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Preface

Rock and rock-like materials such as concrete, soil, and underground backfilling materials are
considered to be geomaterials. Geomaterials are essential for life due to human construct extraction,
mining, storage, and transport areas in the Earth’s crust for raw material. Drilling and excavations
of underground openings in the Earth’s crust are requirements for the exploitation and utilization
of mineral resources, energy resources, and underground spaces. The deepest drilling depth has
exceeded 12 km, and the deepest underground excavation now operates mines with depths exceeding
4 km to 5 km. Dirilling, excavation, and rock support processes largely rely on the physical and
mechanical properties of geomaterials. Rock excavations are faced with some instability phenomena,
such as caving, rock bursts, slabbing, large deformation, and zonal disintegration, posing a serious
threat to the safety of mining and tunneling operations. Rock drilling also encounters many
challenges deep underground. Deformation, fracture, failure, and fragmentation are the different
stages of geomaterials, the monitoring and control of which are essential for ensuring drilling and
excavation safety. Therefore, understanding the response processes of geomaterials during drilling
and excavation activities depends on the precise characterizations of geomaterials. However, it
remains a significant challenge to fully understand the deformation/fracture/failure/fragmentation
behaviors and mechanisms of geomaterials in complex underground environments.

This Special Issue aimed to collect research papers and review articles encompassing
in situ observations, laboratory experiments, theoretical analyses, numerical simulations, and

big-data-based analyses concerning the characterization of geomaterials.

Shaofeng Wang, Linqi Huang, Tianshou Ma, Jie Zhou, and Changjie Zheng
Editors
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Rock and rock-like materials such as concrete, soil, and underground backfilling
materials are considered to be geomaterials. Geomaterials are essential for life and en-
gineering because they are important for human construct extraction, mining, storage,
and transport areas in the Earth’s crust. Essential material that has to be faced in mining
processes is rock or geomaterials. Drilling, blasting, cutting, crushing and rock support
processes in geotechnical, mining, petroleum, natural gas and geothermal engineering rely
largely on the physical and mechanical properties of rock. Additionally, the quarrying
and machining processes of natural stone depends in a greater extent on the physical and
mechanical properties of natural rock materials. In mineral processing operations, physical
and mechanical properties of ore rock are important parameters at various stages such
as grinding, milling, and gathering. Soil and concrete are also important geomaterials.
Soil behaviour can determine the long-term stabilities of civil and geotechnical engineer-
ing. Concrete, when used together with the rock structures in excavation and backfilling
operations, as support or lining construct for surround rock, can significantly affect the
behaviour of the rock structure. Drilling and excavations of underground openings in the
Earth’s crust are requirements for the exploitation and utilization of mineral resources,
energy resources, and underground spaces. The deepest drilling depth has exceeded 12 km,
and the deepest underground excavation now operates mines with depths exceeding 4 km
to 5 km. Dirilling, excavation, and rock support processes are essential operations for
forming openings in soil or rock, which largely rely on the associated properties of geoma-
terials and can significantly influence the safety and stability of underground engineering.
Rock excavations are faced with some instability phenomena, such as caving, rockburst,
slabbing, large deformation, and zonal disintegration, posing a serious threat to the safety
of mining and tunneling operations. Rock drilling also encounters many challenges deep
underground. Deformation, fracture, failure, and fragmentation are the different stages
of geomaterial behaviour, the monitoring and control of which are essential for ensuring
drilling and excavation safety and support stability. Therefore, understanding the response
processes of geomaterials during drilling and excavation activities for exploitations of
georesources and geoenergy depends on the precise characterisations for geomaterials.
In addition, stress conditions in geomaterials are typically characterised by combined
static and dynamic loads, consisting of the excavation-induced high stress concentration
around openings and strong dynamic disturbances from drilling and blasting, excavation
unloading, caving, and fault slippage. It is well-recognized that geomaterial has multi-scale
structures, from minerals, particles, fractures, fissures, joints, and stratification, to fault,
and involves multi-scale fracture processes. Meanwhile, there are many multi-physics
coupling processes in geomaterial, such as the coupled thermo-hydromechanical-chemical
interaction in porous geomaterials. However, it remains a significant challenge to fully
understand the deformation/fracture/failure/fragmentation behaviours and mechanisms
of geomaterials in complex underground environments with complex stress conditions,
multi-physics processes, and multi-scale changes.

Materials 2023, 16, 1727. https:/ /doi.org/10.3390/mal6041727 https://www.mdpi.com/journal /materials
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This Special Issue aims to call for research papers and review articles encompassing
in situ observations, laboratory experiments, theoretical analyses, numerical simulations,
and big-data-based analyses concerning characterisations for geomaterials.

Potential topics include, but are not limited to, the following:

(1) Characterisations of geomaterials;

(2) Drilling and blasting performances of rock and rock-like materials;

(3) Cuttabilities of geomaterials;

(4) Fracabilities of geomaterials;

(5) Permeability properties of geomaterials;

(6) Dynamic response of geomaterial;

(7) Geomaterial behaviours;

(8) Geomaterial strength;

(9) Geomaterial deformation;

(10) Geomaterial fracture;

(11) Stress wave propagation in geomaterials;

(12) Thermodynamic properties of geomaterials;

(13) Beneficial utilisations of geomaterials.

Potential methodologies for studying geomaterials include, but are not limited to,
the following:

(1) Experimental investigation;

(2) Field observation and monitoring;

(3) Theoretical analyses;

(4) Geostatistics;

(5) Numerical simulation;

(6) Big-data-based methods;

(7) Data mining and deep learning.

The guest editors hope that the selected papers for this Special Issue will help scholars
and researchers in pushing forward and progressing in experimental, theoretical, numeri-
cal, and big-data-based investigations on characterisations for geomaterials, and provide
some valuable information and recommendations for geotechnical, mining, tunnelling,
and drilling engineers.

Acknowledgments: We express our thanks to the authors for their contributions, as well as to the
journal Mathematics and MDPI for their support during this work.
Conflicts of Interest: The authors declare no conflict of interest.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



o’ .
Yeel materials
e w

Article

Predicting the Temperature-Dependent Long-Term Creep
Mechanical Response of Silica Sand-Textured Geomembrane
Interfaces Based on Physical Tests and Machine

Learning Techniques

Zhiming Chao 2%, Haoyu Wang 3, Hanwen Hu *7, Tianchen Ding 4 and Ye Zhang **

Citation: Chao, Z.; Wang, H.; Hu, H,;
Ding, T.; Zhang, Y. Predicting the
Temperature-Dependent Long-Term
Creep Mechanical Response of Silica
Sand-Textured Geomembrane
Interfaces Based on Physical Tests
and Machine Learning Techniques.
Materials 2023, 16, 6144. https://
doi.org/10.3390/mal6186144

Academic Editor: Krzysztof

Schabowicz

Received: 14 August 2023
Revised: 5 September 2023
Accepted: 7 September 2023
Published: 10 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Shanghai Estuarine and Coastal Science Research Center, Shanghai 201201, China

Institute of Water Sciences and Technology, Hohai University, Nanjing 211106, China

College of Ocean Science and Engineering, Shanghai Maritime University, Shanghai 200135, China
Mentverse Ltd., 25 Cabot Square, Canary Wharf, London E14 4QZ, UK

Correspondence: ye.zhang@mentverse.co.uk; Tel.: +44-7557782175

These authors contributed equally to this work.

W N =

*

Abstract: Preciously assessing the creep mechanical response of sand—geomembrane interfaces is
vital for the design of relevant engineering applications, which is inevitable to be influenced by
temperature and stress statuses. In this paper, based on the self-developed temperature-controlled
large interface shear apparatus, a series of long-term creep shear tests on textured geomembrane—
silica sand interfaces in different temperatures, normal pressure, and creep shear pressure were
conducted, and a database compiled from the physical creep shear test results is constructed. By
adopting the database, three disparate machine learning algorithms of the Back Propagation Artificial
Neural Network (BPANN), the Support Vector Machine (SVM) and the Extreme Learning Machine
(ELM) were adopted to assess the long-term creep mechanical properties of sand-geomembrane
interfaces while also considering the influence of temperature. Then, the forecasting results of the
different algorithms was compared and analyzed. Furthermore, by using the optimal machine
learning model, sensitivity analysis was carried out. The research indicated that the BPANN model
has the best forecasting performance according to the statistics criteria of the Root-Mean-Square
Error, the Correlation Coefficient, Wilmot’s Index of Agreement, and the Mean Absolute Percentage
Error among the developed models. Temperature is the most important influence factor on the creep
interface mechanical properties, followed with time. The research findings can support the operating
safety of the related engineering facilities installed with the geomembrane.

Keywords: sand; creep shear mechanical response; SVM; BPANN

1. Introduction

As an excellent water-proofing material, geomembrane is extensively used as con-
struction material in various engineering applications [1-5]. With the development of a
geomembrane manufacturing technology, different types of this material are available.
Among them, textured geomembrane is the most popular in practical engineering applica-
tions because textured geomembrane can form a strong interface mechanical performance
when in contact with other construction material, such as soil, due to the existence of
texture on the geomembrane surfaces [6,7]. Although compared to other types of ge-
omembrane, the interfaces between textured geomembrane and soil have better stability,
but the textured geomembrane—soil interface is still the weakest component in engineer-
ing facilities [8-13]. Thus, the correct estimation of the interface mechanical properties
between textured geomembrane and soil is critical for the operating safety of relative
engineering facilities.

Materials 2023, 16, 6144. https:/ /doi.org/10.3390/mal6186144
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In general, the service life of geomembrane in engineering infrastructure is
over decades [14,15]. During the operation of engineering applications, the textured
geomembrane—soil interface is often subjected to constant creep shear stress resulting
from the overlaying construction material [16,17]. The long-term creep interface defor-
mation has an obvious difference with the short-term deformation caused by the rapid
loading of shear stress. The occurrence of creep shear deformation is more hidden and the
deformation can rise rapidly in a short period, which has a more significant hazard on the
safety of engineering facilities [18,19]. It highlights the necessity of preciously predicting
the long-term creep mechanical response of textured geomembrane—soil interfaces.

In reality, the engineering environment is complex, and the buildings installed with
geomembrane are often subjected to temperature loadings [20-25]. For example, due to
the exothermal reaction of buried waste biodegradation, the inside temperature of landfills
can reach 60~80 °C [26,27]. As a common water-proofing material, it is inevitable that
geomembrane installed in landfills will experience a high temperature environment. Since
the main raw material of producing geomembrane is thermal-softening plastic materials
such as nylon, polyethylene, etc., in elevated temperatures, the softening of geomembrane
may occur [28]. This has an obvious influence on the interface mechanical properties
between geomembrane and soil [16]. Especially for textured geomembrane, the softening
of texture can remarkably change the interaction between geomembrane and soil to result
in a considerable impact on the interface’s mechanical response [29,30]. However, due
to the limitation of the temperature-controlled interface shear apparatus, at present, the
research involving the assessment of the temperature-dependent mechanical properties
for geomembrane-soil interfaces is rare, let alone the investigation about the long-term
creep mechanical behavior of textured temperature-soil interfaces by considering the
temperature effects.

The interaction between textured geomembrane and soil is complicated, which leads
to the multiple influence factors on the mechanical performance of textured geomembrane-
soil interfaces [31-33]. Especially for the temperature-dependent creep shear mechanical
response, it requires to consider the factors of time and temperature, which further in-
creases the complexity of the interface action mechanism. The complex interaction and
multiple impact factors cause the difficulty of predictive modelling for the long-term creep
mechanical behavior of textured geomembrane—soil interfaces by considering the temper-
ature effects and adopting the traditional estimation methods, such as the mathematical
statistical approach, etc. [15,34]. Due to the development in computer technology, in recent
years, the machine learning techniques are extensively adopted to replicate the complex
action mechanism by considering multiple influence factors [30,35-41]. In the field of civil
engineering, machine learning modeling techniques have found widespread use, including
but not limited to the following;:

(1) estimating rock permeability [42,43];
(2) predicting interface shear strength [44—46];
(38) assessing cement mortar permeability [47,48].

The existing research manifesting the machine learning methods can describe the com-
plex relationships between plentiful factors with high precision and efficiency. However,
in the published research, the investigation involving the modelling of the temperature-
dependent long-term creep mechanical response of the textured geomembrane—soil inter-
face by adopting machine learning techniques is not reported.

In this paper, the effectiveness of the three disparate machine learning algorithms
in assessing the temperature-dependent long-term creep interface mechanical response
between textured geomembrane and silica sand are compared and analyzed, including
the Backpropagation Artificial Neural Network (BPANN), the Support Vector Machine
(SVM), and the Extreme Learning Machine (ELM). Moreover, by using the optimal machine
learning predictive model, the sensitivity analysis of different influence factors on the creep
shear mechanical response of textured geomembrane-silica sand interfaces is conducted to
determine the relative importance. The research outcomes can provide an effective tool for
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estimating the temperature-dependent long-term creep mechanical properties of textured
geomembrane—sand interfaces, which can provide a reference for the construction of related
engineering services.

2. Physical Experiment

To obtain the data for machine learning modeling, a self-developed large interface
direct shear apparatus was utilized, and the tested geomembrane is shown in Figure 1. The
temperature—controlled creep shear tests on silica sand-textured geomembrane interfaces
were conducted at 25 kPa, 50 kPa, and 100 kPa under normal stress, and the creep shear
stress level was 50%, 70%, and 90% of the monotonic peak shear strength for the interface
under the corresponding normal stress. For each test condition, three different temperatures
of 30 °C, 60 °C, and 200 °C were adopted. The specific test procedure is as follows:

(1) Extured geomembrane and silica sand sample was installed;

(2) The interface temperature was adjusted to the predetermined value and kept stable
during the whole test;

(38) The interface was consolidated under the corresponding normal stress for 12 h;

(4) A certain shear stress was imposed on the interfaces and kept stable during the whole test;

(5) The test was terminated until the interface failed or the test duration (6 days) ran out.

The properties of the test material are listed in Table 1, and the test scheme is shown
in Table 2.

Length: 460mm

280mm

Width:

Figure 1. The tested textured geomembrane.

Table 1. The properties of the test sample.

Thickness (mm) 2.0

Textured height (mm) 0.26

Textured geomembrane Frac.turmg strength (N/mm) 16.2
(Flat die extruded) Yield strength (N/mm) 22.3
ee ¢ Yield elongation rate (%) 12.2
Fracturing elongation rate (%) 120
Puncture strength (N) 195

Particle size range (mm) 0.075~2

Density (g/ cmd) 1.50
. Optimum water content (%) 10

Silica sand Uniformity coefficient 3.327
Curvature coefficient 0.3

Median particle size (mm) 0.785
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Table 2. Test scheme.

Normal

Test Sample Pressure (kPa)

Temperature (°C) Creep Shear Stress

50%, 70%, and 90% of
the monotonic
interface peak shear
strength

Silica sand-textured
geomembrane 25,50, 100 30, 60, 200
interface

3. Machine Learning Algorithm

By adopting the afore physical test results, three different kinds of machine learning
algorithms, BPANN, SVM and ELM, were selected to establish the predictive models on the
temperature-dependent creep shear mechanical response of textured geomembrane-sand
interfaces by adopting the program software Matlab_R2022b_Windows. The introduction
of the adopted machine learning algorithms is presented below.

3.1. BPANN

Artificial Neural Network is the most prevalent machine learning algorithm, which
can be divided as different kinds [49-51]. Among them, the BPANN is the most extensively
adopted in civil engineering areas [10,52]. The BPANN model is composed of the input,
hidden, and output layers. In this research, the input parameters are normal pressure,
creep shear stress, temperature, and time, which corresponds to four joints in the input
layer. The output parameter is the creep shear displacement, which corresponds to one
joint in the output layer. The joint number of the hidden layer is ascertained by adopting
the exhaustive approach, which is 5 in this research. The schematic diagram of the adopted
BPANN model structure is shown in Figure 2. The activation function and network training
algorithm in the BPANN model adopts the Hyperbolic Tangent Sigmoid Transfer Function
and the Levenberg-Marquardt Backpropagation Algorithm, respectively.

Hidden Layer

Input Layer .
_X—f |
— = »f

X, | . Output Layer
L g
H e

;
X |
= 8
Xe |
>

. H

M,
Figure 2. The schematic diagram of BPANN model.
3.2. SVM

SVM is another widely adopted machine learning algorithm, which can describe the
complex relationship between multiple variables based on the limited number of sample
data [53,54]. Also, SVM can project low-dimensional data to high-dimensional data by
adopting the kernel function so that the non-linear modelling can be transformed into
linear modelling [55,56]. Additionally, SVM can adopt the k-fold cross-validation method
(k-CV) in conducting modelling. The theory of k-CV is to divide the original data as equal
groups. Among the groups, k-1 groups are adopted as the training data, and the left group
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is adopted for validation. By selecting different data groups as the testing dataset, the train
and validation procedure is repetitive with k times, and the average predictive outcomes of
the k times are used as the final value. In this research, the value of k is taken as 10.

3.3. ELM

ELM originates from the ANN model, with the structure being similar with the
feedforward ANN [57]. However, in some cases, compared to the ANN model, ELM can
achieve complex modelling in a short period, with low computation cost. Like ANN, the
joint number of the ELM hidden layer also impacts the forecasting behavior significantly.
Therefore, the same exhaustive method is adopted to determine the hidden layer joint
number in ELM as 5. For the input and output layer joint number, they are 4 and 1,
corresponding to the four input parameters and one output parameter, respectively. The
activation function adopts the Logarithmic Sigmoid Function.

4. Machine Learning Modelling
4.1. Establishment of the Database

Based on the aforementioned test results, the database was established. The database
includes 27,000 datasets. Each dataset consists of four input parameters of normal pressure,
creep shear pressure, time, and temperature, and one output parameter of creep shear
displacement. The range of normal pressure is from 25 kPa to 100 kPa, and the time is from
0 min to 8640 min, with the temperature ranging from 30 °C to 200 °C. The parameters were
chosen because they have large influence on the creep mechanical response of textured
geomembrane-soil interfaces, as indicated by the existing research [1,58]. The statistics for
the input and output parameters is listed in Table 3. The data distribution for the database
is shown in Figure 3, with the x-axis and the y-axis representing the value of the input
parameters and the corresponding data group number, respectively.

8000 H 8000
P 6000 H 86000 H
4 g
g 2
© 4000 H © 4000 H
2000 H 2000
0 0 D
25 kPa 50 kPa 100 kPa 50% 70% 90%
Normal Pressure Creep Shear Pressure
(a) (b)
3.0 n
8000 H
25
6000 H 2.0H
g 4
g &
L 15
© 4000 H E]
o]
1.0 H
2000 H
0.5 H
0 0.0
30°C 60°C 200°C 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
Temperature Time/minute
(c) (d)

Figure 3. Data distribution of the complied database. (a) Normal pressure; (b) creep shear pressure;
(c) temperature; and (d) time.
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Table 3. The statistics.

Parameters Minimum Value Maximum Mean Value Stan.da.rd
Value Deviation
Normal pressure
(kPa) 25 100 59 30.6
Creep shear 50% of the peak 20 /;ththe 70 /Loithe
Input pressure shear strength pea’ sheat peak shear 20.39
strength strength
Time 0 8640 4320 650
(minute)
Temperature (°C) 30 200 95 20.72
Output Creep shear 0 47.20 24.50 6.40

displacement (mm)

4.2. Data Processing

Before machine learning modelling, it was required to divide the database into the
training data, to train the models, and the testing data, to validate the predictive perfor-
mance of the models. In this paper, the division ratio is set as 80% (21,600 groups) for the
training data and 20% (5400 groups) for the testing data. Also, to improve the predictive
precision and efficiency, the input data were normalized by adopting Equation (1).

2(x — xmin)
XNormalised = -1 (1)
Xmax — Xmin
where XNormatised and x indicates the normalized and original values, respectively, and Xmin
and xmax indicates the minimum and maximum values, respectively.

4.3. Precision Assessment Indexes

To quantitatively analyze the forecasting accuracy of the constructed machine learning
models, the following four assessment indexes were adopted: Root-Mean-Square Error
(RMSE), Coefficient of Determination (R%), Mean Absolute Percentage Error (MAPE), and
Wilmot’s Index of Agreement (WI), as presented in Equations (2)-(5).

(yi — fi) )

where 7 indicates the data number, y; indicates the measured data, and f; indicates the
assessing value. The less the RMSE value is, the more precise the model.

n . £)2
R2—=1 — =1 (Vi sz) ®)

n

i=1 (vi — y)z

where y indicates the average measured value.

100% - |y, — fi]
MAPE = 4
. 1; v (4)
T (- f)?
Wi=1- "= - ®)
L (fi—y|+ pi— )2

i=1
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5. Result and Analysis
5.1. Determining the Optimal Hidden Layer Joint Number

As aforementioned, the hidden layer joint number has a significant influence on the
assessing results of the BPANN and ELM models. To determine the optimum number of
hidden layer joints, the exhaustive approach was adopted with RMSE as the assessment

index. The results are shown in Figure 4.
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Figure 4. The optimization process. (a) BPANN; and (b) ELM.

Based on Figure 4, the hidden layer joint number has a considerable impact on the
RMSE value of the BPANN and ELM models, ranging from 4.23 to 26.97 and from 236.24
to 4.51, respectively. By comparing the assessing results of the BPANN and ELM models
containing various hidden layer joint numbers, it is found that when the hidden layer joint
number is 5, both the BPANN and ELM models reach the high estimation precision of 4.23
and 4.51, respectively. Thus, in this research, both the BPANN and ELM models adopt five

hidden layer joints.
5.2. Assessment Results of Various Machine Learning Models

The forecasting precision of different machine learning models on the train and test
datasets, based on the indexes of RMSE, MAPE, WI, and R?, is shown in Figures 5-8.

6.24
(N 5.9 7M
Testing dataset 7&
5k Training dataset
4,29
st 7
= 13. 64
[a'd
3 -
2 -
1 -
0 1

Figure 5. RMSE value.
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Figure 7. Wl value.

As shown in Figures 5-8, based on the assessment indexes of RMSE, MAPE, WI, and
R?, the assessing precision of the BPANN model is the highest among the models in the
aspect of assessing the training dataset. In the quantitative analysis, the BPANN model
achieved the lowest RMSE (3.64) and MAPE (11.24%) and the largest R? (0.99) and WI (0.96).
It is followed by the SVM model, and its forecasting performance is better than the ELM
model. For example, the RMSE value and the MAPE value of the ELM model (5.96 and
17.46%, respectively) is higher than that of the SVM model (5.39 and 17.2%, respectively).
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Figure 8. R? value.

In the aspect of the forecasting behavior on the testing datasets, as presented in
Figures 5-8, like the outcomes on the training datasets, the assessing precision of the
BPANN model is the best among the different algorithms. More specifically, among the
models, the RMSE and MAPE values of the BPANN model is the most low, with 4.29 and
15.64%, respectively, and the R? and WI values of the BPANN model is the largest, with
0.96 and 0.95, respectively. For the SVM and ELM models, their forecasting performance is
different based on the different assessment indexes. For example, the RMSE value of the
ELM model (6.24) is higher than that of the SVM model (5.9), which indicates the superior
performance of the SVM model than the ELM model. In comparison, the MAPE value of
the ELM model (19.1%) is less than that of the SVM model (20.9%), which indicates the
better precision of the ELM model than that of the SVM model.

5.3. Sensitivity Analysis

To investigate the relative significance of different factors on influencing the creep
shear mechanical response of textured geomembrane-silica sand interfaces, the Garson’s
Algorithm was adopted to quantitatively assess the relative significance for the input
parameters on the long-term creep shear mechanical properties of the interfaces. The
formula for Garson’s Algorithm [59,60] is presented in Equation (6), and the calculated
relative significance for the input parameters is depicted in Figure 9.

L N
L (’Wijwjk‘/ Y [Wi])
]:1 r=1

L

Rjx = (6)

N
(’Wijwjk‘/ W)
i=1j=1 r=1
where Ry indicates the parameter relative importance; Wi]-,ij indicates the connection
weight between the input and hidden layers as well as the hidden and output layers; N
indicates the input parameter number; and M indicates the output parameter number.
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Figure 9. The sensitivity analysis results.

According to Figure 9, temperature has the highest influence on the long-term creep
shear mechanical properties of textured geomembrane-sand interfaces, with the relative
significance of 31.68%. It is followed by time, with the percentage of 29.23%. In com-
parison, normal pressure and creep shear pressure have a relatively small impact on the
creep shear mechanical response of the interfaces, with the proportions of 18.47% and
20.62%, respectively.

6. Case Study

To verify the reliability of the established machine learning models, a case study
is carried out to assess the creep shear displacement of a textured geomembrane-silica
sand interface in specific normal pressure, creep shear pressure, temperature, and time
by adopting the developed BPANN model. The predicting results were compared with
the creep shear displacement measured in the laboratory tests to verify the precision
of this model. The specific test conditions and the corresponding input parameters for
the BPANN model are listed in Table 4. The predicted creep shear displacement of the
interface by using the BPANN model and the measured value in the physical test is
presented in Figure 10.

