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1. INTRODUCTION 

 

 
 

vailable studies acknowledge that due to the 

movement of bedrocks and faults, rupture spreads 

to the earth’s surface, which is usually 

accompanied by relative displacements. In most cases, 

these relative displacements create irreversible damage to 

the structures. Two earthquakes in Turkey [1], [2], and 

Taiwan [3] indicated that shallow faults have deleterious 

effects on structural buildings and infrastructures. To 

alleviate these effects, one should avoid constructing in the 

danger zone. It needs to determine the location of a 

potential earthquake-induced by a surface fault rupture. To 

analyze faults rupture propagation, the localization of 

shear deformations known as shear bands should be 

studied [4]. The localization of shear strain theory is 

developed by Tomas for non-elastic porous media [5]. 

This theory has been utilized to forecast shear bands 

propagation [6]. Investigating shear bands still has various 

unknown aspects; nevertheless, it can lead to a more 

accurate prediction of surface faulting [7]. Owing to the 

inherent heterogeneity of soil materials and varieties in the 

type of sands, different reports have been mentioned in the 

technical literature, claiming that a comprehensive model 

for estimating the shear bands in all sandy soils has not yet 

been developed. Investigating the key factors related to 

shear bands propagation can contribute to a better 

understanding of the constitutive models of sandy soil. By 

assessing the existing faults and the amount of safety 

provided in the structures, it is plausible to estimate the 
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possible damages caused by an earthquake. Earthquake 

deformations are made up of two separate parts. Part of it 

is devoted to the vibrations during an earthquake. The 

second part is, in fact, the permanent displacements that 

occur due to a fault rupture propagation [8]. The 

phenomenon of faulting is practically a kind of shear 

localization and shear bands formation [9]. Therefore, 

evaluating the shear bands in the soil not only leads to a 

better prediction of fault propagation but also provides an 

approach to reducing potential damages. Assessing shear 

bands formation in granular soils started in the 80s at the 

University of Cambridge in many types of research and 

then during the 2000s onwards due to the critical 

significance of structures and the formation of faults on the 

surface [10].Various numerical models on shear band 

formation have been proposed in the literature so far [10], 

[11], [12]; nevertheless, the employed simplification 

assumptions may mitigate the ability of numerical models 

to accurately predict fault rupture propagation, and thus, 

physical models need to be provided. In a study, Joer et al. 

[13] presented a report on the construction and operation 

of a shear box to study the behavior of granular materials 

such as sandy soils. The device relies on its kinematic 

control, which allows the simulation of plane strain 

conditions for the sample. The purpose of making this 

device is to study the deformation of granular materials 

under the conditions of rotation of the main stress and 

strain planes. In this report, they first examined the various 

design options of the device and then investigated the 

results of isotropic experiments in fixed volume conditions 

with and without rotation of the main stress and strain 

planes. Their results showed that the reciprocating 

property of the rotation of the main planes generates 

liquefaction in the soil. Lo et al. [14] developed a new 

multiaxial cell for strain-softening experiments. One of the 

advantages of this device is its ability to create large strains 

in the sample without causing defects in boundary 

conditions, which allows the formation of shear bands and 

strain path control. In their research, they presented the 

results of strain softening under multiaxial stress in quartz 

sandy soil using the fabricated device. Both stress and 

strain path tests were performed. In the stress path test, the 

sample was loaded along the main axis in the control 

deformation mode, and the stress response along a 

predetermined path was limited to a certain value using a 

computer that allows the strain-softening to be observed in 

a controlled manner. Two types of softness were 

identified, including pre-rupture and post-rupture. In the 

case in which softening occurs before the rupture, the 

generated deformation was homogeneous. In the post-

rupture mode, a slight deformation occurred 

homogeneously, and eventually, a shear band was formed. 

