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Abstract 

The present study analyzes laboratory experiments on how shearing rate affects the shear strength and crushability of 

natural coarse sand, employing artificial neural network (ANN) analysis. This study tested three different coarse sands 

obtained from the crushing of natural rocks: Black Virgin Tuff, weathered Zeolitic Tuff, and calcareous limestone. The 

behavior of crushed sand specimens with consistent grading, which passed through sieve #4 and were retained on sieve 

#8, was analyzed using a direct shear box. The specimens were subjected to varied normal loads and shearing speeds to 

examine their behavior at different relative densities. The test results were analyzed using ANN to investigate the 

significance of shearing rates on shearing strength parameters, specifically internal mobilized peak friction, the constant 

volume (residual) internal friction angle, and the consequence of shearing rate on the particle's breakage index. The selected 

normal (Gaussian) rate significantly affected both the shear strength parameters and breakage. The loading rate increased 

both shear strength parameters and particle breakage. Therefore, it's highly recommended to maintain secure sets of shear 

strength values and comprehensive test data for assessing parameters at typical strain rates, prioritizing using slower rates 

whenever possible. 
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1. Introduction 

The breakage phenomenon in granular materials has garnered significant attention from researchers within the 

geotechnical community. This interest stems from the widespread use of granular materials in various engineering 

construction projects, such as rockfill dams, railroad embankments, landslides, and driven piles. These structures 

encounter diverse loading scenarios, ranging from static to dynamic forces, which can lead to complex behaviors and 

failure mechanisms in the granular materials [1–6]. Lobo-Guerrero and Vallejo (2005, 2006) [7, 8] examined the effect 

of particle crushing on the capacity of driven piles. Their results indicated that the particles crushing negatively affect 

the capacity of piles. Okada et al. (2004) [1] reported that grain crushing was at the onset of trigging a landslide. An 

investigation of the excess pore water pressure generation of weathered granitic sand, taken from the source area of a 

typical landslide caused as a result of liquefaction, indicated that grain crushing within the failure zone is the key 

phenomenon of the rapid long-runout motion of landslides. Moreover, Fragaszy & Voss (1986) [9] reported that particle 

breakage will cause settlements and a reduction in hydraulic conductivity. 
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The crushing process of granular materials has the potential to alter shear strength parameters over the lifespan of 

construction projects, posing a threat to the integrity and safety of the project. Therefore, engineers and project managers 

must anticipate and mitigate the effects of crushing on shear strength parameters to ensure the long-term safety and 

durability of construction projects. Incorporating appropriate design considerations, monitoring techniques, and 

maintenance protocols can help to address the evolving properties of granular materials and mitigate potential hazards 

throughout the project's lifespan. 

Researchers aim to investigate the factors that affect particle crushing to develop accurate predictive models and 

engineering strategies for mitigating risks associated with granular materials in construction and geotechnical 

applications. These factors include various variables such as sand grain characteristics, soil matrix properties, fabric and 

structure of the soil domain, loading scenarios, and type of granular materials, among many other factors [5]. Karatza et 

al. (2019), Xiao et al. (2019), and Varadarajan et al. (2006) studied sand grain characteristics such as angularity, 

morphology, and strength [10–12]. Soil matrix properties such as gradation, void distribution, and moisture content were 

examined by [13–16]. The fabric and structure of the soil domain, such as anisotropy [17, 18], external forces such as 

induced stresses [19–21], duration [20], and loading rates [22, 23], were appraised immensely. Granular materials 

include sands, ballast, rock fill, coral, coal, and food powder such as sugar and snow [5, 19, 24–33]. The intensity of 

particle breakage is appraised through the variation of the grading of granular materials using single grading, either 

indices or global grading indices obtained from the particle size distribution curve (PSD) [5]. Table 1 summarizes the 

method of various single-grading indices. 

Table 1. Definition of single grading indices 

Method Name Criteria* Remarks 

Lee & Farhoomand (1967) 𝐵15 = 𝐷15
𝑖 /𝐷15

𝑓
 D15 = particle size corresponding to 15% finer on PSD 

Marsal (1967) 𝐵𝑔 = ∆𝑃𝑚𝑎𝑥 ∆𝑃𝑚𝑎𝑥 = maximum difference of the PSD curves before and after the test 

Nakata et al. 1999 𝐵𝑓 = 1 − 𝑃0 
P0= percentage of particles in current PSD smaller than the minimum 

particle size in the original sand 

Xiao & Liu (2017) 𝐵𝑟50 = (𝐷50
𝑖 − 𝐷50

𝑐 )/(𝐷50
𝑖 − 𝐷50

𝑢 ) D50 =mean particle diameters 

* i = initial; c = current, f = final, u = ultimate. 