Table 4. The test conditions and the corresponding input values.

Test Condition Value Input Value
Temperature 50 °C,90 °C 50, 90
Time 2000 min, 4000 min 2000, 4000
Normal stress 60 kPa, 100 kPa 60, 100
Creep shear pressure 70% of the peak shear strength 70

According to Figure 10, the assessed creep shear displacements of the textured
geomembrane-silica sand interface in the specific normal pressure, creep shear pressure,
temperature, and time obtained from the BPANN model are similar to the measured creep
shear displacements in the physical test. It indicates the developed machine learning model
can estimate the temperature-dependent long—term creep shear mechanical response of the
textured geomembrane-silica sand interfaces preciously.
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Figure 10. The measured and predicted creep shear displacement.

7. Limitation

Despite the research presenting precious findings, there are limitations for this re-
search. (1) The adopted database for establishing the machine learning models consists of
27,000 datasets, which is not less. However, it still has the room to further enlarge, and
the forecasting performance for the machine learning models can be continually enhanced
if the bigger database is available; and (2) the influence factors on the creep shear me-
chanical properties of textured geomembrane-silica sand interfaces are many. Except for
the selected input parameters in this research, the properties of textured geomembrane
and sand also have impacts on the mechanical response. It should be considered in the
future investigation.

8. Conclusions

In this paper, by adopting the self-developed large temperature-controlled interface
shear apparatus, a series of long-term creep shear tests on textured geomembrane-silica
sand interfaces in different temperatures, normal pressure, and creep shear pressure were
conducted. Based on the physical test results, the machine learning models for assess-
ing the temperature-dependent long-term creep shear mechanical response of textured
geomembrane-silica sand interfaces were established by using three different machine
learning algorithms of BPANN, SVM, and ELM. Then, the forecasting outcomes of the
different machine learning models were compared and analyzed. After that, by using
the optimal machine learning model combined with Garson’s Algorithm, the sensitivity
analysis was carried out to determine the relative significance of the input parameters on
influencing the creep shear mechanical properties of the interfaces. In the end, the case
study was conducted to verify the reliability for the results forecasted from the constructed
machine learning model by comparing with the measured mechanical response of the
interfaces in the physical tests.

The main research outcomes are as follows: The hidden layer joint number has a
considerable impact on the assessing precision of the BPANN and ELM models. Compared
to SVM and ELM model, the BPANN model has a superior performance in forecast-
ing the temperature-dependent long-term creep shear mechanical response of textured
geomembrane-silica sand interfaces based on the assessment indexes of RMSE, R, WI,
and MAPE. The sensitivity analysis indicates the influence of temperature on the creep
shear mechanical properties of textured geomembrane-silica sand interfaces is the largest,
followed by time, and creep shear pressure and normal pressure have relative low influence.

13
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For future research directions, it is advisable to consider the incorporation of additional
factors into the modeling process, such as wet—dry cycling and the characterization of
geomembranes (whether they are smooth or textured). Furthermore, the application of 3D
printing technology can be explored to fabricate geomembranes with varying protrusion
heights. Subsequent experiments can be conducted to gather extensive data, thus facilitating
the expansion of the machine learning model’s database. These steps are essential in
the development of a machine learning model with improved accuracy and enhanced
generalization capabilities for the prediction of long-term creep mechanical properties at
geomembrane—soil interfaces.

Author Contributions: Conceptualization, Z.C.; Investigation, HW. and H.H.; Resources, Z.C.; Data
curation, H.H. and Y.Z.; Writing—original draft, Z.C.; Writing—review & editing, Z.C., HW. and
Y.Z.; Visualization, HW., T.D. and Y.Z.; Supervision, T.D.; Funding acquisition, Z.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the consistent support of the National Natural Science
Foundation of China (No. 52301327). The paper is also sponsored by the 2022 Open Project of Failure
Mechanics and Engineering Disaster Prevention, Key Lab of Sichuan Province (No. FMEDP202209);
the Shanghai Sailing Program (No. 22YF1415800, No. 23YF1416100); Finally, this project is also
funded by the Shanghai Natural Science Foundation (No. 23ZR1426200), the China Postdoctoral
Science Foundation (No. 2023M730929), The Shanghai Soft Science Key Project (No. 23692119700),
the Key Laboratory of Ministry of Education for Coastal Disaster and Protection, Hohai University
(No. 202302), and the Key Laboratory of Estuarine & Coastal Engineering, Ministry of Transport
(No. KLECE202302).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: In this paper, all the data, models, and code used during the study
appear in the submitted article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Aratjo, G.L.S,; Sanchez, N.P; Palmeira, E.M.; Almeida, M.D.G.G.D. Influence of micro and macroroughness of geomembrane
surfaces on soil-geomembrane and geotextile-geomembrane interface strength. Geotext. Geomembr. 2022, 50, 751-763. [CrossRef]

2. Abdelaal, F; Solanki, R. Effect of geotextile ageing and geomembrane surface roughness on the geomembrane-geotextile interfaces
for heap leaching applications. Geotext. Geomembr. 2022, 50, 55-68. [CrossRef]

3. Zainab, B.; Wireko, C.; Li, D.; Tian, K.; Abichou, T. Hydraulic conductivity of bentonite-polymer geosynthetic clay liners to coal
combustion product leachates. Geotext. Geomembr. 2022, 49, 1129-1138. [CrossRef]

4. Zainab, B.; Tian, K. Effect of effective stress on hydraulic conductivity of bentonite—polymer geosynthetic clay liners to coal
combustion product leachates. Environ. Geotech. 2021, 40, 1-12. [CrossRef]

5. Li, D,; Tian, K. Effects of prehydration on hydraulic conductivity of bentonite-polymer geosynthetic clay liner to coal com-bus-tion
product leachate. Geo-Congress 2022, 2022, 568-577.

6. Rowe, RK;; Fan, J. Effect of geomembrane hole geometry on leakage overlain by saturated tailings. Geotext. Geomembr. 2021, 49,
1506-1518. [CrossRef]

7. Rowe, RK;; Jabin, E. Effect of prehydration, permeant, and desiccation on GCL/Geomembrane interface transmissivity. Geotext.
Geomembr. 2021, 49, 1451-1469. [CrossRef]

8.  Chao, Z,; Shi, D.; Fowmes, G. Mechanical behaviour of soil under drying-wetting cycles and vertical confining pressures. Environ.
Geotech. 2023, 1-9. [CrossRef]

9.  Cui, C.-Y,; Zhang, S.-P; Yang, G.; Li, X.-F. Vertical vibration of a floating pile in a saturated viscoelastic soil layer overlaying
bedrock. J. Central S. Univ. 2016, 23, 220-232. [CrossRef]

10.  Shu, Z,; Ning, B.; Chen, J.; Li, Z.; He, M,; Luo, J.; Dong, H. Reinforced moment-resisting glulam bolted connection with coupled
long steel rod with screwheads for modern timber frame structures. Earthq. Eng. Struct. Dyn. 2023, 52, 845-864. [CrossRef]

11. Meng, K,; Cui, C,; Liang, Z.; Li, H.; Pei, H. A new approach for longitudinal vibration of a large-diameter floating pipe pile in
visco-elastic soil considering the three-dimensional wave effects. Comput. Geotech. 2020, 128, 103840. [CrossRef]

12, Cui, C; Xu, M,; Xu, C.; Zhang, P; Zhao, ]. An ontology-based probabilistic framework for comprehensive seismic risk evaluation

of subway stations by combining Monte Carlo simulation. Tunn. Undergr. Space Technol. 2023, 135, 105055. [CrossRef]

14



Materials 2023, 16, 6144

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cui, C.; Meng, K; Xu, C; Liang, Z.; Li, H.; Pei, H. Analytical solution for longitudinal vibration of a floating pile in saturated
porous media based on a fictitious saturated soil pile mode. Comput. Geotech. 2021, 131, 103942. [CrossRef]

Eldesouky, H.; Brachman, R. Calculating local geomembrane strains from gravel particle indentations with thin plate theory.
Geotext. Geomembr. 2023, 51, 56-72. [CrossRef]

Francey, W.; Rowe, R.K. Importance of thickness reduction and squeeze-out Std-OIT loss for HDPE geomembrane fusion seams.
Geotext. Geomembr. 2023, 51, 30-42. [CrossRef]

Abdelaal, F.B.; Rowe, R K. Physical and mechanical performance of an HDPE geomembrane in 10 mining solutions with different
pHs. Can. Geotech. |. 2023, 60, 978-993. [CrossRef]

Zhang, W.; Shi, D.; Shen, Z.; Wang, X.; Gan, L.; Shao, W.; Tang, P.; Zhang, H.; Yu, S. Effect of calcium leaching on the fracture
properties of concrete. Constr. Build. Mater. 2023, 365, 130018. [CrossRef]

Ng, C.W,; Chen, R;; Coo, ].; Liu, J.; Ni, J.; Chen, Y.; Zhan, L.-T.; Guo, H.; Lu, B. A novel vegetated three-layer landfill cover system
using recycled construction wastes without geomembrane. Can. Geotech. J. 2019, 56, 1863-1875. [CrossRef]

Cai, X,; Yuan, J.; Zhou, Z.; Pi, Z.; Tan, L.; Wang, P.; Wang, S.; Wang, S. Effects of hole shape on mechanical behavior and fracturing
mechanism of rock: Implications for instability of underground openings. Tunn. Undergr. Space Technol. 2023, 141, 105361.
[CrossRef]

Zhang, X.; Ma, Z.; Wu, Y,; Liu, ]. Response of Mechanical Properties of Polyvinyl Chloride Geomembrane to Ambient Temperature
in Axial Tension. Appl. Sci. 2021, 11, 10864. [CrossRef]

Zhou, Z.; Wang, P; Cai, X.; Cao, W. Influence of Water Content on Energy Partition and Release in Rock Failure: Implications for
Water-Weakening on Rock-burst Proneness. Rock Mech. Rock Eng. 2023, 56, 6189-6205. [CrossRef]

Zhou, Z.; Cai, X.; Li, X,; Cao, W.; Du, X. Dynamic Response and Energy Evolution of Sandstone Under Coupled Static-Dynamic
Compression: Insights from Experimental Study into Deep Rock Engineering Applications. Rock Mech. Rock Eng. 2020, 53,
1305-1331. [CrossRef]

Cui, C.Y;; Meng, K.; Wy, YJ.; Chapman, D.; Liang, Z. Dynamic response of pipe pile embedded in layered visco-elastic media
with radial inho-mogeneity under vertical excitation. Geomech. Eng. 2018, 16, 609-618.

Cui, C,; Liang, Z.; Xu, C.; Xin, Y.; Wang, B. Analytical solution for horizontal vibration of end-bearing single pile in radially
heterogeneous saturated soil. Appl. Math. Model. 2023, 116, 65-83. [CrossRef]

Cui, C.; Meng, K,; Xu, C.; Wang, B.; Xin, Y. Vertical vibration of a floating pile considering the incomplete bonding effect of the
pile-soil interface. Comput. Geotech. 2022, 150, 104894. [CrossRef]

Samea, A.; Abdelaal, F.B. Effect of elevated temperatures on the degradation behaviour of elastomeric bituminous geomem-branes.
Geotext. Geomembr. 2023, 51, 219-232. [CrossRef]

Cui, C,; Zhang, S.; Chapman, D.; Meng, K. Dynamic impedance of a floating pile embedded in poro-visco-elastic soils subjected
to vertical harmonic loads. Geomech. Eng. 2018, 15, 793-803.

Abdelaal, F.; Morsy, M.; Rowe, R.K. Long-term performance of a HDPE geomembrane stabilized with HALS in chlorinated water.
Geotext. Geomembr. 2019, 47, 815-830. [CrossRef]

Mhamed, M.; Sutcliffe, R.; Sun, X; Feng, J.; Retta, E.A. Arabic sentiment analysis using GCL-based architectures and a customized
regularization function. Eng. Sci. Technol. Int. J. 2023, 43, 101433.

Janiesch, C.; Zschech, P.; Heinrich, K. Machine learning and deep learning. Electron. Mark. 2021, 31, 685-695. [CrossRef]
Cazzuffi, D.; Gioffre, D. Lifetime assessment of exposed PVC-P geomembranes installed on Italian dams. Geotext. Geomembr.
2020, 48, 130-136. [CrossRef]

Dong, Y.; Cui, L.; Zhang, X. Multiple-GPU parallelization of three-dimensional material point method based on single-root
complex. Int. . Numer. Meth. Eng. 2022, 123, 1481-1504. [CrossRef]

Zhao, G.; Wu, T,; Ren, G.; Zhu, Z.; Gao, Y.; Shi, M; Ding, S.; Fan, H. Reusing waste coal gangue to improve the dispersivity and
mechanical properties of dispersive soil. J. Clean. Prod. 2023, 404, 136993. [CrossRef]

Anjana, R.; Keerthana, S.; Arnepalli, D.N. Coupled effect of UV ageing and temperature on the diffusive transport of aqueous,
vapour and gaseous phase organic contaminants through HDPE geomembrane. Geotext. Geomembr. 2023, 51, 316-329. [CrossRef]
Wang, F.; Zhang, D.; Huang, H.; Huang, Q. A phase-field-based multi-physics coupling numerical method and its application in
soil-water inrush accident of shield tunnel. Tunn. Undergr. Space Technol. 2023, 140, 105233. [CrossRef]

Wang, E; Huang, H.; Zhang, D.; Zhou, M. Cracking feature and mechanical behavior of shield tunnel lining simulated by a
phase-field modeling method based on the spectral decomposition. Tunn. Undergr. Space Technol. 2021, 119, 104246. [CrossRef]
Wang, F.; Zhou, M.; Shen, W.; Huang, H.; He, ]. Fluid-solid-phase multi-field coupling modeling method for hydraulic fracture of
saturated brittle porous materials. Eng. Fract. Mech. 2023, 286, 109231. [CrossRef]

Zargar, O.; Pharr, M.; Muliana, A. Modeling and simulation of creep response of sorghum stems: Towards an understanding of
stem geometrical and material variations. Biosyst. Eng. 2022, 217, 1-17. [CrossRef]

Li, D; Jiang, Z.; Tian, K.; Ji, R. Prediction of hydraulic conductivity of sodium bentonite GCLs by machine learning approaches.
Environ. Geotech. 2023, 1-17. [CrossRef]

Zhang, W.; Shi, D.; Shen, Z.; Zhang, J.; Zhao, S.; Gan, L.; Li, Q.; Chen, Y.; Tang, P. Influence of chopped basalt fibers on the fracture
performance of concrete subjected to calcium leaching. Theor. Appl. Fract. Mech. 2023, 125, 103934. [CrossRef]

Hart, G.L.W,; Mueller, T.; Toher, C.; Curtarolo, S. Machine learning for alloys. Nat. Rev. Mater. 2021, 6, 730-755. [CrossRef]

15



Materials 2023, 16, 6144

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Chao, Z.; Dang, Y,; Pan, Y.; Wang, F.; Wang, M.; Zhang, J.; Yang, C. Prediction of the shale gas permeability: A data mining
approach. Geomech. Energy Environ. 2023, 33, 100435. [CrossRef]

Zhang, W.; Shi, D.; Shen, Z.; Shao, W.; Gan, L.; Yuan, Y.; Tang, P.; Zhao, S.; Chen, Y. Reduction of the calcium leaching effect
on the physical and mechanical properties of concrete by adding chopped basalt fibers. Constr. Build. Mater. 2023, 365, 130080.
[CrossRef]

Chao, Z.; Shi, D.; Fowmes, G.; Xu, X.; Yue, W.; Cui, P; Hu, T,; Yang, C. Artificial intelligence algorithms for predicting peak shear
strength of clayey soil-geomembrane interfaces and experimental validation. Geotext. Geomembr. 2023, 51, 179-198. [CrossRef]
Dong, Y.; Wang, D.; Randolph, M.F. Investigation of impact forces on pipeline by submarine landslide using material point
method. Ocean Eng. 2017, 146, 21-28. [CrossRef]

Sabitova, A.; Yarushina, V.M.; Stanchits, S.; Stukachev, V.; Khakimova, L.; Myasnikov, A. Experimental compaction and dilation of
porous rocks during triaxial creep and stress relaxation. Rock Mech. Rock Eng. 2021, 54, 5781-5805. [CrossRef]

Pillai, A.G.; Gali, M.L. Digital image-based performance evaluation of GCL-sand interfaces under repeated shearing. Geosynth.
Int. 2022, 1-21. [CrossRef]

Fan, N; Jiang, J.; Nian, T.; Dong, Y.; Guo, L.; Fu, C; Tian, Z.; Guo, X. Impact action of submarine slides on pipelines: A review of
the state-of-the-art since 2008. Ocean Eng. 2023, 286, 115532. [CrossRef]

Piegari, E.; De Donno, G.; Melegari, D.; Paoletti, V. A machine learning-based approach for mapping leachate contamination
using geoelectrical methods. Waste Manag. 2023, 157, 121-129. [CrossRef]

Shao, W.; Xiong, Y.; Shi, D.; Xu, X.; Yue, W.; Soomro, M.A. Time dependent analysis of lateral bearing capacity of reinforced
concrete piles combined with corrosion and scour. Ocean Eng. 2023, 282, 115065. [CrossRef]

Sanchez, D.; Gilchrist, D.; Yang, S.; Bandara, KM.A.S.; Gamage, R.P.; Zheng, W. Experimental characterization of time-dependent
mechanical behaviours of frac sand at high compressive stresses and implication on long-term proppant conductivity. Geomech.
Geophys. Geo-Energy Geo-Resour. 2022, 8, 1-18. [CrossRef]

Camarena-Martinez, R.; Lizarraga-Morales, R.A.; Baeza-Serrato, R. Classification of Geomembranes as Raw Material for Defects
Reduction in the Manufacture of Biodigesters Using an Artificial Neuronal Network. Energies 2021, 14, 7345. [CrossRef]

Fleury, M.P,; Kamakura, G.K.; Pitombo, C.S.; Cunha, A.L.B.; da Silva, J.L. Prediction of non-woven geotextiles’ reduction factors
for damage caused by the drop of backfill materials. Geotext. Geomembr. 2023, 51, 120-130. [CrossRef]

Wang, H.; Li, L.; Li, J.; Sun, D. Drained expansion responses of a cylindrical cavity under biaxial in situ stresses: Numerical
in-vestigation with implementation of anisotropic S-CLAY1 model. Can. Geotech. J. 2023, 60, 198-212. [CrossRef]

Scholkopf, B.; Smola, A.]J. Learning with Kernels: Support Vector Machines, Regularization, Optimization, and Beyond; MIT Press:
Cambridge, MA, USA, 2001.

Zang, W.; Zheng, Y.; Zhang, Y.; Lin, X,; Li, Y.; Fernandez-Rodriguez, E. Numerical Investigation on a Diffuser-Augmented
Horizontal Axis Tidal Stream Turbine with the Entropy Production Theory. Mathematics 2022, 11, 116. [CrossRef]

Witten, I.H.; Frank, E.; Hall, M.A. Data Mining Fourth Edition: Practical Machine Learning Tools and Techniques; Morgan Kaufmann
Publishers Inc.: San Francisco, CA, USA, 2016.

Otchere, D.A.; Ganat, T.O.A.; Gholami, R.; Ridha, S. Application of supervised machine learning paradigms in the prediction of
petroleum reservoir properties: Comparative analysis of ANN and SVM models. J. Pet. Sci. Eng. 2020, 200, 108182. [CrossRef]
Das, S.K.; Basudhar, PK. Undrained lateral load capacity of piles in clay using artificial neural network. Comput. Geotech. 2006, 33,
454-459. [CrossRef]

Kanungo, D.P;; Sharma, S.; Pain, A. Artificial Neural Network (ANN) and Regression Tree (CART) applications for the indirect
estimation of unsaturated soil shear strength parameters. Front. Earth Sci. 2014, 8, 439-456. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

16



o’ o
Yeel materials MBPL
e w 7

Article

Investigation of Damage and Creep for Bedding’s
Carbonaceous Slate with Chemical Erosion Effect

Weihao Zeng !, Zhenghong Chen *, Yunpeng Xie ? and Qiunan Chen *

Citation: Zeng, W.; Chen, Z.; Xie, Y.;
Chen, Q. Investigation of Damage
and Creep for Bedding’s
Carbonaceous Slate with Chemical
Erosion Effect. Materials 2023, 16,
5163. https://doi.org/10.3390/
mal6145163

Academic Editor: Rui Miranda
Guedes

Received: 26 June 2023
Revised: 15 July 2023

Accepted: 19 July 2023
Published: 22 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1
2

School of Civil Engineering, Hunan University of Science and Technology, Xiangtan 411201, China
Research Center of Geotechnical and Structural Engineering, Shandong University, Jinan 250061, China
*  Correspondence: zhchen@hnust.edu.cn (Z.C.); cqndoc@163.com (Q.C.)

Abstract: Tunnel projects in the southwestern mountainous area of China are in full swing. According
to the tunnel burial depth, structural characteristics, and chemical erosion environments of the Lixiang
railway tunnel, carbonaceous slate specimens obtained in the field were taken to experimentally
investigate the physical, mechanical, and creep characteristics of the bedding’s slate specimens after
chemical erosion. The results of scanning electron microscopy (SEM) indicate that chemical erosion
leads to internal damage in the carbonaceous slate specimens, and the internal damages are increasing
with the increase of erosion days. Moreover, the specimens’ ultrasonic test (UT) results prove that
specimens with smaller bedding angles suffer a more serious erosion and induce more internal
cracks. Under conventional triaxial compression conditions with 40 MPa of confining pressures, the
conventional triaxial compressive strength (os) decreases with the decrease of the bedding angle and
the increase of erosion days, and the failure modes of the specimens are mainly controlled by oblique
shear fractures and accompanied by the occurrence of slip dislocation fractures between the bedding
inclination. Under creep conditions with 40 MPa of confining pressures, the final deformations of
specimens are increasing with the increase of erosion days, which means the longer the erosion
days, the greater the deformations. The failure modes of the specimens under creep conditions are
controlled by shear fractures, and for the specimen with a 60° bedding angle and long-term erosion,
there are block separations and many cavities along the shear planes. Therefore, more attention
should be paid to prevent serious failure of the surrounding rock if the surrounding rock has a
bedding angle of 60° or suffers long-term erosion.

Keywords: carbonaceous slate; bedding angle; chemical erosion; creep characteristic

1. Introduction

Under a high in situ stress environment, rock masses present complex mechanical
behaviors [1,2]; therefore, in engineering practice, a deep understanding of the mechanical
behaviors of rock masses is the key to ensuring the safety and operation of deep-buried
tunnels [3,4]. During long-time crustal movement, most sedimentary rocks and some
metamorphic rocks have obvious bedding structures that will have a great influence
on mechanical behaviors and result in discontinuity, heterogeneity, and anisotropy of the
rock [5-7]. According to the engineering geological survey, the bedding structure is obvious
in the surrounding rock mass of the Lixiang railway [8]. Since the bedding angle is varied
and the mechanical properties are different, the influence of the bedding structures on the
stability and safety of rock engineering cannot be ignored. Until now, the influences of
bedding structures on the physical and mechanical properties of rock specimens have been
extensively investigated. For example, He et al. [9] studied the rockburst ejection velocity
of unloading sandstones with different bedding angles, and they found that the specimen
with 60° bedding angles is the easiest one to rockburst, but the corresponding rockburst
intensity is the weakest. Horizontal bedding is the least prone to rockburst, while the
rockburst is strong once it occurs. Zhang et al. [10] investigated the effect of bedding on the
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dynamic compressive properties of slate; the results indicate bedding plays an increasingly
dominant role in the failure of samples as the dip angle increases, and there is a strain
rate decrease when the bedding angle increases from 30° to 60°. Liu et al. [11] conducted
both quasi-static and dynamic uniaxial compression tests on bedding coal specimens, and
they found that the bedding effect on the coal behavior on the quasi-static tests was more
prominent than that on the dynamic tests. Hao et al. [12] investigated the influences of
confining pressure and bedding angles on the mechanical behavior of brittle slate; they
concluded that the fracture angle of slate presents a U-shaped curve with the bedding angle
increases from 0° to 90°, and when the bedding angle is 45°—60°, the slate specimens present
the lowest strength, and when bedding angle is below 15°, it shows the greatest strength.
Wasantha et al. [13] carried out uniaxial compression tests on bedded sandstone with layers
of different bedding orientations; they obtained that the failures of rock specimens with
shallow bedding angles could be more violent and devastative than the failures of rock with
steeply oriented bedding. Through Brazilian disc splitting tests, Liu et al. [14] concluded
that the tensile strength of the bedding’s slate gradually decreases, with the bedding angle
varying from 0° to 90°. Xia et al. [15] analyzed the influence of the geometrical properties
of bedding planes on the direct shear strength characteristics, and they concluded two
patterns of the shear fractures with a range of bedding plane geometries.