Stone and Brown [15] proposed a new system for 

simulating ground subsidence in centrifuge models. The 

most important application of this system is to predict 

subsidence in mines. In their study, a brief review of 

extraction methods was performed, and the performance 

of the proposed system in generalizing these methods was 

indicated in centrifuge model experiments. In addition, the 

ability of the system to determine land loss or boundary 

deformation issues was examined. If a comparison is made 

between wet soils, the lowest shear zone is related to wet 

soils with 5% moisture. If the percentage of moisture 

increases, the shear zone would also increase. However, in 

all cases, the dimensions of the shear zone are smaller in 

comparison with dry tests. Due to the apparent adhesion in 

wet soils, the soil does not allow the development of shear 

bands on a large surface. In other words, if the soil is not 

cohesive, by creating a shear displacement in the sample, 

each grain easily affects its adjacent grain. Whereas, due 

to the presence of water bridges between the sand grains 

and apparent adhesion, the fault energy is used to break the 

band between the grains. Therefore, less area is distorted. 

In previous studies, various devices were made to perform 

direct shear experiments on soil samples. ASTM-1990-

Vol 13- p48 [16] proposed a box. The device is capable of 

applying horizontal displacement in three stages of 7.6 

mm. This device can perform tensile testing in one 

direction. It also has transparent walls on both sides and is 

suitable for airbag usage. ASTM-1992-Vol15-p129 [16] 

produced a device called 1γ2ε. This device can be changed 

in the horizontal dimension between 550 to 687 mm, 

which corresponds to a strain of 22%. Also, In the vertical 

dimension, it can change from 413 to 550 mm, 

corresponding to a strain of 28%. Moreover, Volumetric 

strain can increase up to 20%. This device is also 

transparent on both faces. ASTM-1994-Vol17-p125 

invented a device that can perform the direct shear test in 

two horizontal directions and has dimensions of  [16]. In 

this research, by evolving the facilities available in the 

Earthquake Research Institute in Tehran, Iran, an attempt 

has been made to study shear bands formation. To better 

understand the behavior of sandy soils, some key factors 

such as density, soil grain size, average and maximum 

grain size as well as effective stress levels were assessed 

with the aid of the image processing technique. 

2. METHODOLOGY 

2.1. CONSTRUCTION OF THE DEVELOPED (ELEMENTAL-LIKE) SHEAR_FAULTING BOX 

Faults are known as fractures with relative displacements, 

where displacements are parallel to the fault’s surface. 

Based on the direction of the surface in which faults occur, 

they are divided into two separate categories. Faults are 

generated from horizontal slippage, and faults are induced 

by vertical slippage. To investigate faults behavior, a 

physical model has been developed in this study by 

evolving the typical direct shear box available in the 
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Earthquake Research Institute. The direct shear box is 

modified by altering some details in the use of clamps, ball 

bearings (Figure 1) on the fault wall, and screws.

 

 

 

 
Figure 1. Ball bearings used in this study 

 

Embedding ball bearings leads to the reduction of 

friction forces and results in more accurate results. The 

advanced 1-g elemental-like shear box can practically 

reverse model faults at the angle of 45°. To determine an 

optimal value for the walls’ thickness, a simple 

simulation study has been carried out in ABAQUS 

software. To precisely utilize the box, the soil is 

considered at the height of 4 cm from the floor. Thus, the 

height of the developed box is considered to be 4 cm 

longer than a typical box. Figure 2 displays the schematic 

configuration of the developed elemental-like shear box. 

The horizontal force is applied to the box at the rate of 

2mm per minute. The studied angle is considered 45 

degrees to be comparable to available studies in the 

literature. The required thickness is determined 15 mm 

based on a numerical simulation in the ABAQUS 

software. To increase the resistance of the table of the 

direct shear box, 4 screws with a length of 3.5 cm are 

considered in the simulation. 

 

 

 

Figure 2. Schematic configuration of the developed elemental-like shear box 

2.2. THE SOIL USED IN THIS STUDY 

In this study, Firoozkooh sand is chosen for the analysis. 

The selected subangular sand has a golden yellow color 

and a uniform grain size distribution. Based on Laboratory 

observations (electron microscopy), this sand has 15% full 

sharpness, 45% medium sharpness, 10 to 15% complete 

roundness, and 25 to 30% medium roundness. The 

physical parameters of the soil (Firoozkooh sand) utilized 

in this study are mentioned in Table 1. 