The global grading indices are evaluated through the changes in different areas bounded by ultimate, current, and 

initial PSD curves. Hardin (1985) and Einav (2007) are the most used criteria [34, 35]. Recently, Xiao et al. (2021) 

proposed an improved particle breakage index criterion to overcome the shortages of other criteria, such as the 

representation of all particle breakage in the whole domain, unique value, independent of grain side axis, and used in all 

types of gradation patterns [36]. 

Recently, there has been a noticeable shift in engineering modeling and computation toward machine learning 

techniques. In the last decade, machine-learning methods have been used in different fields of civil engineering [32–42] 

and have shown a high ability to recognize the pattern and relations between variables and the dependent. In particular, 

ANN mimics the interconnected nervous system of the human brain to transfer the data and recognize the pattern, as 

will be described in a later section. 

The study is motivated by the observation that shear strength parameters, influenced by applied shear strain rate, 

lack relevant crushing indices when assessed across a wide range of relative initial density in crushed natural sands using 

conventional testing methods like triaxial compression or direct shear tests. Al-Hattamleh et al. (2023) [18] highlighted 

a significant gap in research concerning the examination of quasi-rates of applied shear strain on sand specimens. These 

quasi-rates of strain play a critical role in the development of crushing within granular materials. Yet, they are seldom 

explored in existing literature. Understanding the influence of these quasi-rates on the crushing behavior of granular 

materials is essential for accurately predicting their shear strength parameters. 

This research aims to investigate the influence of normal shearing rates on breakage in various types of sands using 

a combination of experimental results and ANN analysis. This study will provide experimental data and analysis for 

these sand types to address a gap in the existing literature, particularly regarding black volcanic tuff and Zeolitic volcanic 

tuff and the associated shearing device methodologies. Additionally, it will outline the procedure for direct shear testing, 

offering valuable insights into the behavior of these sands under different shearing rates. 

2. Experimental Works 

2.1. Materials 

Three types of sand were selected for this study: a Virgin Black Volcanic Tuff (BT), a weathered Zeolitic Volcanic 

Tuff (ZT), and Limestone (LT). The Al-Hala region in Al-Tafila in southern Jordan provided the BT and ZT sands. 

According to ASTM E1621-13 standard X-ray fluorescence spectroscopy examination, BT and ZT are both mostly 

constituted of SiO2, ranging from 40% to 50%, with notable amounts of Fe2O3 and Al2O3 oxides, ranging from 12.75% 
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to 13.00% and from 10.67% to 12.64%, respectively. On the other hand, the Limestone (LS) was obtained from Irbid in 

northern Jordan. LS comprises nearly equal percentages of calcareous materials CaCO3 and CaO (40-46%). The Specific 

gravity (Gs), Minimum Dry Density (ρmin), and Maximum Dry Density (ρmax) of all types of sands were conducted 

according to the American Society for Testing and Materials standards (ASTM) [38, 39], respectively. The Gs for BT, 

ZT, and LS are 2.67, 2.64, and 2.53, respectively. While the (ρmin (kg/m3), ρmax (kg/m3)) for BT, ZT, and LS are (1100, 

1355), (900, 1030), and (1068, 1328), respectively. The grain sizes of the three varieties of sand were measured according 

to ASTM D6913 [40]. The grane size ranges utilized for the shear testing were specifically chosen to pass sieve #4 at 

4.75mm and be retained at 2.36mm (sieve #8). Because the specimens are of the same grain size, the coefficient of 

uniformity and curvature are close to unity for all types of sand. As a result, the Unified Soil Classification System 

(USCS) classifies these sands as poorly graded sand, SP [41]. 

2.2. Test Setup 

A direct, simple shear box (DSB) device was used to conduct the shearing of prepared specimens. The apparatus can 

apply vertical and horizontal forces up to 5 kN. Two linear variable differential transformers (LVDTs) measured the 

horizontal and vertical displacements. The device was designed to accommodate a cubical soil specimen of 6.00 cm 

side. The maximum grain size utilized in the test was selected to ensure that no boundary would alter the outcomes in 

compliance with ASTM D3080 [42] general requirements. 

