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Abstract. The shear strength of natural, unfilled rock fractures is influenced by surface 
roughness. The surface curve of a fracture can be viewed as a waveform graph, and in general, 
it is of the characteristic that high-frequency represents the low amplitude (local variation) and 
low-frequency represents the high amplitude (general trend). In this work, the signal processing 
method, Empirical Mode Decomposition (EMD) was employed to decompose the original 
fracture surface scanned by photogrammetry to several frequency-dependent curves. Low-
frequency curves were selected and composed as the element geometry while high-frequency 
curves were ignored and replaced by parameters related to the roughness in each surface element 
in Abaqus. The process of push-shear test is simulated using the simplified fracture curve, 
showing the geometry simplification by EMD can help model the shear failure of rock fractures. 

1.  Introduction 
The roughness of rock fracture surfaces is important for its shear strength, which is the key contributor 
to the strength of a jointed rock mass. An accurate understanding of jointed rock mass behaviour is 
important in many applications ranging from deep geological disposal of nuclear waste to deep mining 
to geoengineering projects below urban environments. When simulating the fracture problem, fractures 
need to be modelled according to their geometry information. Since measurements of the spatial 
resolution of geometrical properties of a fracture is limited, the obtained curves or surfaces cannot 
represent the real geometry of the fracture. For engineering-scale simulation, the fracture is usually 
modelled with several line segments. To compensate for the roughness decrease, some parameters like 
friction coefficient on the interface would be set, however, these parameters are not enough to describe 
the complete geometry information of the fracture surface. Besides, the failure mechanisms like the 
movement and shear would be less understood in this way. 

High-resolution measurement techniques bring more detailed surface information on the fracture 
surface [1]. Close-range photogrammetry is applied both in the field and laboratory. The 
photogrammetry can give a mm-level measurement, thus greatly enhancing the fracture roughness 
details. However, fully modelling high-resolution geometric information will cause numerical errors in 
various simulation methods. Therefore, the simplification of fracture roughness is necessary for 
numerical simulation. Improper simplification will waste high-resolution results. It is required to find 
an approach to simplify fracture geometry while remaining the detailed roughness characteristics 
measured by photogrammetry. 

Intrinsic mode functions (IMF) represent the signal components of the original signal that is 
decomposed by an adaptive decomposition algorithm, Empirical mode decomposition (EMD). The basic 
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idea of this method is that any signal can be regarded as the sum of several connotative modal 
components [4]. Through EMD, a time series or any other form of sequence can be divided into several 
sequences with different frequency. EMD has been commonly used for processing signals [4][5]. The 
high-frequency sequences are usually viewed as noise or random terms, while the low-frequency 
sequences as major trends or true values [6]. This method is suitable for various types of series data 
including non-stationary and non-linear signals, so it has been applied to process the series in many 
different fields: traffic streamflow [7][8], wind speed [9][10], financial time series such as stock market 
prices [11], load of power systems [12], and geotechnical deformation [13]. 

Taking the amplitude as the value, the distance along the fracture as the time, the surface roughness 
result of a cross-section can be regarded as a time-series signal. The altitude coordinate along the fracture 
direction obtained from photogrammetry can be regarded as a sequence with high-frequency and low-
amplitude (local variation), and low-frequency and high-amplitude features (general trend). This kind 
of sequence can be decomposed into several components according to their frequency (figure 1). For 
high-frequency but low-amplitude, using lots of tiny segments is time-consuming. Therefore, for these 
parts, we can characterise them by the parameter of friction coefficient, etc. For the main trend of the 
surface fracture (low-frequency & high-amplitude), we can directly model it based on decomposed 
coordinates. 

The push-shear test of two rock slabs was conducted in laboratory to obtain the shear strength, and 
their interface (viewed as the fracture) roughness was measured by photogrammetry. Based on the 
laboratory test and photogrammetry result, the 2D push-shear model is established by XFEM in Abaqus. 
The fracture is modelled through the EMD simplified geometry. The filtered high-frequency and low-
amplitude roughness is represented by the parameter of friction coefficient in simulation. 

 
Figure 1. A sketch of the process of fracture geometry simplification by EMD. 