 

Table 1. Soil parameters considered in this study 

Soil type 𝐆𝐬 𝐞𝐦𝐚𝐱 𝐞𝐦𝐢𝐧 ∆𝐞 

𝟏𝟔𝟏 2.65 0.943 0.603 0.34 

 
By assuming relative density of 50 percent (similar to previous studies on this sand), soil porosity is obtained as 

𝐷𝑟 =
𝑒𝑚𝑎𝑥 − 𝑒

𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛

× 100 → 50 =
0.943 − 𝑒

0.943 − 0.603
× 100 → 𝑒 = 0.77 

(1) 

 
The obtained porosity is utilized to make the sample. To make a unified sample, the required quantity of sand for a 2.5 cm 

layer should be predicted.  

𝛾d =
2.658 × 9.81

1 + 0.77
= 14.73 kN/m3 

(2) 
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𝑊d = 2.5 × 𝑎 × 𝑏 × 𝛾d = 2.5 × 10 × 10 × 10−6 ×
14.73

9.81
= 375.4 g 

(3) 

According to Eq. 3, to make a 2.5 cm sample, 375.5 g of 

Firoozkooh sand is required. The soil sample is embedded 

inside the box using the sand pluviation technique. For a 

2.5 cm soil layer, by assuming the addition of 5% moisture 

content, about 18.77 g of water is required. After 

completely mixing the soil with water, the soil is poured 

into the test box based on the pluviation technique. The soil 

is compacted by releasing a metal hammer from a constant 

height (5 cm). This method yields the porosity and relative 

density computed above. Note, ZMK2 clay and Portland 

cement are used to make fine-grained samples and cement 

samples, respectively. 

 

2.3. TESTS PROCEDURES 

Two types of tests are conducted in this study: 

I. Tests without surcharge stress  

After placing the soil sample, vertical and horizontal 

stresses are applied to the sample. A horizontal 

displacement with a speed of 2 mm per minute is applied 

to the half of the box. By considering this strain, the test 

approaches quasi-static tests. For every ten degrees of 

displacement in the vertical gauge equal to 0.1 mm, a 

photo is taken, and the ring gauge is read and memorized. 

It is continuous till the vertical displacements reach 5 mm. 

The test process takes 150 seconds, and 50 raw images are 

taken. Figure 3 indicates the soil sample before loading 

and after the rupture. Fault propagation is obviously 

visible in Figure 3b. 

 

 

 

 

 

 

 

 

 

 

 
(a)                                                                        (b)    

 
               Figure 3. Soil sample. (a) before loading, (b) after rupture 

 

II. Tests with surcharge stress: 
A two-phase plastic cushion (rubber membrane) 

containing 220 cc of water is utilized to apply the 

surcharge stress. Then, the required pressure is applied to 

the cushion through the available air pumps. Since fluid 

pressure in all directions is identical, for the air pressure to 

be applied only to the soil, a rigid device is installed in the 

body of the box. Figure 4 illustrates the loading cushion on 

the soil surface. 

 

 

 

 

 

 

 

 

 

 

 

 
                                   Figure 4. Loading on soil sample using the rubber membrane 

To control pore pressure during the tests, a regulator 

made by Fairchild Company is utilized. This device by 

controlling the internal and external fluxes, fixes the 

pressure-induced within the sample. A non-metric 
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Canon EOS 350D digital camera is employed with a 

wireless remote control to take photos of faults. Table 2 

shows the tests conducted by the elemental-like shear-

fault box developed in this study. 

 
Table 2. the tests conducted by the elemental-like shear-fault box 

Row Number Water content Clay percentage Cement percentage Surcharge (kPa) 