Dry samples of the four relative densities of the loose, medium, and very dense sand were subjected to DSB tests 

following ASTM D6528 [43] at three different loading rates (0.50, 1.00, and 2.00 mm/minute) under four different 

vertical stress conditions (136, 245, 463, and 899 kPa). Sieves analyses were performed for each test, and the results of 

all tests are summarized in Table 2. Data from DSB tests were analyzed to establish the shear strength parameters for 

each test, specifically constant volume (residual) mobilized friction angle (r) and peak mobilized friction angle (p). 

After performing the DSB test on each specimen, sieve analysis was used to determine the amount and percentage of 

particle breakage index (Br). 

3. Results and Discussion  

3.1. Experimental Results 

The specimens were prepared for the DSB tests as described in Table 2. For BT sand at a shearing rate of 

mm/minutes, Figure 1 shows the relationship between normalized shear stresses and horizontal displacement of various 

relative densities. This figure shows that, as predicted, the shear stress arose as the shear displacement increased, 

reaching a peak value before decreasing to an asymptote value as the shear displacement increased. Sand particles moved 

rather easily under low normal stress conditions, and the relative displacement immediately stabilized. However, a 

bigger shear displacement was necessary to achieve a stable condition when the normal stress was high as it increased 

the contact between sand particles and made displacement more difficult. 

Table 2. Summary of the conducted tests: Relative densities, applied vertical stresses, and applied shearing rates were 

used in tests for the sand in a direct shear test 

Relative Density 

(%) 

Input Test Parameters Remarks 

Density kg/m3 Vertical Stress, 

σv: kPa 

Shearing Rate 

(mm/minute) 

Sieve analyses were 

conducted after each test 
for all rates and applied 

vertical stresses. 

BT ZT LS 

20% 1143 996.8 1110 

136 0.50, 1.00, & 2.00 

245 0.50, 1.00, & 2.00 

463 0.50, 1.00, & 2.00 

899 0.50, 1.00, & 2.00 

40% 1190 1023.8 1023.8 

136 0.50, 1.00, & 2.00 

245 0.50, 1.00, & 2.00 

463 0.50, 1.00, & 2.00 

899 0.50, 1.00, & 2.00 

60% 1240 1051.9 105139 

136 0.50, 1.00, & 2.00 

245 0.50, 1.00, & 2.00 

463 0.50, 1.00, & 2.00 

899 0.50, 1.00, & 2.00 

80% 1129 1080 1270 

136 0.50, 1.00, & 2.00 

245 0.50, 1.00, & 2.00 

463 0.50, 1.00, & 2.00 

899 0.50, 1.00, & 2.00 
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Figure 1. Normalized shear stresses vs. horizontal displacement of different relative densities for BT sand at a shearing rate 

of 0.50 mm/minutes 

Moreover, as the relative density, Dr, increases and normal stresses decrease, a distinct peak is observed, and then, 

with further displacement, a softening occurs. These results are consistent with what Duncan et al. (2014) [44] assumed: 

the most crucial factors affecting soil strength are the effective stress applied to the soil and soil density. Thus, higher 

effective stress results in higher strength, and the higher the density, the higher the strength 

The mobilized friction angles of the tested sands were calculated to assess the impact of using various shearing rates. 

The mobilized shear strength parameters ϕp and ϕr are defined as: 

𝜙𝑝 = tan−1 𝜏𝑝𝑒𝑎𝑘

𝜎
  (1) 

𝜙𝑟 = 𝑡𝑎𝑛−1 𝜏𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

𝜎
  (2) 

where peak, residual, and applying normal stresses are the peak shearing stresses. 

Based on global grading indices, the particle breakage index, Br, is reported here [5]. The Einav (2007) breakage 

index is determined using the grain size distribution curves before and after shearing. When sheared, the gradation 

curves change from a wide sieve opening to a smaller one. The ZT sand specimen's grain size distribution after direct 

shear testing with various normal stresses and relative density of Dr=80% at a loading rate of 1mm/min is shown in 

Figure 2. 