Except for the bedding structures, the chemical erosion environment is also encoun-
tered in the practical engineering of the Lixiang railway. Chemical erosion mainly affects
the microstructure, particle adhesion, and mineral composition of the rock, which will
change the rock’s physical and mechanical properties, creep properties, and macroscopic
cracks [16-18]. There has been considerable research on rock behavior under chemical
erosion environments for rock specimens. For example, Zhang et al. [19] conducted creep
tests on cracked granite under various confining pressures and different chemical solutions,
and they found that an acid solution has a more obvious influence on the creep behavior
than that of an alkaline solution. Hu et al. [20] proposed constitutive models to describe the
mechanical responses of cement-based material subjected to a long-term chemo-mechanical
coupling effect. Using double-torsion load-relaxation tests, Callahan et al. [21] evaluated
the effect of the chemical environment on the fracture toughness and subcritical fracture
growth index (SCI) in silicified fault rocks; reductions in the SCI in all aqueous environ-
ments, with a >60% reduction in the alkaline solutions, were observed. To evaluate the
effect of chemical solutions on the frictional properties of quartz-rich sandstone, triaxial
compression tests have been performed on sandstone by Feucht and Logan [22]; the results
suggest that the frictional resistance to sliding of the sandstone seems to be primarily
controlled by the ionic strength of the solutions, with secondary control by the pH value of
the solutions. Li et al. [23] investigated the micro-damage evolution and macro-mechanical
property degradation of limestone due to chemical effects during triaxial compression con-
ditions; they concluded that the reason for the mechanical property degradation of the rock
is that the chemical solutions change the porosity and micro-damage evolution process.

The above studies indicate that bedding structures and chemical erosion can both effec-
tively influence the mechanical properties of rock. It can be found that most of the existing
studies only considered the single effect of the bedding structures or the chemical erosion
on the mechanical characteristics of rock under short-term stress conditions. However, the
coupling effect of the bedding structures and chemical erosion will significantly affect the
long-term stability of surrounding rock for deep-buried tunnels, whereas related research
is rare. To fill this gap, in this study, the coupling effects of bedding structures and chemical
erosion on the characteristics of slate specimens under long-term creep conditions were in-
vestigated. Accordingly, the physical, mechanical, and creep characteristics of the bedding’s
slate specimens after chemical erosion were obtained through the techniques of scanning
electron microscopy (SEM), ultrasonic tests (UTs), conventional triaxial compression tests,
and creep tests.
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2. Experimental Setup
2.1. Test Apparatus

The conventional triaxial compression tests and the triaxial creeping tests were per-
formed on a servo-controlled rock mechanics testing system, TYJ-2000 (as shown in
Figure 1), which consists of axial loading platens, a triaxial pressure chamber, a confining
pressure control system, and a software control platform. The TY]-2000 rock mechanics
testing system can conduct conventional rock triaxial compression tests and creep tests
under high temperatures and high pressures. The maximum axial load of the testing system
is 2000 KN, and the maximum confining pressure is 100 MPa.

-
Confining
pressure

m cxtensometer

Axial loading
platens

Figure 1. Photographs of the test apparatus.

2.2. Rock Specimen Preparation

Since the purpose of the research is to obtain the general damage and creep char-
acteristics of the bedding’s carbonaceous slate under the chemical erosion effect, all the
investigated specimens should be alike, except for the bedding angle and erosion days.
Therefore, rather than collect rock cores in the drill holes to obtain testing specimens, the
specimens were cored from an uneroded carbonaceous slate block, which is collected in a
certain tunnel along the Lixiang railway. The carbonaceous slate block is gray (black) with
no visible cracks, its lithology is compact, and the bedding structure is obvious. According
to our previous research results of an X-ray diffraction (XRD) experiment, the mineral
compositions and their contents of this carbonaceous slate are listed in Table 1 [24]. The
rock specimens were cored from the slate block using the water drill method (Figure 2a).
According to the geological investigations for the surrounding rock mass in the tunnel, the
angle between the carbonaceous slate strata and the vertical direction is mostly around 25°
to 90°. Therefore, three typical bedding angles of 30°, 60°, and 90° were investigated to
capture the general law of the bedding angle effect. The angle between the drill bit direction
and the horizontal bedding structure of the slate block is 30°, 60°, and 90°, respectively.
To do so, standard cylinder specimens (50 mm x 100 mm) with three different bedding
angles of 30°, 60°, and 90° were prepared (as shown in Figure 2b). The prepared specimens
contained no visible damage or defects. Moreover, the end surfaces of the specimens
were carefully polished, and the testing processes were well-designed to comply with the
International Society of Rock Mechanics (ISRM) suggested testing requirements [25].
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Table 1. Contents and structure characteristics of mineral composition [24].

Mmer.a! Quartz White Mica Albite Graphite
Composition
Mineral Content 72% 16% 9% <3%
Srucre  Srer Sl orlby - Clasymel oo sl
characteristics ggregate, geregate, perfectly cleaved

without cleavage perfectly cleaved cleavage

)

Figure 2. (a) Slate block; (b) specimens with different bedding angles.

According to the water quality investigation results of a tunnel along the Lixiang
railway, the underground water solution in this area holds a pH value of 4.8 to 5.3 and
contains a variety of ionic components, mainly including Mg?*, Ca?*, SO42~, and Cl~,
indicating that the groundwater is a chemical erosion environment. To reproduce the
chemical erosion effect of the SO42~, C1~, and H* on the carbonaceous slate in this area, in
this paper, dilute hydrochloric acid and CaCl, and NaySOy solutions were used to prepare
the chemical solvent with a pH value of 4.8.

2.3. Experimental Schemes

The prepared specimens with three different bedding angles (30°, 60°, and 90°) were
immersed in the prepared chemical solvent for 30 days’ erosion, 60 days’ erosion, and
90 days’ erosion, respectively (Figure 3). After the immersion, the natural dry specimens
(0 days’ erosion) were taken as a reference, and conventional triaxial compression tests were
carried out to obtain conventional mechanical properties. Moreover, triaxial creep tests
were also conducted on specimens with three different bedding angles and four different
erosion days to obtain creep characteristics. Accordingly, the specimens were divided into
two groups: Group A for the conventional triaxial compression test and Group B for the
triaxial creep test. The specific specimen grouping is shown in Table 2.
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Figure 3. Photograph of the specimen’s erosion process.

Table 2. Specimens for the tests.

Specimen Number Erosion Days Bedding Angle (°)
A-30°-0D 0
A-30°-30D 30 30°
A-30°-60D 60
A-30°-90D 90
. o A-60°-0D 0
Conventional triaxial A-60°-30D 30
compression tests A-60°-60D 60 60°
(Group A) A-60°-90D 90
A-90°-0D 0
A-90°-30D 30 90°
A-90°-60D 60
A-90°-90D 90
B-30°-90D 90 30°
. . B-60°-30D 30
Triaxial creeping tests B-60°-60D 60 60°
(Group B) B-60°-90D 90
B-90°-90D 90 90°

Considering the measured in situ stress in the field of the deep-buried Lixiang railway
tunnel is 39.8 MPa, the confining pressure was set as 40 MPa in the conventional triaxial
compression test and triaxial creep test.

The specific experimental schemes in the conventional triaxial compression test and
triaxial creep test were as follows:

(1) During the conventional triaxial compression tests, confining pressures were in-
creased to 40 MPa at the rate of 0.10 MPa/s. The conventional triaxial compressive strength
(0s) for specimens could be obtained by increasing the axial loads at a rate of 0.20 MPa/s
until the specimens were damaged;

(2) During the triaxial creep test, confining pressures were increased to 40 MPa at the
rate of 0.10 MPa/s. The axial pressure was step-loaded at a rate of 0.20 MPa/s, the first
step was loaded to 0.4 times the conventional triaxial compressive strength (¢), and the
subsequent load of each step increased by 0.1 times the o until creep failure occurred in
the specimen (as shown in Figure 4).
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Figure 4. Stress paths for the triaxial creep test.

3. Physical Properties of the Bedding’s Slate Specimens after Chemical Erosion
3.1. Microscopic Damage Properties of the Bedding’s Slate Specimens after Chemical Erosion

Affected by the high in situ stress in the southwest mountainous area, the microstruc-
ture of the collected slate specimens is dense and compact. However, there are still many
microscopic cracks that cannot be detected by the eyes, especially for specimens after
chemical erosion. As shown in Figure 5, the chemical solvent will have a significant influ-
ence on the microscopic damage of the slate specimens. Therefore, after different erosion
days by a chemical solvent, the microstructure of the slate specimens will be damaged to
different degrees. The microstructure damages have an important effect on the physical and
mechanical properties of rock. To figure out the microstructure damage properties of the
slate specimens by a chemical solvent, they were analyzed by a Gemini Sigma 300 scanning
electron microscope, which is a widely used technology to obtain the micromorphology
properties of objects [26,27].

Figure 5. Photograph and schematic diagram of surface damage after chemical solvent erosion.

To conduct SEM, 20 thin slices (no more than 2 cm in length and width) of slate
specimens with four different erosion days were taken along the bedding plane. Typical
SEM images of the specimens under different erosion days are shown in Figure 6. According
to the images, it can be found that the specimens without erosion (0 days’ erosion) present
a stepped structure, and the step surface is relatively flat and compact. For the specimens
after 30 days’ erosion, there are many small and loose blocks on the surface of the stepped
structure, and some micro-cracks emerged in the specimen slice. For the specimens after
60 days’ erosion, the edges and corners of the stepped structures are fuzzy and loose,
showing a pit-like structure; moreover, the micro-cracks are the largest and most obvious
among the four kinds of slices. For the specimens after 90 days’ erosion, the stepped
structure is mostly a deep pit structure, and a lot of micro-cracks are filled or buried by
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loose and small blocks. Therefore, it can be concluded that the internal cracks induced by
chemical erosion are increasing with the increase of erosion days.

(b) 30 days’ erosion

# ——

(c) 60 days’ erosion (d) 90 days’ erosion
Figure 6. Typical SEM images of specimens under different erosion days.

3.2. Ultrasonic P-Wave Velocity of the Bedding’s Slate Specimens after Chemical Erosion

Longitudinal wave velocity in the ultrasonic tests (UTs) is one of the important param-
eters that can reflect the difference in the rock’s physical properties, such as the integrity,
density, porosity, etc. [28,29] Therefore, by measuring the acoustic wave propagation veloc-
ity of the slate specimens, the integrity of the specimens can be analyzed (the internal cracks’
enrichment degree), and the relationship between the wave velocity and the bedding angle
and chemical erosion degree can be explored.

In this paper, a ZBL-U5200 nonmetallic ultrasonic detector was used to detect the
P-wave velocity of slate specimens with different bedding angles and chemical erosion
days. During the detection, petroleum jelly was used as the coupling material between
the rock specimens and transducer. According to the working principle of the nonmetallic
ultrasonic detector, if there are more internal cracks or serious degradation in the specimen,
the detected wave velocity of the specimen is lower [30,31].

Figure 7 shows the wave velocity of specimens with different bedding angles and
different erosion duration days. According to the descriptive statistics of three specimens
under the same states (the same bedding angle and erosion days), it is found that the
standard deviations of the wave velocity for the specimens are less than 0.1, which means
the difference in the measured values is very small for specimens under the same states.
Therefore, it is believed that the differences among the specimens under the same states
are small.

Moreover, according to the analyses of the mean values for specimens under the
same erosion days, the velocity of the ultrasonic longitudinal wave increases with the
increase of the bedding angle. For example, for specimens under 30 days’ erosion, the
increasing amount of wave velocity is 0.121 (km/s) when the bedding angle increased
from 30° to 90°. This means that specimens with smaller bedding angles suffered serious
erosion and induced more internal cracks. On the other hand, for specimens with the same
bedding angles, it shows that the velocity of the ultrasonic longitudinal waves increases
with the increase of erosion days. For example, for specimens with a 30° bedding angle, the
increasing amount of the wave velocity is 0.498 (km/s) when the erosion days increased
from 0 days to 90 days. The principal reason for this phenomenon is that the greater the
erosion days, the more liquid will fill the microscopic cracks in the rock specimens. The
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effect of liquid filling on acoustic waves is greater than that of internal cracks induced by
chemical erosion.
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Figure 7. Wave velocity of specimens with different bedding angles with different erosion durations.

4. Conventional Triaxial Characteristics of the Bedding’s Slate Specimens after
Chemical Erosion

According to the above analysis of the physical properties of the bedding’s slate
specimens after chemical erosion, it is known that the chemical erosion changed the mi-
crostructures of the slate specimens; therefore, the macro-mechanical properties of the
specimens will be changed as well. To investigate the compression characteristics of the
bedding’s slate specimens after chemical erosion under 40 MPa of in situ stress conditions,
conventional triaxial compression tests with 40 MPa of confining pressure were conducted
on specimens with different bedding angles and erosion days.

4.1. Conventional Deformation and Triaxial Strength Characteristics

The stress—strain curves of specimens under conventional triaxial compression tests
are shown in Figure 8. Before the peak of deviation stress (01 —073), the stress—strain curves
increased linearly, indicating elastic deformations of the specimens. After the peak of the
deviation stress, the stress—strain curves of the specimens with different bedding angles
and erosion days are diverse. For the specimens with 30° and 90° bedding angles, under
short-term erosions (0 days’ erosion and 30 days’ erosion), the specimens’ stress dropped
sharply, with little strain increase, indicating a brittle failure, whereas, for the specimens
with 30° and 90° bedding angles, under long-term erosions (60 days’ erosion and 90 days’
erosion), the specimens’ stress drop after failure is small, and there is a great strain increase,
indicating ductile failure. The variations of stress—strain for the specimens with a 60°
bedding angle are discrepancies from that of the specimens with 30° and 90° bedding
angles. Under four different erosion days, the specimens with a 60° bedding angle all
showed brittle failure features in the stress—strain curve. However, the specimens with
a 60° bedding angle showed greater axial and radial strain at the peak of the deviation
stresses than the specimens with 30° and 90° bedding angles, and the values of the axial
and radial strain at the peak of the deviation stresses increased with the increase of erosion
days. The reasons for this discrepancy phenomenon for the specimens with a 60° bedding
angle can be interpreted by the fracture modes analysis in the next section.
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Figure 8. Stress—strain curves of specimens under triaxial compression tests.

Based on the stress—strain curves, the conventional triaxial compressive strength (c) of
specimens can be obtained by adding 40 MPa of confining pressure to the peak of deviation
stresses. Figure 9 shows the relationship of the ¢ with the bedding angle and erosion
days. For specimens under the same erosion days, the o5 decreased with the decrease of
the bedding angle. This result can be explained by the variation of the wave velocity for
the specimens with different bedding angles; in Section 3, it proves that the specimens with
a smaller bedding angle exhibited a lower wave velocity because they suffered serious
erosion and induced more internal cracks; more internal cracks in specimens will induce
a lower os. On the other hand, for the specimens with the same bedding angle, the o
decreased with the increase of erosion days. This conclusion is consistent with the results
of the SEM images for the specimens under different erosion days, as shown in Figure 6,
which indicates long-term erosion will induce more internal cracks and loose structures,
and loose structures will result in lower os. Moreover, for the specimens with a 90° bedding
angle under 0 and 30 days’ erosion, their o is greater than that of the other specimens; this
is because they suffered slight erosion, and at the same time, the 90° bedding structure was
vertical to the axial stress, which made them harder to break.
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Figure 9. Conventional triaxial compressive strength with different bedding angles and erosion days.

4.2. Conventional Triaxial Failure Modes

A deep understanding of the failure behavior of rock is important for the prediction
and protection of engineering disasters. In this paper, the failure modes of specimens
with different bedding angles and erosion days under conventional triaxial conditions
were analyzed and compared. Figure 10 shows the failure modes and failure sketches of
specimens under triaxial compression tests. It can be found that under conventional triaxial
conditions, for specimens with 30° bedding angles, the main fractures in the specimens
are connected diagonally along the bedding inclination, and X-shaped small secondary
cracks are visible; moreover, with the increase of erosion days, the fractures along the
bedding inclination are more obvious, and secondary cracks are rarer. For specimens
with 60° bedding angles, there are several cut-through fractures propagated along the
bedding inclination, resulting in spalling failure, which explains why the specimens with
60° bedding angles show greater axial and radial strain than that of the specimens with 30°
and 90° bedding angles. Furthermore, with the increase of erosion days, the cut-through
fractures changed from scattered to concentrated. For specimens with 90° bedding angles,
the specimens under short-term erosion (0 days’ erosion and 30 days’ erosion) are relatively
broken and show a common X-type conjugate inclined to plane shear failure, whereas the
specimens’ failure under long-term erosion (60 days’ erosion and 90 days” erosion) are
controlled by shear failure, together with horizontal cracks.

In conclusion, the failure modes of specimens with different bedding angles and
erosion days under conventional triaxial conditions are affected by the bedding’s inclination
angle. The failure modes of the specimens are mainly controlled by oblique shear fractures
and accompanied by the occurrence of slip dislocation fractures between the bedding
inclination. Especially with increasing erosion days, the fracture development along the
bedding’s inclination angle is gradually obvious, which indicates that chemical erosion
accelerates the corrosion of the interlayer.
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Figure 10. Failure modes and failure sketches of specimens under triaxial compression tests.

5. Creep Characteristics of the Bedding'’s Slate Specimens after Chemical Erosion

Through the above analyses of the physical properties and triaxial compression test
results, the basic physical and mechanical characteristics of the bedding’s slate specimens
after chemical erosion are clear. In engineering practice, since the surrounding rock will
deform greatly under high in situ stress and the deformation process will last for a long
time, the long-term stability of the surrounding rock is the key to ensuring the safety and
operation of deep-buried tunnels in high in situ stress environments, especially for the
surrounding rock of the bedding’s slate subjected to chemical erosion. Therefore, in this
section, to obtain the long-term deformation and failure characteristics, the creep tests were
carried out on specimens with different bedding angles and chemical erosion days.

5.1. Creep Deformation Characteristics
(1) Influence of bedding angles on creep deformation characteristics

According to the experimental scheme, the triaxial creep tests under a confining
pressure of 40 MPa were carried out on the specimens with bedding angles of 30°, 60°, and
90° after 90 days of erosion. The strain—time curves of the creep tests for the specimens with
different bedding angles after 90 days of erosion are plotted in Figure 11. It can be found
that at the last step of loading, the creep of the specimen changed from a stable creep to
an unstable creep, resulting in specimen failure. At the same time, an unstable accelerated
creep occurred suddenly, indicating sudden brittle specimen failure.
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Figure 11. Creep curves and final strains of specimens with different bedding angles after 90 days
of erosion.
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Moreover, comparing the strain-time curves of specimens with bedding angles of 30°,
60°, and 90° after 90 days’ erosion, it is obvious that the axial deformations of accelerated
creep stages increase with the increasing of the bedding angles; thus, the final axial strain
increases (as shown in Figure 11d), whereas the lateral deformations of the accelerated creep
stages are different. For the specimens of 30°-90D, the lateral deformations of the accelerated
creep stage increase inconspicuously; for the specimens of 60°-90D, the lateral deformations
of the accelerated creep stage increase obviously; for the specimens of 90°-90D, the lateral
deformations show no accelerated creep stage. These variations of lateral deformations of
the accelerated creep stage indicate the difference in the failure modes for specimens with
different bedding angles under creep tests, which will be interpreted next in Section 5.2.

(2) Influence of erosion days on creep deformation characteristics

According to Sections 4.1 and 5.1, there are discrepancies in the deformation char-
acteristics for specimens with a 60° bedding angle under conventional triaxial tests and
creep tests compared with 30° and 90° bedding angles. Thus, triaxial creep tests under
a confining pressure of 40 MPa were carried out on the specimens with 60° bedding an-
gles after 0, 30, 60, and 90 days of erosion. The strain—time curves of the creep tests for
specimens with different erosion days are plotted in Figure 12. It can be found that for
the specimens under long-term erosion (60°-60D and 60°-90D), the specimens’ unstable
accelerated creep occurred more suddenly than that of the specimens under short-term
erosion (60°-0D and 60°-30D), indicating a more sudden brittle specimen failure for the
specimens under long-term erosion. Moreover, the final axial and final lateral deformations
increase with the increase of erosion days (as shown in Figure 12e), which means the longer
the erosion days, the greater the deformation.
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Figure 12. Creep curves of specimens with a bedding angle of 60° under different erosion days.

5.2. Creep Failure Modes

Analyzing the creep failure modes of the bedding’s slate subjected to chemical erosion
can provide references for predicting failure behavior and the service state of engineering
the surrounding rock. In this section, the creep failure modes of specimens with different
bedding angles and erosion days under creep conditions were analyzed and compared.
Figure 13 shows the failure modes and failure sketches of specimens under creep tests.
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Figure 13. Failure modes of specimens under creep tests.

As shown in Figure 13a, the failure modes of the specimens with different bedding
angles are controlled by shear fractures, and there are some cavities along the shear planes.
For the specimens of 60°-90D, the cavities along the shear planes are more obvious, in-
ducing a small block separation, which is interpreted as an obvious increase of lateral
deformation for the specimens of 60°-90D observed in Section 5.1. Therefore, this proves
that in engineering practice, for engineering the surrounding rock of the bedding’s slate
under long-term chemical erosion conditions, more attention should be paid to prevent the
surrounding rock’s failure if the bedding angle is 60°.

As shown in Figure 13b, the failure modes of the specimens with different erosion days
are controlled by shear fractures. Moreover, for the specimens under long-term erosion
(60°-60D and 60°-90D), the failure is more serious, with more cavities and secondary cracks
than that of the specimens under short-term erosion (60°-0D and 60°-30D). Thus, preventing
the long-term erosion of the bedding’s slate in engineering practice is meaningful for
preventing serious damage to the surrounding rock under creep conditions.

6. Conclusions

In this paper, based on the experimental results, the influences of the coupling effect of
the bedding structure and chemical erosion on the physical properties, conventional triaxial
characteristics, and creep characteristics of carbonaceous slate specimens are analyzed for
the first time. The following conclusions can be obtained:

(1) Chemical solutions containing SO4%~, Cl~, and H* can damage the carbonaceous
slate. According to the SEM results, the internal cracks and loose structures induced by
chemical erosion are increasing with the increase of erosion days. Moreover, acoustic wave
velocity results prove that specimens with smaller bedding angles suffer more serious
erosion and induce more internal cracks;

(2) Under conventional triaxial compression conditions, for specimens with the same
erosion days, the conventional triaxial compressive strength (cs) decreases with the decrease
of the bedding angle. On the other hand, for specimens with the same bedding angle, the
os decreases with the increase of erosion days. The failure modes of the specimens are
mainly controlled by oblique shear fractures and accompanied by the occurrence of slip
dislocation fractures between the bedding inclination;

(3) Under creep conditions, for specimens with the same erosion days, the final axial
deformations increase with the increase of the bedding angles, whereas the final lateral
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deformation increases obviously for the specimens with bedding angles of 60°. Moreover,
the final axial and final lateral deformations increase with the increase of erosion days,
which means the longer the erosion days, the greater the deformations. The failure modes
of the specimens with different bedding angles and different erosion days are controlled
by shear fractures, and for the specimens with 60° bedding angles and long-term erosion,
there are block separations and many cavities along the shear planes.

These conclusive remarks can provide useful information for the safety and operations
of deep-buried tunnels with the surrounding rock of the bedding’s carbonaceous slate. On
the one hand, smaller bedding angles and longer erosion days will result in weakening the
physical and mechanical properties. On the other hand, more attention should be paid to
prevent serious failure and large deformation of the surrounding rock if the surrounding
rock has a bedding angle of 60° or suffers long-term erosion. The drawback of the experi-
ments herein is that the rock specimens were obtained from an integrated block rather than
a filed borehole, which means the specimens were without any explicit natural fractures
or flaws. However, in reality, the rock mass contains many natural fractures. Therefore,
to further understand the damage and creep characteristics of carbonaceous slate rock
masses, the effect of natural fractures should be involved, which will be considered in our
follow-up studies.
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Abstract: This study conducted plane-strain scaled model tests to investigate the deformation
characteristics of geosynthetic reinforced soil (GRS) abutments subjected to vertical loads. Setback
distance, i.e., the distance between the back of the abutment facing and the front of the loading plate,
was chosen as the investigated influencing factor since it is one of the most frequently used variables
by engineers for the design of GRS abutments. This study analyzed the settlements at the top of
the abutment, the lateral displacements of the abutment facing, and the volumetric deformations
of the abutment under the applied vertical loads. Test results showed that increasing the setback
distance could effectively reduce the deformations of the GRS abutment. There existed an optimum
setback distance and further increasing the setback distance beyond this optimum value did not have
a significant effect on reducing the abutment deformations. The vertical, lateral, and total volumetric
deformations of the GRS abutment showed an approximately linear increase with the increase of the
applied vertical loads. The lateral volumetric deformations of the GRS abutment were larger than
its vertical volumetric deformations and therefore the total volumetric strains of the GRS abutment
were not zero based on the test results. However, the theory of zero volume change may still be
suitable for the deformation calculation of the GRS abutment since the values of the volumetric
strains were minimal. The measured maximum lateral facing displacements were compared with the
calculated values using the US Federal Highway Administration (FHWA) method, which assumes
zero volume change of the GRS abutment under vertical loads. Comparison results indicated that
the FHWA method overestimated the maximum lateral facing displacements of the GRS abutment
under vertical loads. An improved method was proposed in this study to calculate the maximum
lateral facing displacements under vertical loads based on the theory of zero volume change and
a revised distribution of the settlements at the top of the GRS abutment. Results showed that the
improved method could better predict the maximum lateral facing displacements as compared to the
FHWA method.