2.  Push-shear test and photogrammetry result 
The multi-stage shear test was chosen to obtain the peak and residual shear strengths of the rock fracture, 
which consists of pushing the top rock slab over the rough surface of its fixed counterpart. There are 
totally five stages with different normal stress. Without considering the damage caused by sliding, the 
result of the first stage is only selected here to study. Two shearing rates were used, 0.1 mm/min until 
peak shear strength, followed by a shearing rate of 0.5 mm/min until the moving half had been displaced 
by 2.5% (50 mm) of the length of the sample (2000 mm). The weight of the upper slab and frame were 
both considered into the normal stress on the fracture surface. Figure 2 illustrates the test, and more 
details are given in [14]. 
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Figure 2. The push-shear test setup in laboratory. 

The photogrammetry was conducted for both fracture surfaces before the shear test. The topography 
of both fracture surfaces is shown in figure 3. The elevation difference was 14.9 mm uphill over 2000 
mm or 0.43° [14]. The surface roughness is distributed relatively uniform and the values of joint 
roughness coefficient (JRC) along six lines on the surface are similar. For EMD simplification and two-
dimensional (2D) numerical modelling, the photogrammetry result of the middle cross-section of top 
block (Top-L2) is selected. The peak shear strength is 6.9 kPa, the residual shear strength is 3.7 kPa, and 
the shear displacement at the peak is 0.52 mm. 

  
(a) (b) 

Figure 3. Photogrammetry data before the shear test: (a) the topography, bottom block to left and top 
block to right and (b) the photogrammetry-based JRC roughness profiles of the slabs. 

The photogrammetry measurement result of Top-L2 is drawn in figure 4. The special resolution of 
the photogrammetry is 0.5 mm, i.e. the horizontal distance between two points, and there are 3949 
measured points along line L2 which is 1975 mm of length. It is no doubt that we cannot use all the 
points and such a high resolution to model the fracture in numerical simulations, hence reasonable 
simplification is necessary. 
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Figure 4. The roughness along line L2 of the top block. 

3.  EMD simplification for surface roughness 
Based on EMD model, the amplitude along line L2 of the top block was decomposed into nine IMFs, 
and the residential component (Res) is within 3.0×10-7 mm hence it can be neglected [3]. From IMF1 to 
IMF9, the frequency of data is decreasing, as shown in figure 5. It should be noted that the number of 
IMF cannot be set manually. It is upon the characteristic of the original series and will be determined 
adaptively. EMD model has successfully divided the original amplitude sequence into several 
frequency-characterised series. Without considering Res, the sum of IMF1 ~ IMF9 is the original L2. To 
simplify the fracture geometry, we can dispose of the high-frequency components, and only low-
frequency components are incorporated. 

 
Figure 5. The EMD results of the amplitude along line L2 of the top block (mm). 
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(a) 

 
(b) 

Figure 6. The curves with different simplification levels through EMD model: (a) Simplification 
schemes from filtering IMF 1 to filtering IMFs 1-3 and (b) Simplification schemes from filtering IMFs 
1-4 to filtering IMFs 1-7. 

Seven simplification schemes (from filtering IMF 1 to filtering IMFs 1-7) are conducted, as shown 
in Figure 6. EMD model has accurately distinguished the major trend of the fracture from minor high-
frequency roughness. Increasing the number of eliminated high-frequency IMFs heightens the 
simplification. 

Even though EMD smooths the curve, the resolution remains 0.5 mm, i.e., 3949 points (3948 line 
segments) along the curves. Such a number caused errors during the geometry modelling in Abaqus. 
After EMD processing, the following three kinds of points are selected along each curve: (i) start and 
endpoints, (ii) local extremum points, and (iii) inflection points with large slope difference (more than 
tan 30°, i.e., 0.577). The repeatedly selected points, for example, a point that is probably both relative 
extremum point and infliction point, will be deleted. Table 1 summarises the number of selected points 
for curves with different simplification levels, which form the required line segments representing the 
fracture in numerical modelling. Considering the geometry complexity limitation in numerical 
simulation, the scheme of filtering IMFs 1-4 is employed in this case. 

Table 1. The number of extracted points of the original curve and simplified curves in numerical 
modelling. 