3.2. Artificial Neural Network Model 

In this study, an ANN was selected to assess the impact of shearing load, loading rate, and the relative density of 

sand on the peak internal friction angles, residual internal friction angles, and breakage index. ANN has been selected 

for its ability to generalize and avoid overfitting [45]. 

ANN is a multi-layer framework; the input layer of an ANN is the first layer, representing the parameters, while the 

output layer is the last, containing the output. One or more hidden layers may be present between the input and output 
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layers, controlling the process of identifying (learning) patterns in the data. Simple processing units (PUs) comprise 

each layer and are completely coupled to other PUs in the layer above them (Figure 3). 

 

Figure 2. Sieve analysis for ZT at Dr=80%, Rate of Loading=1 mm/min, and different normal stress 

 

Figure 3. General structure and processing unit of ANNs 

Whenever a signal or input 𝑥𝑖 is received, the PU is multiplied by a calibrated weight 𝑤𝑗𝑖  that determines the signal's 

behavior and importance. Each PU adds the calibrated signals together and adds a calibrated bias value 𝐵𝑗𝑖  according to 

Equation 3. The output of the PU is produced by passing the combined input 𝐼𝑗 using a nonlinear transfer function f(𝐼𝑗), 

which will serve as the input for PUs in the following layer (Figure 3-b). This study makes use of a hyperbolic tangent 

sigmoid transfer function. 

𝐼𝑗 = ∑ 𝑤𝑗𝑖  𝑥𝑖 + 𝐵𝑗𝑖   (3) 

The training algorithm modifies the weights and bias values of Levenberg-Marquardt optimization during the 

training process. In order to create a network that generalizes well, it first identifies the optimal combination of squared 

errors and weights. It is known as Bayesian regularization. The performance function, referred to as the Mean Square 

error (MSE), is used to express the error (Equation 4). Training continues until MSE converges and no further 

advancement in the solution is achieved. 

𝑀𝑆𝐸 =
1

𝑁
∑ (𝐴𝑐𝑡𝑢𝑎𝑙 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)𝑁

𝑘=1
2
  (4) 

It should be noted that the first step required by Equation 5 is for the input variables to be normalized. The input 

value is shifted by the offset value ofin and multiplied by the gain value ain. To de-normalize the signal at the output 

layer, remove the offset ofon and divide the output by the gain aon. 

𝑥𝑖 = 𝑋𝑖  𝑎𝑖𝑛 + 𝑜𝑓𝑖𝑛  (5) 
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Experimentation is used to determine the number of PUs needed in the hidden layer to mimic and approximate the 
complex behavior (trial). In ANN modeling, the number of hidden layers should often be limited to prevent overfitting. 
However, overfitting was not a concern due to using Bayesian regularization in the particular instance. 

3.2.1. Proposed Models 

Three ANN models were developed using the ANN toolbox of MATLAB R2018b. To select the optimal PUs in the 
hidden layer, PUs from 1 to 10 were tested while examining the MSE, and the optimal required number of layers was 
found to be 2. The experimental data has been divided into a training dataset (80%) and a validation dataset (20%). In 
this study, the input layer includes normalized period shearing load σn, loading rate, and soil Density (Dr.), while the 
output layer includes peak internal friction angles ϕp, residual internal friction angles ϕr, and the breakage index Br. The 
three ANN models and the corresponding R2 are shown in Figure 4. 

 

Figure 4. Developed ANN model to predict peak internal friction angles ϕp, residual internal friction angles ϕr, and the 

breakage index Br 

In order to investigate the effect of each of the input layer variables, parametric curves were generated using the 
developed ANN models, as shown in Figure 5. 

 

Figure 5. Particle Breakage Indices versus applied normal pressure for three types of sand at three different shearing rates 

for different relative densities 
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3.2.2. ANN Results and Discussion 

Figure 5 shows the prediction of ANN models to the particle breakage indices, Br, as a function of normal applied 
stresses at a different shearing rate for sand specimens prepared at different relative densities. As anticipated, the amount 
of Br increased with the applied vertical stress and with higher relative density for all types of sands. This finding is 

rectified by Xiao et al. (2020) in a one-dimensional compression test for carbonate sand and by Asadzadeh and Soroush 
(2009) [46] for rockfill material composed of a limestone tested in direct shear such as LS here. Moreover, the particle 
breakage index shows a linear dependence on the applied normal stresses. regardless of the initial relative density (Figure 
5) which was confirmed earlier by Asadzadeh & Soroush (2009) [46]. Conversely, for stronger materials like BT here, 
the particle breakage is more toward a power-like trend, as shown by Wang et al. (2021) [47]. 