1 KhT1 5 0 0 0 

2 KhT2 0 0 0 0 

3 KhT3 10 0 0 0 

4 KhT4 15 0 0 0 

5 KhT5 10 0 0 10 

6 KhT6 10 0 0 25 

7 KhT7 10 0 0 40 

8 KhTV1 15 0 0 0 

9 KhTV2 10 0 0 0 

10 KhT53 5 0 4 0 

11 KhT54 5 0 4 10 

12 KhT33 5 5 0 0 

13 KhT34 5 5 0 10 

14 KhT35 5 5 0 20 

15 KhT36 5 5 0 30 

16 KhT37 5 10 0 0 

17 KhT38 5 10 0 10 

18 KhT39 5 10 0 20 

19 KhT40 5 10 0 30 

20 KhT55 5 0 4 20 

21 KhT56 5 0 4 30 

22 KhT29 5 15 0 0 

23 KhT32 5 15 0 30 

24 KhT31 5 15 0 20 

25 KhT30 5 15 0 10 

26 KhT56 5 0 4 0 

27 KhT11 15 0 0 10 

28 KhT12 15 0 0 20 

29 KhT13 15 0 0 30 

30 KhT8 5 0 0 10 

31 KhT9 5 0 0 20 

32 KhT10 5 0 0 30 

33 KhT14 10 0 0 10 

34 KhT15 10 0 0 20 

35 KhT16 10 0 0 30 

36 KhT17 0 0 0 10 

37 KhT18 0 0 0 20 

38 KhT19 0 0 0 30 

39 KhT51 0 5 4 0 
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2.4. DEVELOPMENT OF IMAGE PROCESSING WITH DIGITAL IMAGE CORRELATION METHOD 

(DIC) 

By comparing the photos after and before the soil 

deflection and using numerical calculations, DIC method 

predicts soil strains. The mean square error method (MSE) 

can be used to obtain the difference between target and 

temporary pictures. 

MSE =
∑ ∑ Temporary (𝑥, 𝑦) − Target (𝑥, 𝑦)

Number of pixels
 

(4) 

Where, Temporary (𝑥, 𝑦) , and Target (𝑥, 𝑦)  are the 

intensity of temporary and target pictures at (𝑥, 𝑦) , 

respectively.  

In the DIC method, the camera should be positioned so that 

it can take a photo of the two-dimensional surface of the 

sample in various positions during loading. Since the 

photos taken are two-dimensional pictures of the sample 

surface, the estimation of the motion of each point 

multiplied by the magnification of the imaging system will 

not be exactly equal to the actual physical point on the 

sample surface, unless the following requirements are met. 

 

1) The surface of the sample should be smooth and 

remain parallel to the camera sensor during loading. The 

non-plane motion of the sample should be small enough 

to be ignored. Non-plane movement of the sample leads 

to a variation in the magnification of the photographs 

taken. Thus, the displacement of the page is not 

accurately evaluated. Naturally, non-plane motion can be 

reduced to some extent by moving the camera away from 

the specimen. 

 

2) The shooting system should not be geometrically 

distorted. In an optical imaging system, there is a more or 

less geometric distortion, which disrupts the ideal linear 

relationship between the physical point and the image 

point, which produces additional displacements. If the 

effects of geometric distortion cannot be ignored, they 

must be eliminated by employing distortion correction 

methods so that the measurements are accurate. 

Due to the discrete nature of digital photos, accurate 

displacements with pixel accuracy can be easily 

calculated. To further improve the accuracy of 

displacement measurements, special sub-pixel recording 

algorithms should be utilized. Generally, to achieve sub-

pixel accuracy, the execution of two-dimensional DIC 

involves two consecutive steps. The first step is to evaluate 

the initial deformation, and the second step is to measure 

the sub-pixel displacement. That is to say, the two-

dimensional DIC method typically requires an accurate 

initial guess of the deformation before achieving the sub-

pixel accuracy. For example, a cross-correlation algorithm 

(such as the Newton-Raphson method) converges only 

when an accurate initial conjecture is given.  

Usually, the relative deformation or rotation between the 

reference set and the deformed set is very small. Therefore, 

it is easy to achieve an accurate assessment of the initial 

displacements by a simple search method. The exact 

positions of the deformed set can be determined by a 

sufficient, pixel-by-pixel, routine search, which is 

performed within a certain range in the deformed image. 

The techniques mentioned in most cases are practical. In 

special cases, problems occur when a large rotation or 

large deformation occurs between the target set and the 

temporary set. In this case, some pixels of the target set 

come out of the hypothetical set in the deformed image. As 

a result, the similarity between the target set and the 

hypothetical deformed set is significantly reduced. The 

method explained above is utilized in this study to 

investigate faults propagation. 