Curves 
The number of extracted points 

Relative extremum 
points Inflection points Total 

Original data 1071 33 1082 
Filtering IMF 1 462 0 464 

Filtering IMFs 1-2 196 0 198 
Filtering IMFs 1-3 96 0 98 
Filtering IMFs 1-4 42 0 44 
Filtering IMFs 1-5 22 0 24 
Filtering IMFs 1-6 9 0 11 
Filtering IMFs 1-7 3 0 5 
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The basic idea of EMD simplification is to divide the original data into trends and random items. The 
fracture is modelled by using the trend item where the spikes are larger. The friction coefficient on 
fracture surface is set to compensate for the simplification-induced roughness decrease. 

4.  Numerical simulation 

4.1.  Model setup 
Based on the laboratory test and EMD simplified photogrammetry result, the 2D push-shear model is 
established. The weight of the two slabs have been set. The other parameters of physical properties of 
the rock slab are shown in Table 2. The interface between the upper and lower parts is simulated with 
contact interaction, where a friction coefficient is set. To simulate the shear-cutting damage, the cohesive 
element was adopted, which can initiate cracks when the stress equals the rock strength. Due to the time-
consuming process of building up cohesive elements, however, only local area near the surface is set 
with these elements, where the damage, after all, could only occur. In addition, the meshes in these zones 
are denser to make the crack propagation more precise. The upper slab is loaded by extra normal stress 
of 0.169 kPa, and with a velocity boundary condition at the left side of 10 mm/s. Considering the gravity, 
the total normal stress is 3.6 kPa. The lower slab is within a discrete rigid body that is completely fixed. 
The total simulation time is 5 s to fulfil the required displacement of 50 mm. The XFEM model 
established in Abaqus is shown in figure 7. 

Table 2. Property parameters for the numerical model. 

Input parameter Value Source 
Rock type Granite [14] 
Density 2683 kg/m3 
Elastic modulus, E 53 GPa [15] 
Poisson’s ratio, ν 0.2 
Intact rock friction angle, φ 45° 
Intact rock cohesion, c 25 MPa 
Intact rock tensile strength, σt 10.5 MPa 
Friction coefficient 0.02 Assumed 

 
Figure 7. Numerical model setup. 

4.2.  Results 
Figure 8 shows the Mises stress distribution at the shear distance of 0 mm, 12.5 mm, 25 mm, 37.5 mm, 
and 50 mm. The shear dilation phenomenon can be observed. The more detailed fracture geometry 
modelling instead of a single line can provide more information during the shear process, such as the 
fracture matedness. The Maximum Stress Criterion is employed to calculate the crack initiation of 
cohesive elements; however, no new cracks are initiated during the shearing, which is probably due to 



Eurock 2022 - Rock and Fracture Mechanics in Rock Engineering and Mining
IOP Conf. Series: Earth and Environmental Science 1124 (2023) 012011

IOP Publishing
doi:10.1088/1755-1315/1124/1/012011

7

 
 
 
 
 
 

the geometry simplification. Before the simplification, there are many tiny asperities along the fracture, 
which concentrate the stress and may break. 

 
Figure 8. The Mises stress distribution at the shear distance of 0 mm, 12.5 mm, 25 mm, 37.5 mm, and 

50 mm (MPa). 

The shear stress is calculated according to the stress on the left side of the upper slab, as shown in 
figure 9. First of all, the peak shear strength cannot be found since there is no damage, i.e., shear cutting. 
Secondly, The stress value fluctuates more with the increase of shear displacement, compared to the 
laboratory test curves. This is mainly because the shear velocities of laboratory and numerical tests are 
far different: 0.5 mm/min and 10 mm/s. If we decrease the velocity, the simulation time would be 
increased to get the same shear displacement (50 mm). Longer simulation time means more iterations 
and calculation time. Finally, the shear stress before 30 mm of displacement is near the residual shear 
strength (3.7 kPa) observed in laboratory. 

 
Figure 9. The results for the sample as a function of normal stress and shear displacement. 
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5.  Conclusions 
(1) Detailed fracture geometry modelling can help understand the failure mechanics like the movement 
and shear dilation and cutting of local fracture elements. 
(2) EMD model can accurately distinguish the major trend of the fracture from minor high-frequency 
roughness, thus reasonably simplifying the fracture geometry obtained by high spatial resolution 
measurement like photogrammetry. 
(3) The EMD simplification for fracture geometry with roughness-related parameters can help simulate 
the shear failure of rock fractures. 
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