Keywords: abutment; deformation; geosynthetics; geosynthetic reinforced soil; volumetric deformation

1. Introduction

For the last few decades, geosynthetic reinforcement has shown great economic bene-
fits in geotechnical engineering structures and has been widely used in reinforced retaining
walls, slopes, and embankments. In recent years, geosynthetic reinforced soil (GRS) with
closely spaced geosynthetic layers (i.e., no larger than 0.3 m) has been proven to have the
performance of a composite material through the interaction between reinforcement and
soil mass, hence the recent emerging use of the GRS as load-carrying structures such as
bridge abutments. Different from the traditional reinforced concrete pile-supported abut-
ments illustrated by Fu et al. [1] and Ma et al. [2], GRS abutments have the advantages of
reduced construction cost and time [3,4]. In recent years, the US Federal Highway Admin-
istration (FHWA) developed a specific bridge system called the Geosynthetic Reinforced
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Soil-Integrated Bridge System (GRS-IBS). In 2005, Bowman Bridge, constructed in Ohio,
USA, was the first application of the GRS-IBS [3]. Since then, more and more GRS-IBSs have
been constructed across the USA. Researchers have conducted field monitoring to investi-
gate the long-term performances of the GRS-IBSs under working stress conditions. Results
showed that the GRS-IBSs have good service performances and significant advantages in
eliminating bumps at the end of the bridge slabs [5-12].

Since the GRS abutment serves as the most important part of the GRS-IBS to directly
support the bridge load, its bearing capacity and service performance (e.g., deformation)
are extremely important to this specific technology. As an effective and convenient method,
numerical analysis has been widely used to investigate the performances of the GRS abut-
ment. Many studies have been published in literature by using finite element or finite
difference methods to investigate different influencing factors on the performances of the
GRS abutment [13-19]. Results show that the GRS abutment with close spacing has an
excellent service performance and a high load-carrying capacity to meet the design require-
ments. However, the input parameters for constitutive models in the numerical analysis
are based on a large number of laboratory soil tests, which may cause the uncertainty of
the numerical results [20]. Raja et al. [21] proposed a novel hybrid artificial intelligence
(AI)-based model to predict the load-settlement behavior of the GRS abutment. However,
this model was still limited by its training range [21].

Scaled model test is another effective method to simulate engineering prototypes
and has been carried out to investigate the performances of the GRS abutment. Mini-
pier tests, which treat the reinforced soil mass as a composite material, were constructed
to systematically investigate the influences of reinforcement spacing, tensile strength,
and backfill properties on the service performances of the reinforced soil mass under
vertical loads [22-25]. Wu et al. [26] evaluated the failure loads of two full-scale segmental-
facing GRS abutments and pointed out that the design values were much smaller than the
measured loads. In addition, several model tests published in literature [27-29] showed
that different facing conditions have an influence on the performances of the GRS abutment.
However, there are few studies considering the setback distance, i.e., the distance between
the back of the abutment facing and the front of the loading plate, as an influencing factor on
the performances of the GRS abutment. In the FHWA design guideline [30], the suggested
setback distance value for design is based on empirical data and test results. Therefore, it is
important for model tests to incorporate the setback distance as an influencing factor.

This study conducted three plane-strain scaled model tests to investigate the effects of
the setback distance (a3), which is the distance between the back of the abutment facing
and the front of the loading plate, on the deformation characteristics of the GRS abutment
subjected to vertical loads. Since the service performance of the GRS abutment greatly
depends on its deformation, this study chose the deformation characteristics rather than the
ultimate bearing capacity of the GRS abutment as the investigated subject. Setback distance
was chosen as the investigated influencing factor since it is one of the most frequently
used variables by engineers for the design of GRS abutments. The analyzed deformation
of the GRS abutment included the settlements at the top of the abutment, the lateral
displacements of the abutment facing, and the volumetric deformations of the abutment.
The FHWA method was selected for the comparison of the calculated maximum lateral
facing displacements with the measured data. An improved method was proposed in this
study to calculate the maximum lateral facing displacements under vertical loads.

2. Model Test Geometry, Material, and Plan
2.1. Model Geometry

The Bowman Bridge constructed in Ohio, USA [3] with a height of 4.7 m was chosen
as the prototype of the model tests conducted in this study. The model abutment was
constructed in a test pit with dimensions of 4.8 m (long) x 3.4 m (wide) x 2.0 m (high).
Considering the geometry of the test pit and the capacity of the loading device, a length
scaling factor of 3 was adopted in this study. It should be noted that using even smaller
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scaling factors (e.g., 1.5 or 2) in 1-g model tests could better reflect the stress and strain
levels of the prototype. However, the limited space of the test pit made it impossible, hence
the choice of 3 as the scaling factor. Figure 1 shows the dimensions of the model GRS
abutments. The whole model constructed in this study had a total length (L) of 1.95m, a
total height (H) of 1.91 m, and a total width (w) of 1.50 m in the out-of-plane direction. The
height of the GRS abutment itself (#) was 1.46 m, the width of loading plate (b) was 0.40 m,
and the cut slope of the retained soil was 1:1. The loading plate was placed on top of the
GRS abutment at a setback distance (a;) from the back of the abutment facing. The lengths
of all primary reinforcement layers used in the GRS abutment were such that they reached
the cut slope. The reinforcement vertical spacing (S,) between primary reinforcement layers
was 0.14 m. Two layers of bearing bed reinforcement underneath the loading plate were
used in the model tests. According to the design guideline provided by the FHWA [30], the
length of the bearing bed reinforcement layers should be no smaller than the sum of the
width of the loading plate and twice the setback distance (b + 2a;). Therefore, the length of
the bearing bed reinforcement was 1.27 m in this study.
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Figure 1. Test configuration of the model GRS abutment: (a) Front view and (b) top view (unit: mm).

2.2. Test Material

Open-graded quartz sand was used as backfill in the model tests. Figure 2 shows
the gradation curves of both the prototype backfill used in the Bowman Bridge and the
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model backfill (i.e., open-graded quartz sand). The model backfill used in this study was
scale-reduced from the prototype backfill so that the gradation curves of the prototype and
the model backfill, as shown in Figure 2, satisfied the similitude relationship. According to
the sieve analysis results shown in Figure 2, the particle size of the backfill ranged from
0.1 mm to 4.2 mm. The model backfill had a maximum dry density of 1860 kg/m?. During
construction, the controlled dry density of the model backfill was 1760 kg/m?, which
corresponded to a compaction degree of 95%. Triaxial test results showed that the model
backfill had a friction angle of 48° and a cohesion of 0 kPa at the compaction degree of 95%.
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Figure 2. Sieve analysis results of both the prototype and the model backfill.

This study selected biaxial woven polypropylene geotextiles as the reinforcement
material. Figure 3 shows the results of three wide-width tensile tests conducted on the
geotextiles. The average value of the tensile strength at 10% reinforcement strain was
7.53 kN /m for the model geotextile, which corresponded to a tensile strength of 67.77 kN/m
for the prototype geotextile at 10% reinforcement strain.
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Figure 3. Wide-width tensile tests of model geotextiles used in the tests.

The abutment facing was simulated in the model tests using modular blocks with
dimensions of 130 mm (long) x 70 mm (high) x 70 mm (wide). An L-shaped steel loading
plate with the dimensions of 1.50 m (long) x 0.40 m (wide) x 0.04 m (thick) was used as
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the beam seat to simulate the interaction between the bridge girders and the GRS abutment.
Concrete blocks were laid behind the loading plate to simulate the approach roadway.

2.3. Construction

Before construction, polytetrafluoroethylene membrane and lubricating oil were ap-
plied to the inner surface of the test pit and the Plexiglas panel, respectively, to reduce
the negative effects of friction on the test results and to ensure the plane-strain condition.
The reinforced soil foundation was first constructed using a mass-volume control method,
followed by the construction of the GRS abutment in 20 lifts. In each lift, a layer of the mod-
ular facing blocks was placed, followed by a layer of the model backfill and the geotextile
reinforcement. The top three geotextile layers were connected to the modular facing blocks
using double-faced duct tape to simulate the mechanical connection used in the prototype
abutment while the remaining geotextile layers were frictionally connected to the modular
facing blocks. Finally, the steel loading plate and the concrete blocks simulating the ap-
proach roadway were put on top of the GRS abutment. Figure 4 shows the construction
process of the model GRS abutment.

Figure 4. Construction of the model GRS abutment: (a) construction of the reinforced soil founda-
tion; (b) application of the polytetrafluoroethylene membrane; (c) placement of the modular facing
blocks; (d) backfill compaction; (e) placement of the loading device; (f) completion of the model
GRS abutment.

2.4. Test Plan and Instrumentation

This study investigated the influence of the setback distance (a;) on deformation
characteristics of GRS abutments under vertical loads. Therefore, three tests with different
setback distances were conducted in this study, as shown in Table 1.

Figure 5 shows the instrumentation layout when a;, was 0.2 m. The instrumentation
layouts for the other two a, were similar and omitted to save space. Six Linear Variable
Differential Transformers (LVDTs) were installed at the top of the GRS abutment to monitor
the settlements. Among these six LVDTs, only 2 (i.e., V2 and V3) were used to monitor
the settlements of the loading plate. The loading plate is a rigid plate and steel ribs were
used to reinforce the loading plate to ensure its rigidity. Therefore, it was assumed that
no bending deformation of the loading plated occurred under vertical loading and the
settlements of the loading plate were linearly distributed along its width. Using two
LVDTs was considered sufficient to capture the linear distribution of the settlements. In
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addition, the limited area at the top surface of the loading plate resulted in difficulties in
placing additional LVDTs since the loading device occupied most of the space. Lateral
displacements of the abutment facing were not uniformly or linearly distributed along the
abutment height due to the flexibility of the facing consisting of multiple modular blocks.
Discretization of the lateral facing displacements was considered in this study by using
seven draw-wire displacement sensors (DWDS) installed in front of the abutment facing to
monitor the lateral displacements.

Table 1. Model test plan.

No. Setback Distance a; (m) Reinforcement Spacing S, (m)
T1 0.2 0.14
T2 0.3 0.14
T3 0.4 0.14

Note: a;, represented the setback distance, i.e., the distance between the back of the abutment facing and the front
of the loading plate.
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Figure 5. Instrumentation layout (Unit: mm).

It should be noted that all the sensors were installed at the centerline cross section
along the out-of-plane direction of the GRS abutment, as shown in Figure 1b. The readings
of all the sensors were zeroed out after the completion of construction prior to loading.
In other words, the results of all these sensors represented the deformations of the GRS
abutment induced by vertical loading only.

For each test, vertical loads were applied to the GRS abutment by multi-stage loading
with increments of 10 kN. According to the method recommended by the FHWA design
guideline [30], the ultimate bearing capacity of the model GRS abutment was 30 kN.
Considering this calculated ultimate bearing capacity as well as the capacity of the loading
device, this study adopted 90 kN as the maximum applied load, which was three times
the calculated ultimate bearing capacity and should fully cover the range of the working
stress condition of the GRS abutment. In other words, this 90 kN maximum applied
load fully satisfied the purpose of this study, which was to investigate the deformation
characteristics of the GRS abutment subjected to vertical loads. The stage loading was
terminated when one of the following conditions occurred: (1) The global failure of the
GRS abutment occurred, (2) the settlement of the top of the abutment reached 5% of the
abutment height, or (3) the maximum lateral displacement of the abutment facing reached
10% of the abutment height.
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3. Test Results

The model GRS abutment did not show significant deformation when the applied
loads reached the predetermined maximum load of 90 kN. In order to obtain greater
deformation values and better investigate the deformation characteristics of the GRS
abutment, stage loading was not terminated and the applied load continued increasing
to 100 kN, which was the maximum capacity of the loading device. No obvious failure
phenomenon was observed in any of the three model tests, indicating that all the three
model GRS abutments were under working stress conditions.

3.1. Settlement at the Top of the Abutment

Figure 6 shows the distributions of the normalized settlements at the top of the
abutment subjected to different applied loads. The normalized settlement was calculated
as the ratio of the settlement s to the abutment height /.
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Figure 6. Distributions of normalized settlements at the top of the GRS abutment under loading:
(a) T1: a, = 0.20 m; (b) T2: a5 = 0.30 m; (c) T3: a, = 0.40 m.

Figure 6 indicates that the change of the setback distance did not produce significant
effects on the distributions of the normalized settlements at the top of the GRS abutment.
The settlements under the loading plate were obviously larger than those in other areas
and the settlements increased approximately linearly with the increase of the applied
vertical load in all tests, indicating that the model abutments were still under working
stress conditions. In T1, when the applied load increased from 40 kN to 50 kN, the
settlement increased significantly. However, the increment of the settlement decreased in
the subsequent loading stages. It was speculated that a malfunction of the loading device
occurred at this loading stage, thus resulting in the significant increase of the normalized
settlement. Figure 6 also shows that with the increase of the setback distance, the settlement
under the loading plate decreased in the beginning and then remained approximately
stable, indicating that increasing the setback distance could reduce the settlement at the
top of the abutment, but there existed an optimum setback distance (ab)opt and further
increasing the setback distance beyond this optimum value did not have a significant effect
on reducing the abutment settlements.
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3.2. Lateral Facing Displacement

Figure 7 shows the distributions of normalized lateral facing displacements along the
abutment height under different applied loads. The normalized lateral facing displacement
was calculated as the ratio of the lateral facing displacement J to the abutment height h. As
expected, with the increase of the applied loads, the lateral facing displacements increased.
The maximum and minimum lateral facing displacements occurred near 1/3 & from the
top of the abutment and near the bottom of the abutment, respectively. Comparing T1, T2,
and T3, it could be found that with the increase of the setback distance, the location of the
maximum lateral facing displacement gradually moved from the top to the mid-height of
the abutment.
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Figure 7. Distributions of normalized lateral facing displacements along the abutment height under
loading: (a) T1: a, = 0.20 m; (b) T2: a; = 0.30 m; (c) T3: a, = 0.40 m.

In addition, as compared with the other two cases, T1 with the smallest setback
distance had a maximum lateral facing displacement of approximately 1.2%h under the
applied load of 100 kN, which did not exceed the allowable lateral facing displacement of
2%h under working stress conditions according to the design guideline published by the
FHWA [30]. In T1 with the smallest setback distance, when the vertical load was larger
than 50 kN, the increments of the lateral facing displacements increased gradually with
the increase of the applied load. In T2 when the setback distance increased to 0.30 m, the
increments of the lateral facing displacements under each loading stage were approximately
the same. In T3 when the setback distance further increased to 0.40 m, the increments of
the lateral facing displacements decreased with the increase of the applied load.

Adams et al. [31] proposed a zero volume change assumption based on the mini-pier
tests. This assumption was adopted by the FHWA design guidelines [30] to calculate the
maximum lateral displacement of the GRS abutment. This assumption indicates that the
volume lost at the top of abutment due to compression is equal to the volume gained at
the facing due to lateral deformation under vertical loads. Few studies were published
in literature analyzing the volumetric deformation of GRS abutments. Therefore, further
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research is needed to analyze the volumetric deformations of the GRS abutment under
vertical loads.

3.3. Volumetric Deformation

Figure 8 shows the schematic of the deformed GRS abutment based on the measured
lateral facing displacements as well as the top settlements. Under the applied vertical loads,
the top of the GRS abutment settled and the abutment facing expanded laterally. The vertical
volumetric deformation of the GRS abutment due to the applied load can be calculated as
AV, = —AS, x w, where w is the width of the GRS abutment in the out-of-plane direction
(w = 1.5 m in this study) and AS, is calculated by integrating the settlement at the top of
the GRS abutment along its length direction. According to the settlement distributions of
the GRS abutment as shown in Figure 6, the reading of LVDTs V1, V4, V5, and V6 were
minimal under different applied loads. In other words, the settlement of the abutment
occurred mainly underneath the L-shaped loading plate. Therefore, the calculation of the
vertical volumetric deformation of the GRS abutment did not consider the settlements
behind the loading plate (i.e., the area of the approach roadway) and the settlements close
to the abutment facing (i.e., the area in front of the LVDT V1). The negative sign in front of
AS, indicated that the vertical compression was deemed as negative during the volumetric
deformation calculation. The lateral volumetric deformation of the GRS abutment due to
the applied load can be calculated as AV; = AS; x w, where AS is calculated by integrating
the lateral displacements of the abutment facing over the abutment height. During the
calculation of AS;, this study assumed that the lateral displacement at the top and the
bottom of the abutment facing were the same as those measured by the DWDSs L7 and L1
(as shown in Figure 5), respectively.

Loading plate I Approach roadway

= P
e

GRS abutment

Retained soil

Figure 8. Schematic of the deformed GRS abutment based on the monitored results.

The vertical volumetric strain of the GRS abutment was defined as AV, /V,, where V
was the original volume of the GRS abutment (Vj = 2.40 m? in this study). Similarly, the
lateral volumetric strain of the GRS abutment was defined as AV;/ V. Therefore, the total
volumetric strain of the GRS abutment was ¢, = (AV, + AV})/ V.

Figure 9 shows the effects of the setback distance on the volumetric strains of the
GRS abutment under different vertical loads. The vertical, lateral, and total volumetric
strains of the GRS abutment showed approximately linear increases with the increase of the
applied vertical loads. Meanwhile, Figure 9 shows that the setback distance did have some
influences on the volumetric deformation of the GRS abutment. The maximum volumetric
strain of the GRS abutment was 0.52% under the 100 kN vertical load in T1. In T2 and T3,
the volumetric strains of the GRS abutment were similar and both of them were smaller
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than that in T1. In other words, increasing the setback distance could reduce the vertical
and lateral volumetric deformations of the GRS abutment. However, there existed an
optimum setback distance (a;),pr and further increasing the setback distance beyond this
optimum value did not have a significant effect on reducing the volumetric deformations
of the GRS abutment.
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Figure 9. Effects of the setback distance on the volumetric deformations of the GRS abutment under
vertical loads.

In addition, Figure 9 also shows that, despite the change of the setback distance, the
lateral volumetric deformations of the GRS abutment were always larger than its vertical
volumetric deformations and the differences between the lateral and vertical volumetric
deformations increased with the increase of the vertical load. Therefore, the total volumetric
strain of the GRS abutment was not zero based on the test results. It should be pointed
out that the theory of zero volume change was based on the results of mini-pier tests.
The axisymmetric boundary condition of the mini-pier tests was significantly different
from the two-dimensional plane-strain boundary condition of the GRS abutment. The
differences of the boundary conditions between mini-piers and abutments could be the
reason causing the non-zero volumetric deformations of the GRS abutments in this study.
However, Figure 9 also shows that the total volumetric strain of the GRS abutment was
less than 0.5%. Therefore, the theory of zero volume change may still be suitable for the
deformation calculation of GRS abutments.

3.4. Comparison with FHWA Method

The FHWA [30] proposed the following Equation (1) to predict the maximum lateral
facing displacement (D) of the abutment based on the theory of zero volume change.
This equation also assumed a triangular distribution of the lateral facing displacements
along the abutment height and a uniform distribution of the settlements at the top of the
abutment, as shown in Figure 10a:

2b,D 2(ay +b)D
p, = 212 _ 202D, )

where b, is the width of the load area along the top of the abutment including the setback
distance (i.e., by = a, + b), Dy is the vertical settlement at the top of the GRS abutment,
and h is the height of the GRS abutment. Figure 11a shows the measured lateral facing
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displacements from the tests and the calculated values using Equation (1) proposed by
the FHWA. Due to the malfunction of the loading device which occurred in T1 when the
applied load increased from 40 to 50 kN, the measured results of T1 under the applied
load larger than 40 kN were not presented in Figure 11a. Figure 11a indicates that the
FHWA method overestimated the lateral facing displacements under vertical loads under
all three different setback distances, which was contrary to the results from filed monitoring
by Saghebfar [6]. The model tests conducted in this study were under two-dimensional
plane-strain condition, which was different from the three-dimensional GRS abutment
conducted in the field [6]. Different boundary conditions between the model and the field
GRS abutments may result in the different volumetric deformation results.
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Figure 10. Assumed distributions of the volumetric deformation of the GRS abutment under vertical
loading: (a) The FHWA method; (b) the improved method proposed in this study.
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Figure 11. Comparison between the calculated and the measured maximum lateral facing dis-
placements of the abutment facing under vertical loading: (a) calculated using the FHWA method;
(b) calculated using the improved method proposed in this study.

In addition, Figure 11a also shows that, with the increase of the setback distance, the
deviations of the calculated results from the measured ones became larger, indicating that
the setback distance had a significant influence on the maximum lateral facing displace-
ment. Test results in Figure 6 show that the settlements under the setback distance area
were obviously different from those under the beam seat width, indicating that it is not
reasonable for the FHWA method to assume a uniform distribution of the settlements at
the top of the GRS abutment under vertical loads. In other words, it was speculated that
FHWA'’s assumption of uniformly distributed settlements at the top of the GRS abutment
could be the reason for overestimating the maximum lateral facing displacements under
vertical loads.
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A revision was made based on the test results in this study to the uniform distribution
of the settlements at the top of the GRS abutment adopted by the FHWA. As shown in
Figure 10b, the distributions of the settlements under the setback distance area and the
beam seat width were assumed to be triangular and uniform, respectively. The triangular
distribution of the lateral facing displacements along the abutment height was kept the
same as that in the FHWA method. Under the theory of zero volume change and the revised
settlement distribution, an improved method was proposed in this study to calculate the
maximum lateral facing displacement of the GRS abutment under vertical loads, shown as
the following Equation (2):

(Cl p+ Zb) Dy

D = AT @)

Figure 11 shows the comparison between the FHWA method (i.e., Equation (1)) and
the improved method proposed in this study (i.e., Equation (2)). The comparison between
Figure 11a,b shows that the improved method could better predict the maximum lateral
facing displacements as compared to the FHWA method. However, other parameters
such as the beam seat width and the abutment height could also have influences on the
calculation of the maximum lateral facing displacements. Further research is needed to
investigate the distributions of the volumetric deformations of the GRS abutment under
vertical loads.

4. Limitations

It is important to acknowledge the limitations of this study, which could be helpful
for the improvements of future research. Due to the fact that constructing and loading the
model GRS abutments were time- and labor-consuming as well as technique-challenging,
only three model tests were conducted in this study investigating three different setback
distances. The conclusions of this study were limited by the number of the model tests.
The boundary conditions of the model tests conducted in this study (i.e., two-dimensional
plane-strain conditions) are different from those in the field (i.e., three-dimensional condi-
tions). The two-dimensional boundary condition generally results in more conservative
results (e.g., larger deformations under the same vertical loads) as compared to the three-
dimensional boundary condition. Although test results of this study indicated that the
volumetric deformation of the GRS abutment under vertical loads was not zero, the zero
volume change assumption made by the FHWA may still be suitable for the design of
GRS abutments since the value of the volumetric strains were less than 0.5%. Therefore,
both the FHWA method and the improved method proposed in this study were based
on the zero volume change assumption. The improved method revised the distribution
of the settlements at the top of the GRS abutment. Further studies may be necessary to
investigate the volumetric distributions of the GRS abutment under vertical loads in order
to give better predictions of the deformations. In addition, the humidity of the backfill
was not considered in this study. Despite the above limitations, the results of this study
provided valuable insights into the influence of the setback distance on the deformation
characteristics of the GRS abutments under working stress conditions and gave important
references for engineering applications.