 

 

3. RESULTS AND DISCUSSION 

In this section, part of the results of the experiments 

performed by using the elemental-like shear-fault box is 

provided. The most significant characteristics of faults 

propagation in granular soils are assessed by examining 

the various experiments performed. Figure 5 indicates the 

propagation of reverse faults in sandy soil with 5% 

moisture content. It is observed that in small 

displacements, shear bands are formed on the soil surface. 

With increasing horizontal displacement by the elemental-

like, shear-fault box, the created shear strain increases and 

appears as a clear outcrop. 
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 Figure 5. The process of faults propagation in the tested granular soil 

The following section discusses different aspects of fault 

propagation in granular soil. In this regard, the shear bands 

created in the sample, the amount of fault displacement 

required for reaching the ground, and the location of the 

outcrop are examined. Since the mentioned characteristics 

depend to a large extent on the geo-mechanical properties 

of the soil, by performing experiments utilizing the 

elemental-like shear-fault box, the tested soil was 

evaluated in terms of its strength and deformation. It 

should be noted that in this section, the values of L, h, H, 

and other parameters are used according to Figure 6. To 

observe faults in the soil surface, it is necessary that the 

horizontal soil displacement be more than a certain 

amount. In general, in small displacements, part of the 

displacement is absorbed due to the softening behavior of 

the soil. If the displacement reaches a certain level, the 

shear band reaches the initial level, and an outcrop appears. 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 6. Schematic configuration of the model used in this study 

Figure 7 shows the changes in the h / H ratio (percentage) 

per various water contents. Generally, the value of (h) is 

normalized to the total soil height and is reported as a 

percentage of h / H. The less the value of this ratio, the less 
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the amount of displacement required for the fault at the soil 

surface to appear. In statistical analysis, the probability of 

fault occurrence in the bedrock and in the depths of the 

earth is estimated, and if the probability of surpassing the 

amount of h / H number is small, it can be claimed that the 

fault has no effect on terrestrial structures. In general, as 

soil moisture increases, the amount of displacement 

required for the propagation of faults in the soil surface 

decreases, and the lowest rate occurred for 5% humidity. 

Additionally, Figure 7 shows the ultimate strain changes 

with respect to moisture. As expected, as the soil moisture 

increases, the amount of ultimate strain generally 

decreases. In other words, the more soil moisture 

percentage, the more brittle behavior it shows. 

 

Figure 7. The displacement changes required for the fault to reach the surface in different Moisture contents 

 

 

Two important points can be derived from Figure 7. The 

first point is that there is a significant difference in the 

amount of h/H between dry soils and wet soils. The amount 

of h/H for dry sandy soils is much higher than its value for 

wet soils. In fact, in order for the fault to reach the ground, 

more displacement is required in the bedrock floor. This 

amount is reduced to about half, on average, in wet sandy 

soils. In fact, the fault propagation rate in wet soils is much 

higher than in dry soils. As mentioned earlier, the velocity 

of the fault displacement, or slip velocity, is directly 

related to the shear wave velocity. In soils where the shear 

wave velocity is higher, the value of this parameter will be 

higher. Therefore, it can be concluded that the shear wave 

velocity in wet sandy soils is much higher than dry soils. 

On the other hand, the higher the shear wave velocity, the 

more brittle the material can be. Therefore, it can be 

understood that wet soils behave more brittle than dry 

soils. The same results are observed by Ahmadi et al. [17]. 

The second point is that by examining the value of h/H for 

wet soils, it can be perceived that while these values are 

very close to each other, a slight difference can be found 

among them. It seems that sandy soil with 5% moisture 

content has the lowest value of h/H and with increasing 

moisture content, its value also increases slightly. In fact, 

it can be stated that at about 5% moisture content, wet 

sandy soil has its most brittle behavior. Understanding this 

is also better achieved by performing shear-fault  

 