Furthermore, the Br increases drastically with an increased rate of shearing at a given relative density despite the 
applied normal stress or type of sand. The reason was that the sand grains did not take enough time to rearrange or to 
orientate themselves, so the crushing of particles increased. Additionally, with Dr increasing, the amount of Br increased 

in all soil types tested. This finding was confirmed by many researchers [26, 48, 49], who showed that particle breakage 
is inversely proportional to the increased initial void ratio. The amount of crushing reported is higher for LS than BT 
and ZT sands due to weak bonds of CaCO3 compared with SiO2. This finding confirms what has been reported earlier 
in the literature, that crushing is directly related to particle strength [34, 50–52]. A rectification by Al-Hattamleh et al. 
(2023) [18], using scanning electron microscopy (SEM) supplied with energy-dispersive X-ray spectroscopy 
(SEM/EDX) of samples taken from the shearing zone of tested specimens, shows that the granules of original sizes 

which confined between 2.36 mm and 4.75 mm experience disintegration and cleavage, abrasion and grinding and 
surfaces’ scratching. 

 

Figure 6. Peak internal friction angles versus applied normal pressure for three types of sand at three different shearing 

rates for different relative densities 

The prediction of ANN models for peak and residual internal friction angles is shown in Figures 6 and 7. Both figures 

show internal friction angles versus applied normal pressure for three types of sand at three different shearing rates for 
different relative densities. Both figures show that applied vertical stresses considerably lower peak and residual angles, 
independent of the sand samples' relative densities or the employed shear rate. The impact of exerting pressure and 
shearing rates, particularly at larger relative densities, are more or less reduced in residual friction angle. This result 
could explain the critical states line's downward migration in the compression plane [48, 49, 53, 54]. Moreover, the 
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effect of the shearing rate in both p angle (Figure 6) and r angle (Figure 7) is pronounced. According to these 
findings, despite the relative density values being employed, increasing the shearing rate increased both p and r angles. 
On the other hand, a further increase in the shearing rate appeared to smooth out the growing degree of friction angles. 

Hence, as pointed out by Wei et al. (2021) [55], the residual shear strength decreased with increasing roundness and 
aspect ratio due to the effect of particle breakage. Congruently, the residual friction angles, r, decreased with increasing 
applied normal stresses, as shown in Figure 7. 

 

Figure 7. Residual internal friction angles versus applied normal pressure for three types of sand at three different shearing 

rates for different relative densities 

4. Conclusions 

The effect of the normal shearing rate was experimentally conducted using a direct shear device on prepared 

specimens of three different types of natural sand. After that, the results were analyzed using the ANN technique. The 

analysis includes the effect of the shearing rate on particle breakage indices and its effect on the outcome of internal 

peak and residual friction angles. Based on the ANN models and the parametric study, the following conclusion can be 

drawn: 

 The interaction between relative density, normal stress, and particle crushing indices, Br, reveals insightful trends 

across all sand types investigated. With increasing normal stress, relative density, and shearing rate, the Br values 

show a noticeable increase. Additionally, as the rate of shearing increases, the peak friction angle exhibits a 

concurrent increase, indicative of a strengthening of interparticle contacts and resistance to shear deformation. On 

the other hand, results show that the residual friction angle decreases with reductions in relative density and applied 

normal loads, while it enhances with increasing rates of shearing. These results emphasize the sensitivity of 

residual friction to variations in these parameters, reflecting the evolving interparticle interactions within the sand 

samples.  

 Moreover, the comparative analysis among sand types highlights distinctive characteristics. BT sand exhibits the 

highest internal peak friction angle value compared to ZT and LS sands, indicating its notable resistance to shear 

deformation. Conversely, the breakage index is highest for LS sand compared to BT and ZT sands, suggesting a 

greater tendency for particle fragmentation and degradation in LS sand. The contrasting behaviors observed 

highlight the varied mechanical responses of different types of sand under different loading conditions, 

emphasizing the importance of considering sand-specific properties in engineering and geotechnical applications. 
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