5. Conclusions

In this study, two-dimensional plane-strain scaled model tests were conducted to
investigate the deformation characteristics of geosynthetic reinforced soil (GRS) abutments
subjected to vertical loads. Setback distance, which is the distance between the back of
the abutment facing and the front of the loading plate, was chosen as the investigated
influencing factor since it is one of the most frequently used variables by engineers for the
design of GRS abutments. This study analyzed the settlements at the top of the abutment,
the lateral displacements of the abutment facing, and the volumetric deformations of the
GRS abutment under the applied vertical loads. The US Federal Highway Administration
(FHWA) method was selected for the comparison of the calculated maximum lateral facing
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displacements with the measured data. An improved method was proposed in this study
to calculate the maximum lateral displacements of the abutment facing under vertical loads.
The following conclusions can be made from this study:

(1) Increasing the setback distance could effectively reduce the settlements at the top of
the abutment, the lateral facing displacements, and the volumetric deformations of
the GRS abutment. However, there existed an optimum setback distance (a;)opt and
further increasing the setback distance beyond this optimum value did not have a
significant effect on reducing the abutment deformations.

(2) With the increase of the applied vertical loads, the vertical, lateral, and total volumetric
deformations of the GRS abutment increased linearly. The lateral volumetric deforma-
tions of the GRS abutment were larger than its vertical volumetric deformations and
therefore the total volumetric strains of the GRS abutment were not zero based on the
test results. However, the theory of zero volume change may still be suitable for the
deformation calculation of GRS abutments since the values of the volumetric strains
were minimal.

(3) A comparison between the measured maximum lateral facing displacements and
the calculated values using the method proposed by the FHWA showed that the
FHWA method overestimated the lateral facing displacements under vertical loads. It
was speculated that the FHWA’s assumption of uniformly distributed settlements at
the top of the GRS abutment could be the reason for overestimating the maximum
lateral displacements.

(4) Animproved method was proposed in this study to calculate the maximum lateral
facing displacements under vertical loads based on the theory of zero volume change
and a revised distribution of the settlements at the top of the GRS abutment. Results
showed that the improved method could better predict the maximum lateral facing
displacements as compared to the FHWA method.

(5) Results of this study could provide valuable insights into the influence of the setback
distance on the deformation characteristics of the GRS abutment under working
stress conditions and give important references for engineering applications of GRS
abutments. A reasonable setback distance has the advantages of both reducing the
bridge span and controlling the abutment deformations.
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Abstract: Cement is always used in underground construction to reinforce and improve soft clay,
resulting in the formation of a cemented soil-concrete interface. It is of great importance to study
interface shear strength and failure mechanisms. So, in order to figure out the failure mechanism and
characteristics of a cemented soil-concrete interface, a series of large-scale shear tests of a cemented
soil-concrete interface, and corresponding unconfined compressive tests and direct shear tests of
cemented soil, were carried out specifically under different impact factors. A kind of bounding
strength was observed during large-scale interface shearing. Resultantly, three stages of the shear
failure process of the cemented soil-concrete interface are proposed, and bonding strength, peak
(shear) strength and residual strength are pointed out, respectively, in interface shear stress—strain
development. Based on the analysis results of the impact factors, the shear strength of the cemented
soil-concrete interface increases with age, the cement mixing ratio and normal stress, and decreases
with the water—cement ratio. Additionally, the interface shear strength grows much more rapidly
after 14 d to 28 d compared to the early stage (1~7 d). Additionally, the shear strength of the cemented
soil-concrete interface is positively related to unconfined compressive strength and shear strength.
However, the trends of the bonding strength and unconfined compressive strength or shear strength
are much closer than those of the peak and residual strength. This is considered to be related to the
cementation of cement hydration products and probably the particle arrangement of the interface.
Particularly, the cemented soil-concrete interface shear strength is always smaller than the cemented
soil’s own shear strength at any age.

Keywords: cemented soil-concrete interface; large-scale interface shear test; interface shear strength;
unconfined compressive strength

1. Introduction

Interfaces are important in all kinds of geotechnical and underground engineering
structures [1-4]. Since the mechanical properties of two materials in contact with each other
are different, and the interface is also the main carrier for the interaction between them,
large shear stress and differential deformation are easily generated at the interface. In such
cases, this will most likely lead to structural failure and instability. Therefore, the study
of the shear characteristics of interfaces has always been an important research topic in
geotechnical and underground engineering.

In underground projects, an interface between the soil and structures (soil-concrete
interface) is always formed. Additionally, many studies have been conducted on soil-
concrete interfaces. Gong [5] studied the effect of normal-stress history on the shear
characteristics of a clay—concrete interface by using a large direct shear system, and found
that the shear stress would be larger at the same shear displacement with increasing initial
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normal stress. Additionally, the larger the initial normal stress was, the larger the maximum
shear stress at the interface would be. Liu [6] conducted an experimental study on the shear
properties of a silty clay—concrete interface under freeze—thaw cycles, and found that the
shear strength of the interface was positively related to normal stress and negatively related
to the number of freeze—thaw cycles and the initial water content of the soil. Namdar [7]
found that the differential settlement of soil depends on the soil-concrete foundation
interaction through a numerical investigation on soil-concrete foundation interactions.

However, in coastal areas such as Shanghai, Tianjin and Ningbo, soft clay is widely
distributed. Their engineering properties of low strength, high compressibility and low
permeability substantially increase the difficulty of engineering construction. In order
to effectively improve the properties of soft clay, cement is usually used in practical con-
struction to reinforce and improve the soil, such as cement mixing pile [8,9], high-pressure
rotary jet grouting pile, concrete-cored DCM pile [10], etc. Even in the process of the
artificial ground freezing method (AGF), in order to reduce the impact of frost heave and
thaw collapse, the soil will also be grouted to improve it. In these projects, there will be a
cemented soil-concrete interface formed between the cemented soil and some underground
structures, as shown in Figure 1.

Cement soil mixing pile
4

Underground structure (Tunnel)
Ll

_» Cement soil reinforcement area

Cemented soil-concrete interface «

Concrete lining “~

Figure 1. Diagram of the cemented soil-concrete interface of underground structures.

The cemented soil-concrete interface plays a significant role in the structure’s overall
structural stability. However, the cemented soil is often cast in situ. Its strength is generally
influenced by its age, the cement mixing ratio, the water—cement ratio, etc., which will
definitely further influence the performance of the shear strength of the cemented soil—-
concrete interface. Zhou [11] studied the behavior of pre-bored grouting planted piles under
compression and tension, and found that the frictional capacity of the concrete-cemented
soil interface was mainly controlled by the properties of the cemented soil. Correia [12] and
Horpibulsuk [13], respectively, studied chemically stabilized soft soils and cement-admixed
high-water-content clays. It was found that the strength of cemented soil was related
to the binder content, the liquidity index and clay-water/cement ratio. Considering the
existence of concrete-cemented soil interfaces in underground constructions, there is no
doubt that the study of the characteristics of these interfaces cannot be neglected because
of the bond forces generated by cement. Tanchaisawat [14] studied the characteristics
of cemented soil-concrete interfaces through shear testing. The results showed that the
interface shear strength increased linearly with the unconfined compressive strength of
the cemented soil. Wu [15] conducted laboratory tests on the interface of cemented soil—-
concrete and found that the value of interface shear strength was about 0.194 times the
unconfined compressive strength of the cemented soil specimen. Peng [16] concluded that
the interfacial shear strength of cement-treated soil and concrete was about 0.188 times
the unconfined compressive strength of cement-treated soil. Jamsawang [17] conducted
a pullout test of a concrete core pile in the field of a stiff composite pile, and the results
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showed that the interfacial shear strength could be 0.4 times the unconfined compressive
strength of the cement pile. Li [18] took the effect of normal stress into consideration, and
established an empirical equation between the shear strength of a cemented soil-concrete
interface and normal stress. Yu [19] conducted an experimental study on the frictional
capacity of the concrete—cemented soil interface of a concrete-cored cemented soil column
and found that the relationship between the ultimate lateral friction and the unconfined
compressive strength of the cemented soil was approximately linear. Zhou [20] analyzed
the interface shear characteristics of concrete pile body and cemented soil by examining the
pile axial force and load—settlement curve in a model test of pre-bored pile. Additionally,
it was concluded that the concrete-cemented soil interface strength was much greater
than the cemented soil-soil interface strength. The authors of [21] then conducted an
experimental study on the strength characteristics of a concrete-cemented soil interface.
The experimental results showed that the interface strength had a positive correlation with
the strength of cemented soil.

However, the above studies mainly concentrate on analyzing the relationship between
the shear strength of the cemented soil-concrete interface and the unconfined compressive
strength of the cemented soil. The failure mechanism and shear characteristics of cemented
soil-concrete interfaces are not clarified. At the same time, in some codes and specifications,
such as the “Technical specification for strength composite piles” (DGJ32/TJ 151-2013) [22],
the bearing capacity of the pile is determined by the frictional force at the cemented
soil-concrete and cemented soil-soil interface. However, the friction at the interface is
always determined by local experience. The influence of the real interface characteristics
on the bearing capacity of the pile is not reflected in such a specification. Additionally, the
mechanism of interaction between cemented soil and underground structures is not clear.
Therefore, this paper discusses the effects of cemented soil strength and normal stress on
the shear strength of a cemented soil-concrete interface through a series of large-scale shear
tests. From the perspective of cemented soil strength, the influences of age, the cement
mixing ratio and the water—cement ratio are also investigated. In order to establish a more
practical method for estimating the shear strength of the cemented soil-concrete interface
later, the shear strength of cement-soil is also considered, and a comprehensive analysis
of the relationship between the shear strength of the cemented soil-concrete interface, the
unconfined compressive strength and the shear strength of the cemented soil is carried
out. The research results of this paper could provide references for future studies about
the shear characteristics of cemented soil-concrete interfaces and a better understanding
of the interface failure mechanism. Additionally, it will provide a basis for the design of
underground construction involving cemented soil-concrete interfaces.

2. Materials and Methods
2.1. Materials
2.1.1. Soil In Situ

The lengths of cement soil mixing piles and stiffened deep cement mixing piles used in
engineering practice normally range from 10 m to 20 m [23,24]. Additionally, underground
structures such as subway tunnels are also distributed from 10 m to 30 m underground.
According to the geologic investigation data of Ningbo [25], a large amount of mucky soft
clay is distributed along the piles. Therefore, the soil used in this research was mucky soft
clay of the second layer in Ningbo, from an approximate depth of 12 m. The grain gradation
curves of the soil samples are shown in Figure 2 and their basic physical properties are
shown in Table 1.
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Figure 2. Gradation of soil sample.
Table 1. Basic properties of soil sample.
fqui : Shear Strength *
Water Density Void Ratio Liquidity Plasticity ngu?d Pl.a St.l ¢ 5
Content plg cm—3 e Index I} Index Ip Limit Limit Cohesion Friction
w!% wr!% wpl% c/kPa Angle @/°
49.3 1.73 1.36 1.35 19.0 42.7 23.7 11.90 8.00

Shear strength *: from the direct shear test.

2.1.2. Cemented Soil

Considering that the large-scale shear tests needed a large quantity of the cemented
soil sample, the soil sample used in this paper was remolded soil. According to the
“Specification for mix proportion design of cement soil” (JGJ/T 233-2011) [26], the air-
dried soil sample was crushed and sieved. Then, the water content of air-dried soil
sample was measured as wy and the mass ratio of cement to soil was measured as ay.
Additionally, a, represented the mass ratio of admixture to cement. The mass of air-dried
soil, cement, water and admixture needed to configure cemented soil was calculated using
Equations (1)—(4) while referring to the “Specification for mix proportion design of cement
soil” (JGJ /T 233-2011) [26]. For Equation (1), according to the equal mass of soil particles in
wet soil and air-dried soil, the mass of air-dried soil could be calculated. Additionally, the
mass of cement and admixture could be obtained based on the definition of cement mixing
ratio and admixture content in Equations (2) and (4). For Equation (3), the mass of water
was calculated in two parts. The mass of water required in air-dried soil was calculated in
the first part according to the difference in water content. At the same time, the required
water in cement was calculated according to the definition of the water—cement ratio.

1+ 0.01w
= 1
=T 00w e M)
1+ 0.01w
= " 0.01 2
Me = 10,00 0T w0 @
0.01w — 0.01w,
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mg = 0.01la,m, 4)

where wy is the water content of air-dried soil, %; w is the natural water content, %; m; is
the mass of wet soil, kg; my is the mass of air-dried soil, kg; a;, is the cement mixing ratio,
%; m_ is the mass of cement, kg; 1, is the mass of water, kg; y is the water—cement ratio; 4,
is the admixture content, %; and m, is the mass of admixture, kg.

Additionally, the cement type used was P42.5 ordinary Portland cement, which is
commonly used in construction. Its properties are shown in Table 2.

Table 2. Properties of the cement.

Dry Fineness/% Initial Setting Final Setting Compressive Strength Flexural Strength
Density/g-cm—3 ’ Time/min Time/min (28 d)/MPa (28 d)/MPa
3.1 130 210 43.5 7.8

2.1.3. Concrete Slab

C80 high-strength concrete is always used in underground engineering. Accord-
ing to “Specification for mix proportion design of ordinary concrete” (JGJ 55-2011) [27]
and “Technical specification for high performance concrete” (GB/T 41054-2021) [28], con-
cretes of different proportions were test-matched. Hence, the concrete samples were
configured as presented in Table 3. In addition to the samples to be tested with sizes of
600 x 400 x 100 mm, three cubes with sizes of 70.7 x 70.7 x 70.7 mm were also prepared
for unconfined compression tests. Through unconfined compression tests on concrete, the
average compressive strength of cubes was found to be 85.7 MPa. Steel molds with sizes of
600 x 400 x 100 mm were used to cast the concrete samples.

Table 3. Concrete proportion design.

Water-Cement Water Reducing
Ratio Cement/kg Ground Sand/kg Sand/kg Stone/kg Agent/kg
0.3 301 129 697 1250 14

2.2. Experimental Program and Sample Preparation
2.2.1. Large-Scale Shear Tests of Cemented Soil-Concrete Interface

(1) Experimental apparatus and program

In order to decrease the size effect, large-scale shear tests were carried out to measure
the shear strength of the cemented soil-concrete interface. According to the “Standard for
test methods of engineering rock mass” (GB/T 50266-2013) [29], the test apparatus used
was designed by the Department of Geotechnical Engineering College of Tongji University,
and is shown in Figure 3. Firstly, the cemented soil-concrete sample was placed in a shear
box with the concrete on the bottom and the cemented soil on the top. After the vertical
load was applied, the strain control method was employed during the shear process at a
rate of 1.0 mm/min. When the shear stress was almost stable, the shear test was completed.
The performance parameters of this apparatus were a maximum normal load of 100 kN
with precision of 0.1 N; the largest shear displacement of +75 mm with precision of 0.1 mm;
and a shear rate of 0.1~10 mm/min.
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Figure 3. Large-scale interface shear apparatus. (a) Large-scale interface shear apparatus;
(b) Schematic diagram of loading mechanism.

Taking the soil in situ properties into account, normal stresses of 50 kPa, 150 kPa, and
250 kPa were considered in the experimental design. Considering the influencing factors of
cemented soil strength, we set age, cement mixing ratio, water—cement ratio and normal
stress as impact factors to discuss the interface shear characteristics. Since the increase
in cement strength grows greatly in the early stage and becomes much more stable after
28 d, in this experiment, the age division was short initially and became longer afterwards.
So,1d,2d,3d,7d, 14 d and 28 d were, respectively, set as the age factors. The cement
mixing ratio and water—cement ratio were set based on both specifications, technical codes
(shown in Table 4) and local engineering experience. In the Ningbo area, the common
values of the cement mixing ratio and the water—cement ratio in engineering are 15%
and 0.5, respectively. At the same time, in order to increase the fluidity of cemented soil,
0.01% polycarboxylate superplasticizer is also commonly added in engineering practices.
Therefore, in this experiment, 15% was used as the reference value of the cement mixing
ratio, and it fluctuated by one level smaller and larger (13%, 18%), respectively (based on
the smallest 13% in the cement mixing pile in the specifications, as shown in Table 4), to
analyze the influence of the cement mixing ratio on the cemented soil strength parameters.
Additionally, the fluidity of the cemented soil was poor when the water—cement ratio was
0.5. If the water—cement ratio decreased, it would lead to a decrease in fluidity, making it
difficult to ensure the uniformity of the cemented soil sample. Thus, combined with the
recommended value range in Table 4, 0.5 was used as the reference value, and two levels
(0.8, 1.0) were designed to analyze the influence of the water-cement ratio on cemented soil
strength parameters. Considering that the preparation of large-scale cemented soil-concrete
interface samples is time- and labor-consuming, and the water—cement ratios commonly
used in engineering practice are between 0.5 and 0.8, in the large-scale interface shear
tests, only two levels of 0.5 and 0.8 were set for the water-cement ratio factor. In order to
investigate the effect of age, cement mixing ratio, water-cement ratio and normal stress on
the shear strength of the cemented soil-concrete interface, a detailed experimental program
of large-scale shear tests of the cemented soil-concrete interface was designed and is shown
in Table 5, in which 28 d, 15%, 0.5 and 150 kPa are the basic reference parameter values.
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Table 4. Recommendations for cement mixing ratio and water-cement ratio in specifications.

Specification Cement Mixing Ratio/% Water—Cement Ratio
Specification for mixed proportion design of cement soil
(JCJ/T 233-2011) [26] 32 045-2.0
Technical code for composite foundation 10~20 .

(GBT50783-2012) [23]

Technical specification for pile foundation of pipe pile
embedded in cemented soil >20 0.8~15
(JGJ/T 330-2014) [24]

Technical specification for strength composite piles

(DGJ32/TJ 151-2013) [22] 15-25 0.8~1.2
Technical code for excavation engineering Biaxial cement mixing pile: 13~15 0.5-0.6
(DG/TJ 08-61-2010) [30] Triaxial cement mixing pile: 20~22 R

Table 5. Experimental program of large-scale interface shear tests.

Ageld Cement Mixing Ratio/%  Water-Cement Ratio Normal Stress/kPa
1 15 0.5 150
2 15 0.5 150
3 15 0.5 150
7 15 0.5 150
14 15 0.5 150

28 15 0.5 150
28 13 0.5 150
28 18 0.5 150
28 15 0.8 150
28 15 0.5 50
28 15 0.5 250

(2) Preparation of cemented soil-concrete interface sample

The size of the shear box used in the large-scale shear test was 600 x 400 x 200 mm,
and molds of same size were also prepared. Firstly, the concrete slab, which had reached
curing age, was placed on the bottom of the mold, and we applied a thin layer of Vaseline
around the mold. Then, the configured cemented soil was filled into the mold in layers
and covered the concrete slab. Because the sample was relatively large, a vibrating rod
was used to ensure the cemented soil and concrete were well compacted and avoid the
formation of large bubbles inside. Finally, the surface of the cemented soil was scraped, and
the sample was cured for 24 h before demolding. The entire set of cemented soil-concrete
standard samples (Figure 4) were put in a curing room for a specified amount of time.

Figure 4. Cemented soil-concrete interface sample. (a) Interface sample before curing, after prepara-
tion; (b) Interface sample before testing, after curing.
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(3) Specimen quality control

It was necessary for the specimen quality to be strictly controlled throughout the
experiments. Density control was conducted and best uniformity determined for sam-
ple preparation. Firstly, the soils were sampled in situ (Figure 5a) and totally dried in
the air (Figure 5b); then, they were smashed and sieved into a uniform soil powder
(Figure 5c). Most importantly, according to the water content and soil density of field
soil (Table 1) and the specifically designed cement mixing ratio and water—cement ratio
(Table 5), the total mass of air-dried soil, cement, water and admixture was calculated based
on Equations (1)—(4) for the cemented soil-concrete interface sample volume. Additionally,
we then mixed these materials together (Figure 5d). In this step, uniformity was very
important, as well, for specimen quality control. A large high-speed motor stirrer was used
for initial cement mixing. Additionally, then, the mass of each sublayer was determined
and filled into a mold overlying a concrete slab (Figure 5e). Here, it was necessary for
the density to be strictly controlled, i.e., a certain mass of cement should be weighed and
totally filled into a predesigned sublayer volume. During this process, a shaking machine
was also used to remove air bubbles in the cemented soil via overall shaking. In addition,
a high-speed vibrating tube was used to help all the cement to be poured without any
voids, vibrating it locally piece by piece, especially ambient walls. After all the layers were
sub-filled, the specimen was scraped and subsequently maintained in a curing chamber
for a specific amount of time, as shown in Table 5. Finally, small specimens were kept for
strength comparison with the field samples during cement mixing pile construction.

1
: {a) field sampling (b) drying (c) smashing ang sieving (d) cement mixing
1 Cement soil preparation

(e) filling cement () Vibrating by layer (g) scraping (h) curing
(overlying concrete slab)

Figure 5. Large-scale cemented soil-concrete interface specimen preparation and quality control procedures.

2.2.2. Unconfined Compression Test and Direct Shear Test of Cemented Soil

Corresponding to the large-scale interface shear tests, unconfined compression tests
and direct shear tests of the cemented soil were also designed and conducted under
the same impact factors of age, cement content, water—-cement ratio and normal stress,
according to the “Standard for geotechnical testing method” (GB/T 50123-2019) [31]. The
only difference was that the water-cement ratio was set at three levels of 0.5, 0.8 and 1.0
since the preparation was much easier, and the normal stress could be applied in stages.
Therefore, the whole experimental program of the unconfined compression test and the
direct shear test of cemented soil is shown in Table 6.
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Table 6. Experimental program of unconfined compression test and direct shear test of cemented soil.

Experiments Agel/d Cement Ratio/% Water-Cement Ratio Normal Stress/kPa

1,2,3,7,14,28 15 0.5 -
. 28 13 0.5 -
compression est 28 18 05 :
p 28 15 0.8 -
28 15 1.0 -

1,2,3,7,14,28 15 0.5 50, 150, 250

28 13 0.5 50, 150, 250

Direct shear test 28 18 0.5 50, 150, 250

28 15 0.8 50, 150, 250

28 15 1.0 50, 150, 250

A rock mechanics testing machine (Figure 6a) was used for the unconfined com-
pression tests of the cemented soil. The testing specimens were cubes with sizes of
70.7 x 70.7 x 70.7 mm. The direct shear apparatus (Figure 6b) was used to measure the
shear strength of the cemented soil samples. Thirty groups of cemented soil cutting ring
specimens with sizes of 61.8 x 20 mm (diameter x height) were prepared.

Vertical compression frame

Shmple

— Base

(b)

Figure 6. Experimental apparatus for unconfined compression test and direct shear test of cemented
soil. (a) Rock mechanics testing machine; (b) Direct shear apparatus.

Similarly, specimen quality control was very important for the experimental results.
All the small cemented soil specimens for the unconfined compression test and the direct
shear test were prepared during the preparation of the large-scale interface shear test
specimens for consistency, as shown in Figure 7.

(i) curing, (] testing
Direet shear test

Figure 7. Specimen preparation procedures of unconfined compressive and direct shear tests of
cemented soil.

59



Materials 2023, 16, 4222

3. Results and Discussion
3.1. Shear Strength of Cemented Soil-Concrete Interface

The shear stress—displacement development characteristics of the concrete-cemented
soil samples aged 1 d and 28 d are shown in Figure 8. From the shear stress—displacement
curve, they both show a typical kind of brittle failure mode. The maximum shear stress
could be taken as the shear strength of the cemented soil-concrete interface, as shown in
Figure 8, while the shear stress-displacement curves of the interface have a small peak
before the maximum value of shear stress. This is presented at the end of the linear stage of
the curve. All the shear stress—displacement data of the interface at different ages of 1~28 d
are all presented in Figure 9. It can be found that all the curves present a small peak strength.
Additionally, with a longer curing age, this small peak of interface shear strength is larger.
The occurrence of this shear strength before the peak shear strength is due to the bonding
effect of cemented soil and concrete during sample preparation, i.e., cemented soil was cast
in place on a precast concrete mold, and not prepared separately. Actually, the preparation
of casting-in-place was much more consistent with real engineering construction. Therefore,
this small peak in shear strength is regarded as bonding shear strength (Figure 8). It is
important to understand the shearing mechanism of a cemented soil-concrete interface
when small displacement is encountered, which is also the main difference with previous
studies on cemented soil-concrete interface shear strength, where only peak shear strength
occurs. It is considered that the small peak of bonding strength presents a certain degree of
unloading caused by the generation of small cracks on the interface. This indicates that it is
due to the previous destruction of the bonding effect, not the interface itself. Aa shown in
Figure 10, under different ages of cemented soil, i.e., different bonding effects, the failure
occurrence at the interface after shearing is totally different, as observed in the cracks aged
1dand28d.
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Figure 8. Shear stress—displacement curve of cemented soil-concrete interface with basic reference
parameter values from large-scale shear tests.
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Figure 9. Shear stress—displacement curve of concrete—cemented soil interface from large-scale
shear tests.

(b)

Figure 10. Different occurrences of interfaces after shear stress at difference ages. (a) Only broken

bonding surface, no obvious internal cracks (age of 1 d). (b) Interface totally destroyed, obvious
cracks (age of 28 d).