experimental tests. To identify soil behavior, several series 

of elemental fault-like shear tests were planned. As 

mentioned before, the reason for choosing the elemental-

like shear test was the relatively good proximity of this 

experiment with the fault propagation phenomenon in a 

physical modeling. The study of soil behavior at different 

humidity and under different vertical stresses shows 

interesting results related to the effect of moisture on soil 

behavior. Furthermore, as mentioned before, due to the 

friction of the wall with the soil (even if it is small), the 

calculation of the fault reaching the ground, from the 

images of the transparent part of the reservoir, is erroneous 

and not reliable. Therefore, the measurements were carried 

out using a caliper with an accuracy of one hundredth of a 

millimeter. Figure 8 illustrates the variation of h/H by 

altering the percentage of kaolinite clay. It seems that the 

soil with 5% clay is not much affected by its plastic 

properties. However, by increasing the amount of clay to 

more than 10 percent, the behavior of mixed and cohesive 

soil changes drastically and the amount of h/H tends to a 

stable value. By comparing the effects of wetting and 

adding fine-grained particles (Figures 7 and 8) it can be 

concluded that wet soil shows more brittle behavior, while 

cohesive clayey soil has a more flexible behavior. Figure 

9 compare the impacts of clay percentage and moisture 

content on rupture depth. The same behavior is indicated 

by Ahmadi et al. [17]. 
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                 Figure 8. Effect of clay percentage on rupture depth 

 

 

Figure 9. Influence of clay percentage and moisture percentage parameters on rupture depth  

 

One of the most important questions to be answered is 

where the fault appears on the earth’s surface after 

developing within the soil layer. In fact, faults in the 

bedrock may be partially detected. But the point is, if a 

fault occurs and develops within the soil, where does the 

rupture occur on the ground surface? Different parameters 

can affect the location of fault outcrops. One of the most 

significant of these parameters is the type of fault that has 

occurred. Generally, the outcrop of normal faults, related 

to the vertical image of the fault tip in the bedrock, has a 

shorter distance compared to the reverse fault (parameter 

L). This comparison is shown in Figure 10. Figure 10 is 

also in good agreement with the results of Ahmadi et al. 

[17]

. 

 

 

 

Figure 10. Changes in parameter L with soil moisture content in wet fault testing 
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For each experiment, different shear bands were activated 

and deactivated during the occurrence of the fault 

phenomenon. This causes the location of the outcrop on 

the ground to change at different stages of the fault 

propagation. Figure 11 displays the changes in the L/H, 

which somehow represents the fault outcrop at the end of 

the experiment, with a change in the soil moisture content 

or clay percentage for different samples. It is observed that 

after 5% water content, as the moisture content increases, 

L/H for the sand sample decreases, while other specimens 

(cemented and Zmk2) indicate different behavior. 

Reducing this parameter leads to the reduction of the 

distance between the fault outcrop and the vertical image 

of the fault tip in the bedrock. It is noteworthy that the 

output values of the elemental-like device are in good 

agreement with the experiments available in the literature 

[17].  

 

 
Figure 11. changes in L / H parameter with respect to moisture content 

The variation of L / H with surcharge shows different 

behavior in different water contents (Figure 12). A similar 

trend is observed for samples with 5% and 15% water 

contents. 
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                           Figure 12. Changes in L / H with overhead variation for different water contents 

 

 

4. CONCLUSION 

In this study, faults propagation in granular soils using the 

developed elemental-like direct shear-faulting box is 

assessed by analyzing shear bands formation in the soil. 

For this purpose, first, some modifications are applied to 

the direct shear box in the Earthquake Research Institute. 

In this regard, two blocks are constructed at an angle of 45 

degrees that can be moved relative to each other. 

Transparent walls are utilized to elevate the static 

resistance, and four screws are installed on the floor of the 

device. The friction in the test is decreased by using a 

number of ball bearings. The required thickness for the box 

walls is determined using a numerical simulation in 

ABAQUS software. To investigate faulting in granular 

soils, Firoozkooh sand is utilized and placed in the 

developed shear box. Furthermore, the overhead load is 

first applied by embedding a rubber membrane containing 

water and applying air pressure to it. By continuous 

imaging of soil profiles, alterations in the soil surface are 

recorded, and image correlation method is employed to 

predict the amount of fault propagation, strain, and 

dilation. Results affirm that the dilation effect elevates 

with increasing moisture content and wanes with the 

addition of fine-grained percentage and by boosting 

vertical loads. Additionally, different behavior has been 

observed without softening for cementitious sands.

.   
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