The projected contact area of Berkovich indenter is given by 24.5 hc², where hc is the 
contact penetration depth. 
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Fig. 1 Berkovich indenter.  

 

2.1 Sample preparation and testing  
 

The present study focuses on homogeneous artificial rock and gypsum was chosen because of its 
ability to replicate the behaviour of an ideal natural rock (including the presence of secondary crack 
growth). Additionally, it is easy to prepare in large quantities and specific dimensions.To prepare the 
gypsum specimen S-35 grade gypsum powder was mixed with 25% water to form a slurry, which was 
then poured into moulds to produce samples of the required dimensions. A sample of size 50 × 50 × 10 
mm was prepared to meet the requirements of the Hysitron TI 950 TriboIndenter as shown in Figure 2. 
The surface of the specimen is ensured to be smoot has roughness of sample surface can affect the 
accuracy of results (Yang et al. 2017). Before performing indentation, the indentation locations were 
selected. The indentation produces a triangular impression on the specimen at the nanoscale, as shown 
in Figure 3. 

 

Fig. 2 a) Sample used for Nano indentation test b) Berkovich indenter c) Hysitron TI 950 Tribo Indenter. 
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(b) 

hc

Ac

θ
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Nano indentation test are performed in three stages. 1) Loading stage - Displacement-controlled mode 
was selected for testing, and the load was applied until peak load (40,000 μN) is reached. 2) Holding 
stage - Upon reaching the peak load, a holding stage of 5 seconds was maintained 3) Unloading stage 
– In this stage the reduced indentation modulus is calculated from the slope of the unloading curve 
obtained from the load–displacement data, as shown in Figure 4. The Young’s modulus of the test 
sample was then determined using the Young’s modulus and Poisson’s ratio of the indenter as shown 
in Eq. 1 and are listed in Table 1. 

 

  

Fig. 3 a) Points marked for Nano indentation (Before Nano indentation) b) After Nano indentation. 

 

 
Fig. 4 Load-indentation depth curve of gypsum mineral. 

 

Table 1. Mechanical properties of gypsum determined using Nano indentation. 

Nano Indentation Properties Value 
Maximum Force, Pmax (μN) 40031 
Maximum Depth, hmax(nm) 1598 
Reduced Modulus Er (GPa) 
Young’s Modulus E (GPa) 

33.97 
35.72 

Hardness (MPa) 733.58 
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3 Calibration of Micro properties 
 

In Particle Flow Code 2D, Gypsum rock issimulated using 2D rigid particle represents a gypsum 
mineral grain with voids existing between them and bonded to neighbouring particles using flat-
jointed bonded contact model (Potyondy 2012). 

To capture the mechanical behaviour of gypsum rock, six microparameters of the flat-jointed model 
must be calibrated. Previous calibrations proposed by Bahaaddini et al. (2021)were based on a trial-
and-error approach in which the microparameters were varied until the macroscopic properties 
matched the experimental results as shown in Table 2. In the present study, nano indentation testing 
was used to directly determine two of the six microparameters, while the remaining parameters were 
calibrated using the trial-and-error method. This approach significantly reduces the complexity of the 
calibration process. 

The Young’s modulus of the gypsum mineral obtained from the Nano indentation test was used as 
input. The stiffness ratio was calculated from Poisson’s ratio and is independent of E and G due to the 
assumed homogeneity of the gypsum material. The particle size distribution was calibrated to match 
the macroscopic Young’s modulus with the known microscopic Young’s modulus and stiffness ratio. 
Finally, the tensile strength, cohesion, and friction angle were calibrated using the trial-and-error 
method. Table 3 shows the change in micro properties when Nano indentation calibration is adopted. 
From the micro parameters adopted the calibrated model yields the following macro properties shown 
in Table 4.   

 𝑘௡ =  ଶாభாమ௧(ாభା ாమ)(3) 

At interior of mineral E1 = E2 𝑘௡ =  ா௧(4) 

Where E1,E2 Young’s modulus of mineral on both sides of interface 
t Thickness of contact interface 

             knNormal stiffness  
 𝑘௦ =  ଶீభீమ௧(ீభା ீమ)(5) 

At interior of mineral G1 = G2 𝑘௦ =  ௧ீ   (6) 

Where G1,G2 Shear modulus of mineral on both sides of interface  
ks Shear stiffness  
 

Dividing (4) by (5) ௞೙௞ೞ =  ாீ = 2(1 +  𝜈)      (7) 

Where ν Poisson’s ratio of the sample 

 

 

 

 

 

557



   Eurock 2026, Skopje, RN Macedonia 
 

 
 

Table 2. Comparison of calibration procedure. 

Bahaaddini et al. (2021) Calibration Nano Indentation Calibration 

 

 

 

 

 

 

 

 

 

 

Table 3. Comparison of Micro properties.  

Micro Properties Bahaaddini et al. (2021) Nano indentation 
Elastic modulus, E (GPa) 4.75 32.8 
Stiffness ratio, kn/ks 1.5 2.7 
Tensile Strength (MPa) 12.5 20.25 
Cohesion strength (MPa) 22.5 44.5 
Friction angle ϕ (°) 10.5 22.0 
 

 

Table 4. Physico-mechanical properties of experimental and numerical Nano indentation calibrated model. 

Physico-mechanical properties Experimental Results Numerical Results 
Uniaxial Compression Strength (MPa) 42.31 41.71 
Young’s Modulus (GPa) 2.3385 2.215 
Tensile Strength (MPa) 6.25 6.18 
Poisson’s Ratio  0.35 0.355 
 

Similar calibration approaches have also been applied to multi-mineral rocks such as granite (Liu, 
Xiu-Yang et al. 2024) and sandstone (Yang et al., 2024), where the particle size in the numerical 
model is determined based on the mineral grain size (grain-based model). However, this approach is 
not suitable for the current study. Therefore, an additional calibration step is required to match 
Young’s modulus and Poisson’s ratio by employing dual indentation technique namely method 
developed by Ganneau et al. (2006). 

 

4 Comparison of Results 
 

To evaluate the accuracy of the Nano indentation-calibrated model in capturing crack growth from a 
pre-existing flaw, a comparison was made between the experimental results and the trial-and-error 
calibrated model. A specimen of size 52 × 64 × 12 mm was tested under uniaxial loading with a 
centrally located flaw of length 6mm and thickness 0.6mm inclined at angles ranging from 0° to 90°, 
in increments of 30°. The differences in the calibrated micro parameters between the two approaches 
are presented in Table 5. 
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5 Conclusion 

In this study, a new calibration method incorporating the Nano indentation technique is proposed. The 
method is validated by comparing numerical results with experimental observations and it 
demonstrates improved capability in capturing crack growth from a pre-existing flaw compared to the 
conventional fully trial-and-error calibration method. The proposed approach also captures the closure 
of the flaw which subsequently leads to the formation and propagation of tensile anti-wing cracks. The 
present study focuses on a single homogenous mineral rock (gypsum). Additionally, the current study 
still involves partial trial-and-error calibration. This limitation can be addressed in future studies by 
employing the dual-indentation technique, which can help determine the remaining micro-mechanical 
properties more systematically. 
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