When the displacement continues to increase, the cemented soil and concrete are
compacted again, and the shear stress continues to increase. When the shear stress reaches
the maximum value, the interface is destroyed (Figure 10b). The shear stress becomes stable
when the interface is completely destroyed and the rough surface is smoothed via shearing.
This stable value can be defined as residual shear strength (Figure 8). Friction plays a main
role in residual strength.

Generally, based on our observations and the above analysis of the shear stress—
displacement characteristics, the failure process of the cemented soil-concrete interface
can be divided into three parts: (1) the generation of small cracks at the interface; (2) the
interface is destroyed and shear failure occurs; and (3) the interface is completely cracked,
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and the residual strength mainly consists of friction. Correspondingly, the bonding shear
strength, peak shear strength and residual shear strength of the cemented soil-concrete
interface are defined, and all the specific values of the cemented soil-concrete interface
at different ages, the cement mixing ratio, the water-cement ratio and normal stress are
presented in Table 7. It is found that the shear strength of the interface increases with
the age, the cement mixing ratio and normal stress, and decreases with an increase in the
water—cement ratio. At the same time, the interface shear strength grows rapidly during at
14 d to 28 d. Additionally, from Figure 11, it can be seen that the peak strength and residual
strength have similar trends. They all increase slowly in the early stage before 14 d, but
have rapid growth at 14 d to 28 d. On the contrary, the bonding strength increases rapidly
from 1 d to 7 d. Additionally, the rate of growth becomes slower from 7 d to 28 d.

Table 7. Shear strength of concrete—cemented soil interface.

Aceld Cement Mixing Water Cement Normal Bonding Shear (Peak) Residual
8 Ratio/% Ratio Stress/kPa Strength/kPa Strength/kPa Strength/kPa
1 15 0.5 150 62.158 114.216 92.5
2 15 0.5 150 66.667 115.908 82.0
3 15 0.5 150 69.382 117.828 85.5
7 15 0.5 150 101.522 119.449 88.2
14 15 0.5 150 113.359 124.793 88.0
28 15 0.5 150 143.665 153.786 105
28 13 0.5 150 75.193 140.292 90.5
28 18 0.5 150 81.703 163.978 118.8
28 15 0.8 150 110.090 135.825 101.0
28 15 0.5 50 23.450 62.296 39.6
28 15 0.5 250 203.693 238.815 198.5
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Figure 11. Bonding strength, peak strength and residual strength of the interface at different ages
from large-scale shear tests.

3.2. Unconfined Compressive Strength and Shear Strength of Cemented Soil

The unconfined compressive strength and shear strength of the cemented soil samples
are shown in Table 8.
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Table 8. Unconfined compressive strength and shear strength of cemented soil.

‘i Unconfined . .
Cement Mixing  Water-Cement Normal - Shear Cohesion Friction Angle
Ageld Ratio/% Ratio Stress/kPa ‘(5:t0r g%iﬁil;; Strength/kPa c/kPa @l°
1 15 0.5 150 586.18 169.83 65.93 34.68
2 15 0.5 150 676.28 239.43 135.57 34.56
3 15 0.5 150 883.35 286.29 173.70 35.90
7 15 0.5 150 1076.31 367.92 257.19 38.16
14 15 0.5 150 1489.29 494.49 366.04 44.63
28 15 0.5 150 1675.95 569.75 408.03 45.59
28 13 0.5 150 1392.14 548.56 363.63 46.83
28 18 0.5 150 2043.90 594.37 450.47 43.67
28 15 0.8 150 1259.98 535.78 362.80 49.05
28 15 1.0 150 938.08 501.68 341.88 50.04
28 15 0.5 50 1675.95 454.76 408.03 45.59
28 15 0.5 250 1675.95 658.91 408.03 45.59
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The results of Table 8 indicate that the unconfined compressive strength and shear
strength are positively correlated, and both of them increase with age. They also increase
with increases in the cement mixing ratio and decrease with increases in the water-cement
ratio. Additionally, the shear strength increases with normal stress. From the perspective of
age, the ratio of unconfined compressive strength to shear strength is around 3.0, as shown
in Figure 12a. To some extent, age is not the key factor that influences the relationship
between unconfined compressive strength and shear strength. For different types of
cemented soil samples at the same age of 28 d, there is a positive linear correlation between
unconfined compressive strength and shear strength, as shown in Figure 12b. For the shear
strength index of cemented soil, it is obvious that cohesion is positively correlated with
unconfined compressive strength and shear strength. The friction angle increases relative
to age and the water—cement ratio, and decreases with the cement mixing ratio.
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Figure 12. Relationship between unconfined compressive strength and shear strength of cemented
soil. (a) Ratio of unconfined compressive strength to shear strength of cemented soil at different ages.
(b) Relationship between unconfined compressive strength and shear strength of cemented soil at the
same age of 28 d.

3.3. Failure Mechanism of Cemented Soil-Concrete Interface

To better understand the failure mechanism of the cemented soil-concrete interface,
the relationship between the cemented soil-concrete interface shear strength and the
unconfined compressive strength of the cemented soil, the cemented soil-concrete interface
shear strength and the shear strength of the cemented soil was analyzed, under a same
normal stress of 150 kPa, at different ages. The comparison indicates that the cemented
soil-concrete interface shear strength at any stage of curing is always smaller than the
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cemented soil’s own shear strength, as shown in Table 9. This is probably to say that the
bonding effect of the cemented soil-concrete interface is weaker than the strength of the
cemented soil particles. During the shear process, the interface of cemented soil-concrete
must be the weak surface, instead of the cemented soil. So, when the cemented soil-concrete
interface that forms in some underground constructions is subjected to shear action, the
interface will be destroyed before the cemented soil or concrete. Additionally, the value of
the unconfined compressive strength is much greater than that of the shear strength of the
interface and cemented soil under the same condition. Additionally, the shear strength and
unconfined compressive strength of cemented soil increase more quickly than the interface
shear strength with curing duration.

Table 9. Strength of cemented soil-concrete interface, unconfined compressive strength and shear
strength of cemented soil at different times (under a same normal stress of 150 kPa).

Cemented Soil-Concrete Interface Cemented Soil
Age/d Interface Shear Bonding Residual Unconfined Compressive
(Peak) Strength/kPa Strength/kPa Strength/kPa Shear Strength/kPa Strength/kPa
1 114.216 62.158 92.5 169.83 586.18
2 115.908 66.667 82.0 239.43 676.28
3 117.828 69.382 85.5 286.29 883.35
7 119.449 101.522 88.2 367.92 1076.31
14 124.793 113.359 88.0 494.49 1489.29
28 153.786 143.665 105.0 569.75 1675.95

From Table 9, it can be figured out that the shear strength of the cemented soil-concrete
interface is positively related to the unconfined compressive strength and shear strength of
the cemented soil. With an increase in unconfined compressive strength and shear strength,
the shear strength of the cemented soil-concrete interface will increase correspondingly. As
shown in the above analysis of Figure 11, it can be easily seen that the trends of bonding
strength and peak and residual strength are different, although all of them are positively
related to unconfined compressive strength and shear strength. Upon looking further, the
trends of bonding strength and unconfined compressive strength or shear strength are
much closer than those of peak and residual strength, as shown in Figure 13. That is, it
grows fast in the early age and slows down from 7 d to 28 d. In principle, the increase
in the unconfined compressive strength and shear strength of cemented soil is mainly
related to the cementation of cement hydration products. In the initial stage of curing, the
hydration of cement can proceed quickly and react adequately due to sufficient materials,
water, etc. The hydration products form cementation with other components and the
strength of the cemented soil grows rapidly. With the continuous development of time,
the water and reaction materials decrease. So, hydration slows down, and the strength
growth of the cemented soil slows down as well. At the same time, the bonding strength of
the interface also represents the degree of cementation. So, the relationship between the
bonding strength and the unconfined compressive strength or shear strength of cemented
soil is closer. On the other hand, after reaching the bonding strength, the cementation of the
cemented soil gradually disappears. So, the peak and residual strength relate more closely
to the properties of the interface itself rather than cemented soil material. At this point,
the particle arrangement and friction characteristics at the interface may affect the peak
(shear) strength and residual strength even more. This allows both to have the same rapid
growth from 14 to 28 days. As a result, the curing influence on interface shear strength and
unconfined compressive strength or shear strength are not close, although there is positive
relationship between peak and residual strength and unconfined compressive strength or
shear strength.
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4. Conclusions

To figure out the failure mechanism and characteristics of cemented a soil-concrete
interface, a series of large-scale contact surface shear tests and corresponding unconfined
compressive tests and direct shear tests of cemented soil were carried out. The following
important conclusions can be drawn:

1.  Three stages of the failure process of the cemented soil-concrete interface can be
observed: (1) the generation of cracks at the interface; (2) the interface is destroyed
and shear failure occurs; (3) the interface completely fails, and the residual strength
mainly consists of friction. The bonding strength, peak (shear) strength and residual
shear strength of the cemented soil-concrete interface are correspondingly proposed
and analyzed.

2. The shear strength of the interface increases with the age, cement mixing ratio and
normal stress, and decreases with an increase in the water-cement ratio. Additionally,
the interface shear strength grows rapidly at 14 d to 28 d. Hence, the cemented soil
used in some practical projects needs to be cured for a sufficient amount of time, such
that the strength of the cemented soil-concrete interface can be improved sufficiently.

3. The results of the unconfined compressive test and direct shear test on the cemented
soil indicate that the unconfined compressive strength and shear strength are posi-
tively correlated. Additionally, both of them increase with age and the cement mixing
ratio and decrease with an increase in the water—cement ratio. There is a positive
correlation between interface shear strength and the unconfined compressive strength
or shear strength of cemented soil. However, the trends of the interface bonding
strength and unconfined compressive strength or shear strength of cemented soil are
much closer than those of the interface peak strength and unconfined compressive
strength or shear strength, and the interface residual strength and unconfined com-
pressive strength or shear strength. This is considered to be related to the cementation
of cement hydration products and probably the particle arrangement of the interface
and its friction. Additionally, interface strength is always smaller than the unconfined
compressive strength or shear strength of the cemented soil itself.

This research is of great significance to the study of the contribution of materials’
strength to interface evolution at different stages. However, the effects of age, the cement
mixing ratio, the water—cement ratio and normal stress on the cementation and shear
properties of cemented soil-concrete interfaces have not been analyzed at the microscopic
level. That is to say, the essence is not clear. So, further studies on the inherent mechanism
for interface strength improvement, and tests of more influencing factors on the cemented
soil-concrete interface, are expected.
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Abstract: Due to different tensile and compressive properties of rock material, the corresponding
tensile and compressive damage evolution show major differences. To investigate the tensile and
compressive damage evolution in deep cut blasting with different in-situ stresses, an improved
Holmquist-Johnson-Cook (HJC) material model considers the tensile and compressive damage
separately is developed. The improved HJC model is implemented into LS-DYNA via a user-defined
subroutine in this study. Then, a numerical model with different in-situ stresses loading schemes
is modelled. Numerical simulation results show that in-situ stress can inhibit the development of
tensile damage evolution, while promote the development of compressive damage evolution. The
overall damage zone presents a decreasing trend with the increase of in-situ stress, because the tensile
damage is more sensitive than the compressive damage for rock material. In addition, the maximum
principal stress can determine the development of the direction of damage. Further, for a field test of
blind cut raise in deep, the actual in-situ stress values are loaded on the numerical model. Then, in
order to overcome the difficulties caused by in-situ stress, the cut blasting design is optimized by
reducing hole spacing. Subsequently, the optimized cut parameters are applied in the blind cut raise.
However, the one-step raise excavation method is adjusted to two steps to ensure success due to a
serious borehole deviation between drilling and design drawing. After these steps, the formation of
the blind cut raise with 8.7 m depth is met the requirements of design.

Keywords: cut blasting; damage model; in-situ stress; numerical simulation; field test

1. Introduction

Raises such as ventilating raise, cut raise and service raise is widely used in under-
ground space engineering [1-3]. However, conventional raise excavation methods, which
need workers to gain access to the raise heading face and drill 3~4 m per excavation cycle,
are insecure and inefficient. Compared with the conventional raise excavation methods, the
one-step raise excavation technique has huge advantages in security, cost and efficiency [4].
Thus, it has been gradually applied in the field of underground engineering. The one-step
raise excavation technique can be divided into two styles based on charging structure:
spherical cartridge blasting mode (SCBM) and burn cuts blasting mode (BCBM) [5]. Com-
pared to SCBM, the BCBM is more flexible in underground engineering, especially in deep
mines with narrow space. Meanwhile, BCBM has more advantages in excavation of small
section raise. The BCBM needs a cut cavity, which is formed by initiation of a series of cut
holes in sequence, to serve as the free surface and swelling space for the boreholes [6]. Thus,
it is crucial to investigate the damage evolution process of cut-blasting. When cut blasting
is performed in a deep mine, damage induced by blasting load is affected by not only cut
parameters but also high in-situ stress which will cause difficulties to cut blasting [7-9]. As
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a result, the application of one-step raise excavation is limited in deep mines. Therefore, it
is necessary to study damage evolution and failure mechanisms of cut blasting under high
in-situ stress.

In recent years, many studies on damage evolution of rock mass under blasting loading
have been conducted [10,11]. Liu and Katsabanis [12] described a constitutive model for
predicting rock damage and fragment size distribution based on continuum mechanics and
statistical fracture mechanics. Zhang et al. [13] proposed an anisotropic continuum damage
model to study rock damage induced by stress wave. In addition, some damage models are
used in the numerical simulation of cut blasting. Yang et al. [14] implemented a statistical
damage evolution law into LS-DYNA to simulate rock damage evolution of deep tunnel
excavation. Xie et al. [15] developed a tension and compression-shear damage model to
investigate the damage mechanics of cut blasting under high in-situ stress. However, little
work on one-step raise excavation has been done except that covering tunneling excavation.
The cut model, excavation depth, section and direction are different between raises and
tunnels, which will result in differences in the damage evolution of rock mass during cut
blasting [4].

It is well-known that rock material exhibits different damage evolution mechanisms
under tension and compression loading. However, some damage constitutive models can-
not describe well the differences between tensile damage and compressive damage [16-18].
For example, the Holmquist-Johnson-Cook (HJC) model can express compression damage
behavior via its damage model, which defines damage accumulates from equivalent plastic
strain and plastic volumetric strain, but the tension damage behavior is not taken into
account in the HJC model [19]. Due to the tensile strength of rock mass which is much
less than its compressive strength, the tensile damage is the main cause for rock failure.
Therefore, many damage-constitutive models have been proposed and implemented to
describe both the compressive and tensile damage evolution mechanisms of rock mass.
Hao et al. [20] present a numerical model, in which both the tensile and compressive
damage are involved, to simulate the damage zone around the charge hole. Li and Shi [21]
established a tensile and compressive damage model based on the extended Drucker-Prager
strength criterion and the Johnson—-Cook material model. Considering that the compres-
sion behavior of materials was described in detail and a few parameters needed to be
determined, the original HJC model is modified in this study.

The objective of this study is to investigate the damage evolution mechanism of cut
blasting in the BCBM under different in-situ stresses. Firstly, a modified HJC damage model
which considers tension and compression damage behaviors is presented and implemented
into LS-DYNA software (R 11.0, Sydney, Australia) via user subroutines. After this, for deep
raise excavated by the BCBM, a simplified cut blasting numerical model is built to analyze
the behaviors of rock damage under different in-situ stress load schemes. Further, the
actual in-situ stresses in —665 m sublevel of a gold mine are applied to the numerical model
to obtain the optimized cut blasting parameters. Finally, the optimization parameters are
applied to the field test of BCBM.

2. Engineering Background
2.1. General

Xincheng gold mine is located in Laizhou city, Shandong province, China. The mine
area is about 35 km southwest of Laizhou city (37°25' N, 120°08’ E). Via the G206 national
road which runs through the mine area, the mine is connected with the Weifang railway
station about 135 km to the southwest, as shown in Figure 1a. Xincheng gold mine is a
medium mechanized underground mine with a production capacity of over 3600 t/day.
The ore deposit is mainly composed of I# and V# ore bodies in Xincheng gold mine. The I#
ore body, which is located at a depth from —20 m to —630 m, has been exhausted. Therefore,
the burden of the main ore output is carried by the V# ore body which is located at a depth
from —430 m to —900 m, as shown in Figure 1b. In order to improve the production
capacity of Xincheng gold mine, a new mining method should be determined for the V#

70



Materials 2023, 16, 3415

1197

%

‘h.._.,.

> —mﬁr‘}' Nincheng gold mine
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is no longer suitable for the large and thick ore body V#. Sublevel fill stoping, which is a
mass mining method and can meet the production requirement [22,23], will be adopted for
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free surface for production holes blasting. Therefore, the BCBM is used in construction of
the cut raise to improve excavation efficiency and ensure operational safety.
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Figure 1. Basic information of Xincheng gold mine: (a) the location of Xincheng gold mine; (b) the
engineering geology profile of Xincheng gold mine.

2.2. Design of Cut Blasting for One-Step Raise Excavation

According to the surrounding rock mass stability and sublevel height, a blind cut raise
with a height of 9 m and a cross section of 2.5 x 2.5 m? is designed. The BCBM is used to
excavate the deep cut raise in this study. For the application of the BCBM, cut model and
parameters should be determined firstly, especially for the prime cut hole which detonates
firstly and uses empty holes as the free surface and swelling space in the process of cut
blasting. However, the constriction of burden rock in cut-blasting is much higher than
that in bench blasting. Moreover, high in-situ stress will cause more difficulties for cut
blasting in deep mines. According to the research of Xie et al. [15], the empty hole not only
plays the role of free surface but can also transfer the blasting energy to the free surface.
Consequently, more empty holes applied in the cut model means more blasting energy will
be used to break rock mass. Thus, a burn-cut-with-four-empty-holes model is adopted for
the BCBM in a deep mine, as shown in Figure 2, which includes one prime cut hole (No. 1),
four empty holes (No. 2, 3, 4, and 5) and four secondary cut holes (No. 6, 7, 8, and 9) in the
cut zone, and four supplementary holes (No. 10, 11, 12, and 13) and four peripheral holes
(No. 14, 15, 16, and 17) in the stoping and contour zones. It can be seen that as the empty
holes are arranged around the prime cut hole, more blasting energy will be shifted to the
direction of empty hole and spent in the creation of the cut cavity after the prime cut hole
detonation. The sizes of boreholes are determined based on the existing drilling equipment
in Xincheng gold mine. The diameters of charge holes and empty holes are 70 mm, 130 mm
respectively. According to the requirement of swelling coefficient k, the hole spacing L
between the prime cut hole and empty holes is set as 250 mm to ensure k > 1.45 [24].
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Figure 2. Layout of boreholes for burn cuts with four empty holes.

3. Material Model for Numerical
3.1. Blasting Damage Model for Rock Material

As we all know, the explosive energy can convert into two main forms: stress waves,
and detonation gas after it is initiated. The rock damage induced by blasting also results
from the two forms. Nevertheless, it is difficult to quantify the effects of the two forms and
describe the two damage mechanisms in a single damage model. Thus, the effects of stress
waves and detonation gas on rock damage are generally independently modeled in most
studies [25,26]. The damage evolution models produced by detonation gas cannot give
a reasonable prediction in numerical simulation and have not been further pursued [27].
Meanwhile, the damage models only consider the effect of stress waves can predict the
rock respond to blasting load. Thus, the blasting damage model only induced by stress
waves is modeled in this study.

3.1.1. Damage Evolution Model

For brittle material, such as rock or concrete, its compressive strength is much greater
than its tensile strength. In the process of explosion stress wave propagation, the compres-
sive component derived by shock wave produces compressive-shear damage in the vicinity
of charging hole. After this, a tensile damage zone will appear outside the compressive-
shear damage zone with the propagation of stress wave. Due to different mechanical
properties under tensile and compression loads, the rock damage evolution model can
be divided into two parts: tensile damage function and compressive damage function.
When the rock material is in a tensile state, its damage evolution should be expressed by
the tensile damage function. Conversely, its damage evolution can be expressed by the
compressive damage function.

In major reported studies on tensile fracture of the brittle material [28,29], the stress-
strain curve under uniaxial tension is similar to the exponential form in the tensile softening
stage. Therefore, referring to the study of Weerheijm and Doormaal [29], an exponential
softening expression in which the tensile damage D; is accumulated with plastic strain is
adopted, as following,

_ 3 _ _
1+ (ClF,fP ) ]exp(—cz e )— e (1+C%) exp(—c2) 1)

€frac €frac

Dy =

where, gp = }_ Ag;, is the effective plastic strain, e, is the fracture strain which is depended
on the element size in the numerical model. The constants ¢; = 3 and ¢, = 6.93. g4, is the
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fracture strain, and its value depends on the size of the element in the numerical model. It

can be calculated by

5.136G
Efrac = : (2)

h.T
where Gg is the fracture energy and is taken as 80 Nm/m? from Kong et al. [19]. ki is the
characteristic length of the element, which may be approximated by the cube root of the
volume of the element in a 3D analysis. T is the tensile strength of material.

For compressive damage evolution, not only the plastic strain which is caused by
plastic shear deformation but also the plastic volume strain which is induced by plastic
crushing of the pores in the rock mass should be considered in compression damage
accumulation. According to the definition in the HJC model, the compressive damage D is
proposed as follows,

Aep + Apyp
el +pb,

D, = Z (3)
where, Agp, Ajip are the effective plastic strain increment and plastic volumetric strain,
respectively, during a cycle of integration. e; + y{, is the total plastic strain under a constant
pressure until fracture, which is expressed as,

S{D—’—Vf?:Dl(p*—'—T*)Dz ZEFmin (4)

where, D; and D, are the damage constants. p* = jﬁc’ T = lc denote the normalized
pressure and the normalized hydrostatic tension respectively, and p is the actual pressure,
T is the maximum hydrostatic tension, f is the quasi-static uniaxial compressive strength.
EFnin is used to suppress fracture from low tensile stress waves.

In order to show which kind of damage predominates in the failure of rock mass, the

maximum function is applied. Thus, the final damage variable can be expressed as,
D =Max (D, Dt) ©)

3.1.2. Yield Strength Model

Just like many previous studies, the shape of the yield surface of the brittle material in
the deviatoric plane exhibits a triangular shape at low pressure and transforms to a circular
shape at high pressure. However, many material models such as the classic Drucker-Prager
model [21] and HJC model [19] have assumed that the shape of yield surface remains a
circle the whole time in the deviatoric plane. That means there are not differences between
the tension meridian and the compression meridian, which result in the consequence that
the capacity of rock subjected to tension loading will be overestimated in the above models.
Therefore, the Lode-angle function [30] depending on Lode-angle (f) and e should be
introduced to the yield strength surface, which is expressed as,

2(1—¢?) cosf + (2¢ — 1) [4(1 — %) cos? 6 + 5e* — 4e] 2
4(1—e?) cos2 0+ (2¢ —1)?

R(6,¢) = (6)

where, the Lode-angle 0 is determined by,

0= lcos_1 27]5 (7)
3 ZUg’q

with J3 being the third invariant of the deviatoric part of the stress tensor, oeq being the
equivalent stress. e is the ratio of the tensile meridian to the compressive meridian, which
can describe the transition of deviatoric plane shape from triangle to circle. As discussed
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by Polanco-Loria et al. [30], the e which is sensitive to the biaxial-compression strength is
simply defined by a linear interpolation of the discrete points, as follows

0.65 p* <0
e={ 065+ (1— 0.65)5@{ 0 < p* < pi; 8)
1.0 P* > p:ef

where, p; ¢ is the reference normalized pressure and p;,; = 10 is adopted in this study.

3.1.3. Strain Rate Effect Model

The strain rate effect is used to describe the phenomenon that material strength
increases with strain rate under dynamic loading. In order to describe the strain rate effect in
the constitutive model, a simplified approach in which the static yield surface is multiplied
by the dynamic increase factor (DIF) as the dynamic yield surface is implemented. However,
the DIF should be defined separately for the tension and compression loading, since
dynamic experimental results show that the DIF for tension is much higher than that
for compression. Many tension-compression strain rate effect expressions have been put
forward recently [31]. However, most of the expressions are of a exponential relationship,
which will lead to an overestimate of DIF with the strain rate increases to the range of
10* s71~10° s~1. Gebbeken and Greulich [32] suggested a hyperbolic function to describe
the relationship between strain rate and DIF, which sets a cut-off of DIF in high strain rate
region and shows a good agreement with the experiment data of brittle material.

Fin

DIF; = {[tanh((Ig( é/éo)—Wx)S)][Wy —1]+1}Wy ©)
DIF. = (DIF—1)(T/fo) +1 (10)

in which, DIF; and DIF. are the dynamic increase factor for tension and compression,
respectively. Wy, S, Fy,, Wy are the fitting constants, the values of Wy =1.6, S = 0.8, Fy,, = 10,
W, = 5.5 are determined referred the research of Tedesco et al. [33], & = 151 is the
reference strain rate. In this study, the above hyperbolic function for strain rate effect
is adopt. Thus, according to the form of continuous yield surface function proposed by
Polanco-Loria et al. [30], it can be written as follows,
S { B[T*(1 — D) + p*]NR(6,¢)DIF, P* > —T*(1 — D) a1
0 ,P* < —=T*(1 - D)

where, B is the pressure hardening coefficient, N is the pressure hardening exponent, and
the other parameters are the same as above. In addition, a typical three-stage equation
of state for brittle material is used to describe the relationship between pressure and
volume strain [19,21]. The three-stage equation of state contains bulk modulus K, pressure
parameter K1, K» and K3, hydrostatic pressure p. and volume strain p. at the elastic limit,
p1 and pq at the crushing region. A detailed description of this modified HJC model and its
validation can be found in Ref. [34], which is a previous study of the authors.
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3.2. JWL EOS for Explosive

The borehole pressure profiles can be approximated using two main methods: pressure-
decay functions and Equation-of-State (EOS), while the EOS can describe the process of
rock-explosive interaction and is convenient for application in LS-DYNA. Therefore, the
JWL EOS is used to simulate detonation products of high explosives in the present study.
The JWL EOS defines the pressure as:

wE

w —RyV
= )el + %

w RV
—_— By(1—
Je + ]( R,V

P = Aj(1-
) =40-7v

(12)
where P is the pressure of the detonation products, V' is the relative volume of detonation
products, E is the special internal energy with an initial value of Ey, Ay, By, Ry, Ry and w
are material constants.

3.3. Air Material Model

In addition, the radial decoupling charge is usually applied on cut blasting to control
the blasting damage zone in practice. In this study, the radial air-decoupling charge
technique is implemented. As for air, material type 9 of LS-DYNA (*MAT_NULL) is used
to calculate the pressure from a specified EOS, which is expressed as:

Pp = Co+ C10 + Co6% + C36% 4 (C4 + C56 + Co82)er (13)

where P, is the pressure, ¢; is the internal energy per volume, ¢ is dynamic viscosity coeffi-
cient, Cy, C1, Cy, C3, C4, C5 and Cg are material constants. In addition, the air is modeled
as an ideal gas by setting Cy = C; = C; = C3 = C¢ =0 and C4 = C5 = 0.401, and air mass
density and initial internal energy are 1.255 kg/m? and 0.25 ] /cm3, respectively [35].

4. Numerical Simulation and Analysis
4.1. Research Methodology and Steps

The numerical software ANSYS-LSDYNA is used to simulate and reproduce the
whole process of cut blasting under in-situ stress [36]. In order to load in-situ stress at
the boundary of the numerical model, the implicit-explicit sequential solution method is
involved. First, the implicit module is called to analyze the static in-situ stress state of the
cut blasting model. Then the implicit calculation result contains strains, displacements
and stresses is output as a drelax file which will be imported to the explicit module during
the explicit calculation. In the explicit stage, the boundary conditions and element type
should be updated. The unnecessary constrains are deleted from the implicit analysis
and the new boundary conditions are set up for explicit solution. Then the numerical
model is initialized for the explicit solution via the drelax file, as shown in Figure 3. The
element type should be transformed from solid 185 in implicit to solid 164 in explicit.
Besides, in the explicit analysis stage, there are basic materials such as rock, explosive to be
modeled. In the process of high-speed explosion, the explosives can be treated as fluid and
modeled with Euler mesh, while the rock material is modeled with Lagrangian mesh in the
ALE algorithm. The interaction between explosive and rock is achieved by the keyword
“*CONSTRAINED_LAGRANGE_IN_SOLID".
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Figure 3. Flow chart of the implicit-explicit sequential solution.

4.2. Numerical Model and Material Paramaters

The damage evolution process of the prime cut hole is only taken into account in the
numerical simulation. Because it is the most critical and difficult step in the cut blasting in
which the empty holes serve as the only free surface for the prime cut hole [6]. Therefore, a
prime cut numerical model with the dimension of 20 x 20 m? (length x width) is modelled
based on the cut blasting design, as shown in Figure 4. According to the influence of
stress wave reflection and the crack zone of rock blasting [37,38], the numerical model size
is set to 20 x 20 m? (length x width). To simplify the problem, the numerical model is
assumed as a plane strain problem, provided that the mechanical characteristics are the
same in every cross section along the cut raise’s centerline. Thus, the numerical model
can set as a three-dimensional single layer mesh model, which can improve the accuracy
of the simulated results and reduce the computation time [39,40]. In addition, it can be
seen that the parameters of hole diameters and hole spacing are consistent with the design.
The radial air decoupling charge structure with 10 mm air layer is also used for the prime
cut hole. In the implicit solution stage, initial horizontal in-situ stresses oy and oy, are
applied to the x and z direction faces of the numerical model, and the other two opposite
surfaces are fixed boundaries. In the explicit solution stage, the unnecessary loads and
constrains are deleted, and the non-reflection boundary conditions are set up in the four
outerrounded faces to reduce the influence of stress wave reflection.
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Figure 4. Geometric model and boundary conditions of the prime cut hole for the BCBM.

For the rock material, the basic parameters, such as density, uniaxial compressive
strength, uniaxial tensile strength and shear modulus, are obtained by rock mechanics
experiments. The other parameters such as yield surface strength parameters, equation-of-
state parameters and damage parameters can be determined by referring to the author’s
previous research [34]. The all-parameter values for the modified HJC model that need
to be inputted into the LS-DYNA are presented in Table 1. Besides this, the JWL EOS
parameters of explosive are listed in Table 2.

Table 1. Parameters of the improved damage model.
pl(kg/m3) G/GPa K/GPa B N f/MPa ft/MPa Dy D,
2810 17.2 33.2 2.57 0.62 133.5 6.76 0.04 1.0
p/MPa He p1/GPa 281 K1/GPa K,/GPa K3/GPa EF in
44.5 0.0013 1.89 0.110 18.8 15.3 94.1 0.03
Table 2. Parameters of explosive material and JWL EOS.
pe (kg/m®) VoD (m/s)  Pcy(GPa) Ay (GPa) By (GPa) Ry R, w Ey (GPa)
1210 5660 9.7 2144 0.182 4.2 0.9 0.15 4.192

4.3. Damage Evolution under Different In-Situ Stresses

In order to investigate the effect of in-situ stress on rock damage evolution mechanisms
of cut blasting during deep raise excavation, the corresponding loading schemes of in-situ
stress are established. Since the current mining depth of Xincheng gold mine is 1200 m,
the corresponding horizontal maximum in-situ stress is about 60 MPa, so the numerical
simulation research scheme sets the values of in-situ stress within the range of 0-60 MPa,
as shown in Table 3. Schemes 14 are used to study the effect of the hydrostatic pressure,
while Schemes 5-8 are used to study the effect of the anisotropic in-situ stress.
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Table 3. In-situ stress loading stress for the cut blasting.

Loading Schemes 1 2 3 4 5 6 7 8
Horizontal stress in the x direction (MPa) 0 10 30 50 30 30 30 30
Horizontal stress in the z direction (MPa) 0 10 30 50 10 20 40 60

The numerical simulation results of Schemes 1-4 are presented in Figure 5. It can
be seen that with the increase of in-situ stress, the area of the overall damage tends to
decrease gradually. That indicates that in-situ stress can restrain the development of rock
damage evolution in cut blasting. Further, the tensile damage and compressive damage are
separately analyzed. It is obvious that the area of the tensile damage drops, especially in the
stress waves superposition zone behind the empty holes, with the increase of in-situ stress,
while that of the compressive damage appears to rise. It is demonstrated that in-situ stress
can promote the development of compressive damage, while inhibit the development of
tensile damage. The main reason is that the tensile component of stress wave is suppressed
by in-situ stress, which causes the tensile damage reduced significantly. When the stress
wave propagates to the superposition zone behind the empty holes, the attenuation is
more serious. Thus, the tensile damage area of the region decreases most obviously. In
addition, when in-situ stress is below 30 MPa, the tensile damage zone drops sharply with
the increase of in-situ stress. Nevertheless, when in-situ stress is higher than 30 MPa, the
gradient of tensile damage zone drops is lower than the previous. The probably reason for
this phenomenon is that when in-situ stress is higher than 30 MPa, the tensile component
of stress wave in the superposition zone is reduced by in-situ stress and is lower than
the dynamic tensile strength of rock. Therefore, in the mining industry, the linear charge
density in deep mines is greater than that in shallow mines, to rise the peak value of shock
wave and overcome the difficulties from in-situ stress.

Figure 6 shows the rock damage evolution of cut blasting under the action of anisotropic
in-situ stresses. The results demonstrate that both the compressive damage and tensile dam-
age are aligned with the direction of the maximum principal stress, and the phenomenon
becomes more and more obvious with the increase of difference between the two principal
stresses. The compressive damage shows a slight increase with the increase of in-situ stress,
while the tensile damage drops sharply. The main reason for this is that the tensile stress
component perpendicular to the maximum principal stress is greatly suppressed, while the
tensile stress component perpendicular to the minor principal stress is slightly suppressed.
In contrast, the compressive stress component is promoted by in-situ stress.

Therefore, for the cut blasting in deep mines, in order to overcome the suppressive
effect of in-situ stress on tensile damage evolution, the simple and effective method is to
reduce the hole spacing between the prime cut hole and empty holes [7], that is, to reduce
the burden. According to the numerical simulation results, the burden can be reduced
slightly in the direction of the maximum principal stress, while it needs to be reduced to
a greater extent in the direction of the minor principal stress. Similarly, the promoting
effect of in-situ stress on compressive damage evolution can be applied. If in-situ stress is
high enough, the compressive component will be greatly promoted and the burden can be
increased appropriately. For a project to determine the blasting parameters, such factors
needs to be considered as the magnitude of in-situ stress and rock mechanical properties,
and then using these to optimize the parameters through numerical simulation.
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Figure 5. Damage distribution of prime cut blasting under the action of hydrostatic pressure.
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Figure 6. Damage distribution of prime cut blasting under the action of anisotropic in-situ stress.
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4.4. Case Study of Cut Parameters Optimization for Deep Raise

The experimental stope is located in —665 m sublevel, V# ore body, Xincheng gold
mine. According to the literature [41], a study of in-situ stress distribution in Xincheng gold
mine was conducted by Cai et al. [41]. It was found that in-situ stress field is dominated by
horizontal tectonic stress rather than gravity stress in Xincheng gold mine. The measured
results show that the two principal stresses in the horizontal direction are the maximum
and minimum principal stresses, respectively, and the vertical stress is the intermediate
principal stress. In addition, the vertical stress is approximately equal to the gravity stress. If
we assume that the vertical stress is equal to the gravity stress, and the average unit weight
v is 26.50 kN/ m? for the rock mass, the vertical stress oy= 17.6 MPa can be calculated
by oy = H7. According to relevant research [42], R; = 1.9 and R; = 0.85, which are the
ratio of horizontal maximum principal stress oimax and vertical stress, and minimum
principal stress oimin and vertical stress. respectively, are determined in this study. Thus,
the 0gmax = 0v X R1= 33.4 MPa, 0ymin = 0v X Ro= 14.8 MPa can be obtained.

The numerical model in which the blasting parameters, the boundary conditions and
the model size are consistent with Section 4.2 is built in ANSYS-LSDYNA. Only in-situ
stress loading changes to the real values of the experimental stope in implicit analysis. In
addition, the blasting processes of the four secondary cut holes are added to investigate the
damage evolution mechanism of the overall cut cavity. The numerical results are shown in
Figure 7. As we can see, a complete cut cavity is formed by a series of cut holes denotation
in sequence. However, it can be found from Figure 7a that the damage zones between the
prime cut hole and the empty holes are not interconnected, and that the burden rock did not
break completely in the direction of the minimum principal stress. In practical engineering,
this may lead to a failure of formation of the prime cut cavity, as it cannot provide the free
surface and swelling space for the subsequent secondary cut holes. Therefore, the hole
spacing needs to be optimized.

(b)

0.0 0.2 0.4 0.6 0.8 1.0

(d)

Fringe levels of D ||| GzNB 1 I

Figure 7. Damage evolution processes of burn cuts with the actual in-situ stress in Xincheng gold
mine: (a) rock damage after the prime cut hole detonation; (b) rock damage after the No. 6 secondary
cut holes detonation; (c) rock damage after the No. 8 secondary cut holes detonation; (d) rock damage
after the No. 7 and 9 secondary cut holes detonation.

The hole spacings Lmax are kept a constant with 250 mm in the direction of the
maximum principal stress, while, the hole spacings Ly, are reduced to 240 mm in the
direction of the minimum principal stress. Meanwhile, the distance components of the
corresponding secondary cut holes in the direction of the minimum principal stress are also
reduced to 240 mm. The simulation results of cut model optimization are shown in Figure 8.
It can be seen from Figure 8a that the damage zones are interconnected and that the cavity
is in a “lotus” shape after the prime cut hole denotation. From the comparison of the final
damage clouds between Figures 7d and 8d, the area of D =1 is larger, and the radial tensile
cracks which extend to outside of the cut cavity are shorter in the optimization scheme
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than that in the original scheme. That means more blasting energy is spent in the creation
of the cut cavity, and that the size of the rock fragments is smaller and they more easily fall
out of the cut cavity in the optimization scheme. According to the above analysis, the hole
spacings Lmax = 250 mm and Ly, = 240 mm for one-step raise excavation in the —665 m
sublevel of Xincheng gold mine are determined.

(d)

0.0 0.2 0.4 0.6 0.8 1.0

| | | l
Fringe levels of D _ ) _

Figure 8. Damage evolution processes of the optimized burn cuts design by reducing hole spacing:
(a) rock damage after the prime cut hole detonation; (b) rock damage after the No. 6 secondary cut
holes detonation; (c) rock damage after the No. 8 secondary cut holes detonation; (d) rock damage
after the No. 7 and 9 secondary cut holes detonation.

5. Field Test

According to the drilling equipment selection and numerical simulation results, the
cut parameters—such as hole diameters d = 70 mm, ¢ = 130 mm and hole spacing
Lmax =250 mm, Ly = 240 mm in the burn cuts with four empty holes—are determined.
The in-situ stress measurement results show that the distribution of the maximum prin-
cipal stress in Xincheng gold mine is close to the east-west trend per Cai et al. [41], while
the trend of the V# ore body is north-south trend and the stope is arranged vertically, so
that the direction of the maximum principal stress is relatively consistent with the length
direction of the stope. Therefore, the hole spacing Lmax is aligned with the length direction
of the stope, while Ly, is aligned with the width direction of stope. Moreover, the raise
section is changed into a rectangle with a size of 2.4 x 2.6 m? according to the in-situ stress
distribution, as shown in Figure 9a. The layout of boreholes is consistent with Figure 1,
and the parameters of hole spacings and diameters of boreholes are marked in detail. In
addition, the depth of the empty holes is increased to 9.5 m to reduce the constriction at the
top of the blind cut raise, which only has one free surface at the bottom.

The Sandvik drill rig with a drilling rate of 20 m/h is used to drill the boreholes based
on the design drawing of the blind cut raise. However, it is difficult to locate accurately the
point of boreholes due to dimly light and drilling straight up. Thereby, a serious borehole
deviation appears between drilling and design drawing, as shown in Figure 9b. It can be
seen that the distance between No. 3 (empty hole) and No. 1 (prime cut hole) is 498 mm,
which is much larger than the design hole spacing of 250 mm. The corresponding burden
rock may only perform a plastic deformation and not break into fragments. No. 3 empty
hole cannot serve as the free surface and swelling space when the prime cut hole is initiated.
Fortunately, although the distances from No. 2, 4, 5 to the prime cut hole have a deviation
from the design (202 mm, 246 mm and 267 mm, respectively), it is still under control
(swelling coefficient k > 1.45). In addition, it is found that there are two extra boreholes next
to No. 7 and 8 secondary cut holes, which are named as No. 7' and &/, respectively.
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Figure 9. Borehole layout of burn cuts for the blind cut raise: (a) design scheme; (b) drilling result.

The deviation of boreholes increases the difficulty of cut blasting in the BCBM. In order
to solve this problem, some adjustments should be conducted. First, the charge density of
cut holes is increased through reducing the air deck length. For cut holes No. 1,7,7/,6,9,
8 and 8/, the charge structure is set as 0.6 m explosive with 0.05 m air deck. Besides this,
the stemming length is 0.2 m. The charge of each cut hole is 24.5 kg. Then a continuous
charge structure is implemented in the supplementary holes and peripheral holes. For
supplementary holes No. 10, 11, 12 and 13, the stemming length is 0.7 m and the charge is
38.3 kg. For peripheral holes No. 14, 15, 16 and 17, the stemming length is 1.0 m and the
charge is 36.9 kg. Meanwhile, the bottom of the three empty holes, No. 2, 4, and 5, are filled
with 0.2 kg explosive and 0.05 m stemming, respectively, to accelerate the removal of rock
fragments from the cavity.

After this, the BCBM is split into two steps: the cut holes are detonated first, after the
cut cavity is formed, and then the supplementary holes and peripheral holes are detonated
in sequence, as shown in Figure 10. According to the swelling space theory, the initiation
sequence is determined as: No. 1—No. 2, 4 and 5—No. 7 —No. 7—No. 6—No. 9—No. 8
and 8 at the first initiation, No. 10—No. 11—No. 12—No. 13—No. 14 and 16—No. 15
and 17 at the second initiation. The decay time of two adjacent boreholes t > 0.338 s is
calculated; the detail calculation procedure refers to Liu et al. [4]. There are non-electric
millisecond decay detonators and half-second decay detonators in the mine, and the decay
time of the adjacent half-second detonator is 500 ms, so the half-second detonator is used
to fire the blastholes, and the initiation circuit is determined based on delay times and
initiation sequence, as shown in Figure 11.
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Figure 10. Adjustment for burn cuts with two steps: (a) detonation of cut holes in the first step;
(b) detonation of supplementary and peripheral holes in the second step.
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Figure 11. Initiation circuit of the 9 m blind cut raise with two steps.

The blasting effect of BCBM for the blind cut raise in a deep mine is shown in Figure 12.
As we can see, the result of the first detonation is presented in the Figure 12a, the cut cavity
is formed completely with a crater at the mouth. Moreover, there is no blockage in the
cavity, which can used as the free surface and swelling space for the subsequence boreholes.
The Figure 12b shows the complete blind cut raise formed after the second detonation. It
can be seen that the raise section is rectangular and the crater is expanded. Further, the
cavity explorer of C-ALS is applied to scan the profile of the blind cut raise, as shown in
Figure 13. The raise is smooth and free of clogging. The depth of 8.7 m basically reaches the
design requirement. Meanwhile, the crater with 5.1 x 2.1 m? (diameter x height) is formed
at the bottom of the raise. The diameter of middle section of the raise is 2.4 m, which is
consistent with the design. However, the diameter of the section at the top of the raise is
only 2.0 m, less than the design value. The main reasons for this result is that there is a free
surface at the bottom of the raise, which reduces the constriction of the burden rock, so a
blasting crater is formed at the bottom of the raise. For the burden rock at the top of the
raise, it is subjected to a high degree of constriction due to there being only empty holes as
the free surface and swelling space. In order to overcome the high degree of constriction
caused by a narrow free surface and high in-situ stress, explosive consumption can be
increased at the top of the raise to form a more complete raise.
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(a) (b)

Figure 12. Blasting effect of the BCBM for the blind cut raise in deep: (a) cut cavity after the first
initiation; (b) blind cut raise after the second initiation.
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Figure 13. Profile of blind cut raise via cavity explorer scanned.

6. Discussion

The objective of this study is to investigate the damage evolution mechanism of deep
cut blasting by using a tension-compression damage model. For cut blasting in deep
mines, high in-situ stress has a very serious influence on rock damage evolution induced
by blasting. Moreover, the rock constriction in cut blasting is higher than that in bench
blasting [43]. Therefore, discovering how to solve the problem of cut blasting under high in-
situ stress is urgent. Due to the efficiency, flexibility and low cost of computer algorithms, a
numerical simulation method is used to study damage evolution mechanism of rock in this
paper. Many damage models have been proposed to predict the damage evolution of rock
in recent years [44,45]. However, most of the models, such as HJC or TCK, have a problem:
the differences between tensile and compressive properties of rock materials cannot be
described well. Thus, a damage model which considers the tensile and compressive damage
separately is presented in this investigation. Meanwhile, two formulas are involved to
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describe strain rate effect under tension and compression, respectively. Moreover, the J3 is
taken into account through introduction of the Lode-angle function.

The numerical results of cut blasting under different in-situ stresses show that the
overall damage tends to decrease with the increase of in-situ stress, which is consistent with
many researches. Separately, the tensile damage is reduced sharply while the compressive
damage is increased under the action of in-situ stress. The trend of tensile and compressive
damage can be intuitively seen by the new damage mode, which is conductive to analyze
the effect of in-situ stress on tensile and compressive damage of rock. Further, the optimiza-
tion cut parameters by numerical simulation of the new damage model are applied in a
blind cut raise in deep mine. In the process of drilling, a deviation of boreholes between
site operation and design is occurred. Therefore, a temporary adjustment was made to
the design scheme: the one-step raise excavation is divided into two steps, and a better
effect is obtained. In practical engineering, borehole deviation is a frequent phenomenon
due to drilling operation or joints in rock mass. To ensure the success rate of one-step
raise excavation, the field application should be flexible and changeable based on the
actual situation.

In addition, the in-situ stress can enhance the compressive component of stress wave,
which will result in the compressive damage increasing according to the above analysis.
However, most of the papers are devoted to how to solve the problem of rock blasting
suppression induced by in-situ stress in deep mines [7,14,26,46]. Some papers suggest
using in-situ stress to expand the compressive damage and improve blasting effect. For
large-scale rock blasting, the rock fragments are mainly produced by radial tensile cracks,
so it is greatly affected by the negative effect of in-situ stress. As for the cut blasting in
rock excavation, due to its small zone, the burden rock can be crushed by the shock wave
induced by the explosion. Under the appropriate blasting parameters, the in-situ stress
can promote the rock breaking in cut blasting. Therefore, it provides a direction for us to
investigate how to use the promotion effect of in-situ stress on compressive damage in
the future.

7. Conclusions

Due to the differences between tensile and compressive properties of rock material, an
improved tensile-compressive damage blasting model based on the original HJC model
is proposed to investigate cut blasting in deep raise. Then a numerical simulation of
cut blasting under different in-situ stresses is carried out through the improved damage
model, which is implemented into LS-DYNA software via user subroutines. The numerical
results showed that the in-situ stress can promote the development of compressive damage
while inhibiting the development of tensile damage. Subsequently, the cut parameters
are optimized for blind cut raise in a specific project in Xincheng gold mine. Further, the
optimization cut parameters are applied in the field test. The research conclusions are
as follows:

1.  Animproved damage blasting model is proposed to describe the tensile and com-
pressive damage separately, and then implemented into LS-DYNA to simulate the
rock damage evolution in cut blasting for one-step raise excavation under different
in-situ stresses.

2. In-situ stress causes resistance on the overall rock damage evolution induced by
blasting stress wave. For compressive damage, the damage increases with the increase
of in-situ stress, while for tensile damage, it decreases with the increasing in-situ
stress. The underlying reason is that in-situ stress can superimpose the peak pressure
of the compressive stress component, but weaken that of the tensile stress component.

3. The damage zones, including tensile and compressive damage, tend to develop along
the direction of the maximum principal stress under the action of anisotropic in-
situ stress. The phenomenon becomes distinctive as the difference between the two
principal stresses increases, which is the main problem which should be solved in the
deep cut blasting.
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4. For ablind cut raise in —665 m of the Xincheng gold mine, the optimal cut parameters
are obtained by numerical simulation results of the improved damage model. The
blind cut raise with 8.7 m depth is successfully formed, which demonstrates that the
optimization parameters are valid for one-step excavation in deep mines, and the
adjustments of design are necessary for the actual situation.
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Abstract: Construction of engineering structures in geomaterials with soil-rock mixture (5-RM) is
often a challenging task for engineers. When analyzing the stability of the engineering structures, the
mechanical properties of S-RM often receive the most attention. To study the mechanical damage
evolution characteristics of S-RM under triaxial loading conditions, a modified triaxial apparatus was
used to conduct shear test on S-RM, and the change of electrical resistivity was measured simultane-
ously. The stress—strain—electrical resistivity curve and stress—strain characteristics under different
confining pressures were obtained and analyzed. Based on the electrical resistivity, a mechanical
damage model was established and verified to analyze the damage evolution regularities of S-RM
during shearing. The results show that the electrical resistivity of S-RM decreases with increasing
axial strain and that the differences in decrease rates correspond to the different deformation stages
of the samples. With the increase in loading confining pressure, the stress—strain curve characteristics
change from a slight strain softening to a strong strain hardening. Additionally, an increase in rock
content and confining pressure can enhance the bearing capacity of S-RM. Moreover, the derived
damage evolution model based on electrical resistivity can accurately characterize the mechanical
behavior of S-RM under triaxial shear. Based on the damage variable D, it is found that the damage
evolution process of S-RM can be divided into a non-damage stage, a rapid damage stage and a
stable damage stage. Furthermore, the structure enhancement factor, which is a model modification
parameter for the effect of rock content difference, can accurately predict the stress—strain curves
of S-RMs with different rock contents. This study sets the stage for an electrical-resistivity-based
monitoring method for studying the evolution of internal damage in S-RM.

Keywords: soil-rock mixture (S-RM); electrical resistivity; damage model; triaxial shear; mechanical
behavior

1. Introduction

Soil-rock mixture (S-RM) is widely distributed around the world to meet a wide range
of architectural demands; “material origin” and “geological dynamic action formed by
accumulation” jointly determine S-RMs in nature. Xu et al. [1] concluded that the origins of
S-RM are very complex and mainly include the origin types of remnant slope accumulation,
collapse accumulation, scour accumulation, glacial accumulation and artificial accumula-
tion. Due to the complexity of geological origin and formation process, S-RM is generally
different from traditional soil types. Xu et al. [2] and Afifipour et al. [3] distinguish S-RM
from traditional geotechnical mass from the perspective of key physical indices and di-
vide it into an emerging geotechnical medium system. Wang et al. [4] concluded that the
main characteristics of S-RM include a complex composition of components, the mixing
of different blocks with a range of shape and size, a stochastic distribution of rock blocks
and an evident scale effect. In recent years, S-RM has been used in various applications
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such as earth-rockfill dams, high-fill works, subgrade works or foundation aggregates for
construction work [5].

Among many factors affecting the mechanical properties of S-RM, the rock block
content is always the first factor to be considered. Yao et al. [6] investigated the effect of
rock content and shape distribution on the shear strength of S-RM under different stress
conditions. The results showed that the contribution of contact force within gravel particles
increased with increasing rock content. Before loading, the rock and soil in S-RM have a
good coupling state; after being loaded, the breakage of coarse particles occurs, leading to
the formation and expansion of microcracks. These anomalous changes are often regarded
as the process of cumulative damage of S-RM and determine the magnitude of the load-
bearing capacity of material and the destabilization damage process. In this paper, localized
deterioration caused by the formation, convergence and propagation of microcracks inside
the material is defined as damage. Therefore, accurate characterization of the damage
evolution process of S-RM has gradually become a focus of interest for researchers.

Electrical resistivity is a physical quality of a material that characterizes the conductive
properties of a material. For porous media such as soil and rock, their electrical resistivity
is often considered as the representation of the spatial and temporal variability of many
physical properties of soil (i.e., internal structure, water content or fluid composition) [7].
Electrical resistivity has been used by many researchers in various studies on soil [8,9],
rock [10], coal [11,12] and concrete [13] to interpret the various properties of the research
object. Khurshid and Afgan [14] investigated the effects of the injection of engineered
water into carbonate reservoirs on electrical conductivity, ion mobility, electrical double
layer thickness and the related oil recovery. Some quantitative and qualitative correlations
between electrical resistivity and soil parameters such as cohesion, friction angle and
plasticity index have been obtained. Moreover, the electrical resistivity characteristics of
S5-RM have also been initially investigated. According to the experimental results from
Zhao et al. [15], variables such as rock content, compaction and water content all have
an effect on the electrical resistivity variations of S-RMs. Moreover, electrical resistivity
models, such as the series—parallel connection model [16], were established to characterize
the relationship between the electrical resistivity and the physical property parameters of
S-RM. Wang et al. [17] obtained the response regularity of the electrical resistivity of S-RMs
with different rock contents and compactness during the water absorption—saturation
process. Wang et al. [18] studied the variations in matrix suction and electrical resistivity in
S-RM and found that there was a correlation between the matrix suction and the change in
the electrical resistivity of S-RM.

Currently, most of the investigations conducted on the damage evolution of different
materials are generally focused on brittle materials such as rock, concrete and coal. In a
study on rock damage, Wang et al. [19] determined the damage variable of rock under
loading conditions based on acoustic emission measurements, and the results showed
that the damage variable increased gradually with the increasing deformation process.
Zhang et al. [20] studied the variations in acoustic emission and infrared radiation of
granite under uniaxial compression; they found that the complementary damage model
based on sound-heat could accurately characterize the damage evolution characteristics
of rock. Khurshid and Fujii [21] examined the influence of low-temperature CO, on the
decrease of formation breakdown pressure and the associated reservoir rock damage
from a geomechanical prospective. Chung et al. [22] found that electrical resistivity had
distinct responses to the damage state of concrete such as the freeze-thaw cycle and drying.
Cao et al. [23] studied the variation in the electrical resistance of concrete under loading
conditions and found that there was a synchronous relationship between the compressive
damage and the change in concrete electrical resistance. When studying the relationship
between concrete electrical resistivity and compressive damage, Zeng et al. [24] reported
that the derived relationship between the damage variable and electrical resistivity is well
correlated with the experimental data, in which electrical resistivity showed a trend of
decreasing first and then increasing. Li et al. [25] applied acoustic emission to monitor
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the damage evolution process of coal mass induced by multi-stage loading and pointed
out that the damage evolution in coal mass can be revealed and characterized by the
acoustic emission. Similar conclusions had been drawn by Jia et al. [26] through a triaxial
compression test, where the different damage evolution regularities of coal mass at different
depths can be effectively comprehended by the acoustic emission. Based on the electrical
resistivity testing data, the resistivity damage model of residual soil under uniaxial loading
was proposed [27]; however, the general applicability of the damage model needs to be
further explored. These investigations are capable of providing beneficial quantitative
information for the damage assessment but are insufficient, as most of them rarely focus on
the research of S-RM.

In summary, the electrical resistivity is closely related to the traditional geotechnical
parameters of S-RM. Although many significant efforts have been made to investigate the
electrical properties of S-RM, almost all the experiments mainly focus on the static mea-
surement of indoor samples using the four-electrode or two-electrode methods. However,
there is a lack of an in-depth study on the mechanical properties of S-RM based on the
electrical resistivity method. Moreover, the quantitative study of the damage evolution of
5-RM based on electrical resistivity in the process of shearing has not been reported, and
the damage evolution characteristics of S-RM are the basis for understanding the formation
and propagation of internal cracks. Therefore, it is of crucial significance to develop a
method for characterizing the internal damage evolution of S-RM.

This study aims to explore the influence of triaxial shear behavior on the electrical re-
sponse to applied voltage and the damage evaluation method based on electrical resistivity
monitoring. In this paper, a modified triaxial apparatus was used to measure the electrical
resistivity of S-RM subjected to triaxial shear, and the electrical resistivity method was used
to evaluate the change in damage variable D, which quantifies the degree of damage. The
relationship between the electrical resistivity and the stress—strain of S-RM was derived. A
mechanical damage model based on the electrical resistivity of S-RM was established, and
the calculated results of the model were compared with the measured results to verify the
reliability of the damage model. Additionally, the damage evolution regularity of S-RM
was discussed from the perspective of electrical resistivity, which enriches the application
of the electrical resistivity method in the study of S-RM damage. Based on the electrical
resistivity results, we modified the established damage model to meet the mechanical
damage analysis of S-RM with different rock contents.

2. Materials and Methods
2.1. Experimental Setup

In order to measure the electrical resistivity of S-RM samples under triaxial shear, the
conventional triaxial apparatus was modified. The schematic drawing and experimental
setup of the modified triaxial apparatus are illustrated in Figure 1. The apparatus can
measure the change in the electrical resistivity of the sample during shearing simultaneously.
The modified triaxial apparatus was manufactured by the Yongchang Science and Education
Instrument Manufacturing Co., Ltd., Liyang, Jiangsu, China. It consists of four components:
axial loading equipment, pressure chamber, confining pressure and in—out water control
system and data acquisition system. The inner dimensions of the cylindrical sample are
100 mm (diameter) x 200 mm (height). The maximum confining pressure that the pressure
chamber can bear and the maximum axial force that the axial loading system can apply are
2000 kPa and 250 kN, respectively. Various test variables such as confining pressure, axial
force, electrical resistivity, displacement, pore pressure, etc., are recorded and stored by the
data acquisition control system; the confining pressure and axial loading can be controlled
automatically according to their target values. To measure the electrical resistivity, two
metal electrodes are attached to the top cap and base pedestal of the triaxial apparatus.
The electrodes are made of porous stainless-steel discs with a diameter of 100 mm. Two
thin copper wires wrapped with insulating material lead out from the base pedestal of the
triaxial apparatus. The copper wires in the pressure chamber are connected to the upper
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and lower electrodes, and the copper wires outside the pressure chamber are connected to
the electrical resistivity measurement device.
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Figure 1. (a) Experimental setup. (b) Schematic drawing of the modified triaxial apparatus.

To date, the two-electrode and four-electrode methods have been adopted by most
researchers for the laboratory electrical resistivity measurement. In the four-electrode
method the most important consideration is related to the disturbance of test sample
introduced by the insertion of electrical probes. Moreover, the four-electrode method is
difficult to adopt in triaxial tests due to the difficulty in determining the distance between
the electrodes [28]. In this study, the two-electrode method is adopted for the electrical
resistivity measurement. For the two-electrode method, since the same pair of electrodes
are used for both the injection of current and the measurement of potential difference,
a polarization effect usually occurs. In the present work, the polarization effect can be
avoided by changing the polarity of the current electrode. In order to reduce the contact
resistance between the two ends of the sample and the metal electrodes, both ends of the
sample were evenly coated with conductive graphite before loading. The power supply
provides an output voltage of 9 V.

2.2. Materials

The formation lithology of the Chongqing region, China, consists mainly of silty clay,
sandstone, mudstone and sandy mudstone. These materials are widely used to construct
levees and earthen dams in China and are internally unstable in essence. In order to
facilitate the local selection of the experimental materials, a mixture of mudstone and clay
from this region was selected as the raw material for this study. The raw materials retrieved
from the site were sieved and then secondly proportioned. The particles with a diameter of
0-20 mm were then selected as the experimental materials (see Figure 2a). The soil-rock
threshold (S-RT) can be used to distinguish the particle size limits of “soil matrix” and
“rock block” in S-RM; it is a very significant physical property index of S-RM. According
to some previous studies [29,30], the method of determining the S-RT has been given.
Medley proposed that the S-RT is not a fixed value but should be a variable value related
to the area of the S-RM, denoted as 0.05L., where L. is the scale of engineering features
such as the tunnel diameter, slope height and laboratory sample diameter. Taking into
account the geomechanical contribution of the blocks, Zhang et al. [30] and Tu et al. [31]
gave the S-RT criterion as 5 mm. Meanwhile, in this paper, considering the size of the
laboratory test samples, the S-RT criterion of 5 mm is adopted. This means that the S-RM
could be defined as “soil” if the particle size less than 5 mm, whereas it could be defined
as “rock” if the particle size greater than 5 mm. The main physical property indexes of
S-RM retrieved from the site are summarized in Table 1. Based on X-ray diffraction, the
specific mineral composition of the rock is obtained, as shown in Table 2. Generally, the

92



Materials 2023, 16, 3698

(a)

mechanical properties of S-RM depend on the joint action of soil and rock only when the
rock content is between 25% and 75%. Considering the rock content of the raw material,
four rock contents of 20%, 30%, 40% and 50% are set, and the corresponding particle size
distribution of each rock content is shown in Figure 2b. Figure 3 shows an SEM image of
the soil particles” surfaces. We found that the surfaces of the particles had an irregular scaly
stacking structure with different sizes, and a small number of holes presented after local
amplification.
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Figure 2. Material used for S-RM samples. (a) Photographs of each particle group. (b) Particle size
distribution.
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Figure 3. SEM image of particles” surfaces.

Table 1. Main physical property indexes of S-RM.

R/% Wyal% Gs Wop! %o Pd max!(g-cm—3)
47.29 2.57 2.72 7.94 191

R = rock content; wy, = natural water content; Gs = specific gravity; wy, = optimum water content; g 0 = maxi-
mum dry density.
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Table 2. Mineral composition of rock (in %).

Quartz Illite Albite Kaolinite Chlorite Calcite Hematite
48.8 22.0 17.9 2.7 5.5 1.8 12

In addition, the maximum dry density at four rock contents was determined through
the proctor compaction test. The target dry density is determined by considering the
maximum dry density of raw materials and S-RM with different rock contents, that is,
the target dry density is 1.95 g/cm? with 50% rock content and the target dry density of
remaining rock content decreases in order. The water content of the sample preparation is
5%. The values of the main physical parameters of the S-RM samples with different rock
contents are shown in Table 3.

Table 3. Main physical parameters of S-RM samples.

R/% n w!% 0d max!(g-cm—3) p+l(g-cm—3)
20 0.353 5 1.71 1.65
30 0.318 5 1.78 1.75
40 0.283 5 1.87 1.85
50 0.249 5 1.98 1.95

R = rock content; n = porosity; w = water content; o 5, = maximum dry density; p; = target dry density.

2.3. Test Procedure

Triaxial compression tests were conducted under the conventional path, which consists
of three basic steps. The first step is the preparation of the S-RM samples. Firstly, soil and
rock are oven-dried at 103 °C for 24 h; the amounts of soil and rock required to achieve
the target dry density are weighed according to the particle size distribution curve with
different rock contents. Secondly, the required amount of water (gravimetric water content
of 5%) is weighed and mixed evenly with the S-RM. Finally, the prepared S-RM is put
into a cylindrical mold (which has a height of 200 mm and a diameter of 100 mm) in three
layers and compacted in a stratified manner. In order to enhance the interlayer connectivity
of the samples, artificial chiseling is applied to the interlayer contact surfaces. Double
rubber membranes are utilized to prevent the membrane from being punctured by the
sharp corners of irregular-shaped rock blocks.

The second step was to saturate and consolidate the S-RM samples. The prepared S-RM
samples were installed on the base pedestal of the triaxial apparatus. In the whole process
of installation, the disturbance to the sample was minimized. After the installation, in
order to speed up the saturation process, the backpressure saturation method was adopted
to saturate the S-RM samples. After the S-RM samples were saturated, the confining
pressure was adjusted to the design value and then consolidation tests were conducted.
During consolidation, pore water was allowed to be discharged and the confining pressure
remained stable. When the drainage volume changes very little and almost no longer
changes, the consolidation of the S-RM samples was considered to be completed. In order
to capture the electrical resistivity data of tested sample more accurately, the consolidation
tests started when the data were stable.

The third step was to conduct a shear test on the S-RM samples. Given the long time
required for the shearing test, the time interval for the electrical resistivity data acquisition
was set to 120 s. After the consolidation, the sample underwent a slight deformation,
resulting in a decrease in sample height. Therefore, it was necessary to make full contact
between the pressure shaft and the top cap before starting the shearing test. Once the
electrical resistivity data remained stable, drained triaxial shear tests were conducted on
the S-RM samples under different confining pressure levels (250 kPa, 400 kPa, 550 kPa
and 700 kPa). The shear mode is strain control, and the shear rate is set to 0.13 mm /min.
When the axial strain reached 15% (axial displacement of 30 mm), the shearing process
was terminated. As a result, the deviatoric stress, axial strain and electrical resistivity were
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recorded and stored by the data acquisition system in the shearing process. In addition,
we noted that the contact resistance in this experiment was diminished since the polishing
treatment of the electrode surfaces was conducted after each measurement. Figure 4 shows
all the S-RM samples after the triaxial shear was completed.

Rock content

-('onﬁniug prssx'c
Figure 4. Photograph of S-RM samples after the shear.

3. Experimental Results and Discussion
3.1. Stress—Strain—Electrical Resistivity Curve

Through the triaxial test results, it is found that the stress—strain-resistivity variation
regularities of the S-RM samples with the same rock contents under four confining pressures
are similar. Therefore, some typical resistivity variation curves are selected for response
regularity analysis. Figure 5 plots the typical response of electrical resistivity with increasing
deviator stress. It can be observed that the electrical resistivity varies continuously with
increasing deviator stress, which also provides the possibility for the establishment of a
subsequent electrical resistivity damage model.
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Figure 5. Stress—strain—electrical resistivity curves of S-RM samples. (a) Rock content 20%. (b) Rock
content 30%. (c) Rock content 40%. (d) Rock content 50%.

In general, in the process of complete strain, the electrical resistivity curve of the
S5-RM samples shows a gradually decreasing trend that presents an irregular “slightly
concave shaped”. The volumetric strain curves of the loaded coal and rock mass have
obvious inflection points; based on this, for convenience, their stress—strain curves are
commonly divided into different deformation stages in existing experiments to study the
electrical resistivity variation properties [10-12]. In this paper, there is no obvious inflection
point in the volumetric strain curve of S-RM, as shown in Figure 6. Therefore, combining
the electrical resistivity evolution characteristics of S-RM samples and the classification
methods of different deformation stages of coal and rock mass, the deformation process of
samples is roughly divided into three distinct deformation stages, and there are differences
in the reduction rate of electrical resistivity under each stage. In the initial compaction stage
(I), there is a short and rapid decrease in electrical resistivity; in the elastic deformation
stage (II), the reduction rate of the electrical resistivity value diminishes with increasing
axial strain; in the yield deformation stage (III), the reduction rate further decreases. The
electrical resistivity of S-RM samples generally follows the following variation regularity:
it initially decreases rapidly, then declines slowly and finally reduces gently. As reported in
some triaxial shear test studies [28,32], the obtained stress—strain curves are also divided
into several distinct deformation stages.

However, the electrical resistivity response mechanism of S-RM is distinct in different
deformation stages. It can be surmised that the decrease in electrical resistivity under the
initial compaction stage is dependent upon the closure of pores and microcracks in the
sample and the discharge of high-resistance gas. The deceleration of electrical resistivity
under the elastic deformation stage is mainly influenced by the increase in sample saturation
and the electron conductivity. The slow decrease in electrical resistivity during the yield
stage can mainly be attributed to the progressive discharge of pore water in the S-RM
sample and the qualitative change in its internal structure. There are similar assumptions
to explain the change in soil electrical resistivity under freeze-thaw cycles in the field of
soil damage evaluation [33].
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Figure 6. Volumetric strain curves of S-RM (rock content 40%).

3.2. Stress—Strain Characteristics of S-RM

The stress—strain curves of each rock content under four confining pressures are
plotted in Figure 7. By analyzing and summarizing the stress—strain curves, three different
variation regularities can be derived, as shown in Figure 8a. Such variation characteristics
are consistent with the results obtained by Zhang et al. [34]. This implies that the stress—
strain characteristics of S-RM gradually change from a slight strain softening to a strong
strain hardening as the confining pressure increases. The increasing rate of the deviator
stress is fast at the beginning and then slows down soon after. Unlike rock mass, the stress—
strain curve of S-RM has no obvious peak stress phenomenon. This indicates that S-RM
has the strength property of being able to withstand a certain loading even in the late stage
of strain. Therefore, it can be predicted that if the confining pressure is further increased,
then the strain hardening characteristics of S-RM will be further enhanced. All of the S-RM
samples show radial dilatation deformation that is more prominent in the middle of the
samples, which can be attributed to the bottom layer of the samples withstanding the major
compaction energy during the sample preparation and the pressure shaft acting directly
on the top of the samples. Furthermore, in the late stage of strain, the energy dissipation
caused by the partial coarse particle breakage is compensated for by adjusting the internal
structure. Therefore, the apparent particle breakage does not result in a corresponding
reduction in the deviator stress.
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Figure 7. Stress—strain curves of S-RM for different confining pressures. (a) Rock content 20%.
(b) Rock content 30%. (c) Rock content 40%. (d) Rock content 50%. The red circle symbols, the blue
triangle symbols, the green inverted triangle symbols and the purple rhombus symbols represent
confining pressures of 250 kPa, 400 kPa, 550 kPa and 700 kPa, respectively.
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Figure 8. Variation regularities of deviator stress. (a) Variation of deviator stress with axial strain.
(b) Variation of deviator stress with rock content.

Figure 8b shows the maximum deviator stress that S-RM samples can withstand under
different confining pressures. When the confining pressure is constant, the maximum
deviator stress increases with the increase in rock content. We refer to the difference in shear
strength as the “enhancement effect of rock block”. The cause of such a phenomenon is that
the skeleton structure of the rock blocks has been generated inside the S-RM samples and
has the capacity to resist deformation under external loading. Although the samples with
different rock contents have different initial compactions, it is undeniable that increasing
rock content, skeleton structure formation and the interlock effect among the coarse particles
play a significant role in enhancing the strength characteristics of S-RM. Moreover, with the
increase in confining pressure, the corresponding deviator stress of the samples with the
same rock content also presents an incremental trend.
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3.3. Establishment of Mechanical Damage Model

On the basis of the original electrical resistivity data, we further establish the damage
model of S-RM. As mentioned earlier, the variation characteristics for electrical resistivity
and deviator stress with axial strain provide the possibility for the establishment of a
damage model. Specifically, if the sample is in the initial compaction stage, there is almost
no structure damage inside it and the elastic deformation can be restored to the initial state
when no external loading is applied. In this case, we suppose that no damage occurs inside
the sample during the compaction and elastic deformation stages. From the test results (see
Figure 5 for part), it can be seen that the yield deformation for the studied sample starts
to occur when the axial strain is about 2%. Therefore, the axial strain of 2% is taken as the
initial strain for damage propagation, which is denoted as ¢5; the corresponding electrical
resistivity is denoted as pjp;-

For the convenience of analysis, it is assumed that the damaged sample consists of
the middle section with structural damage and the two ends with structural integrity [27].
The structural damage mainly includes the changes in the failure morphology, deformation
behavior and other characteristics, such as shear dilatation and strain hardening, which
are closely related to the evolution of the meso-structure of S-RM. Assuming that the cross-
sectional area and the height of the S-RM sample in the initial stage of damage propagation
are Sp and L, respectively, the heights of two ends with intact structure are Lok; and Loks,
where k1 and k; are the proportion coefficients of the height of the two ends to the height of
the entire sample, respectively. The height of the intermediate damage section is L8, where
B is the proportion coefficient of the middle section to the height of the entire sample. The
damage mode of the S-RM sample is shown in Figure 9. ky, k» and B satisfy the following
formula:

ki+k+p=1 1)
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Figure 9. The schematic diagram of the S-RM damage mode.

Assuming that the S-RM sample is a uniform conductive cylinder when the strain is
2%, then the resistance can be written as follows:

_pLo _ pLg
R="F0 = @)

where R is the resistance of the S-RM sample, (); p is the measured electrical resistivity,
Q-m; V is the volume of the S-RM sample in the initial stage of damage propagation, m?.

The sample height will gradually change during the shearing process, so the measured
electrical resistivity may be different from the actual resistivity. Considering the effect of

the dimensional change, the amended electrical resistivity value is obtained as:

Pr = (1’;)2 3)
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where p; is the realistic electrical resistivity, (2-m; ¢ is the axial strain, %.
Equation (2) can be written as follows:

2
R — pr(1—e2) L%

7 @

When the axial strain of the S-RM sample is ¢, the resistance can be written as follows:

ky Pr,iniL%(l - 5)2 + kzpr,iniL%(l - 8)2 pr,iniL%(l - 8)2 _ p¢L% (5)

R:
4 Vo Vo P e Vo

where ¢ is the extent of damage development; p, is the damage electrical resistivity
(measured value); o, inj is the realistic electrical resistivity under initial damage, which is

expressed as prini = (1F_'i:i2)2 ; ¢v is the damage volume coefficient of the sample.

Equation (5) can be further simplified:

1- 2

The damage volume coefficient ¢, can be further expressed as:

Vi Lo(1—¢)S,

Pv = A = T LoSo = (1—¢)¢ps @)

where V, is the volume of the S-RM sample; S, is the average cross-sectional area of the
S-RM sample; ¢ is the damage coefficient. Substituting Equation (7) into Equation (6):

1—¢)? 1
%(”Czﬂ(—g+1 ®)
Pini (1 —€) (1—e)¢s
The effective conductivity coefficient $o is introduced, and its expression is:
(1 — 82)2
¢p = %72 )
Pini(l - E)

Therefore, the damage variable D can be derived from the damage coefficient ¢s,
which can be written as follows:

1

D=1—¢s=1—
’ (1—e)(1+ 250

(10)

Neglecting the geometric effects due to deformation, Equation (10) can be simplified:
D=1—-¢s=1— —7—— (11)
’ (1+ %25

According to the effective stress principle, the axial strain of the damaged material
under stress ¢ is equal to that of undamaged material under effective stress ’. We obtain

c o

== (12)

TEFTE

where E and E’ are the elastic modulus of the S-RM sample in the undamaged and damaged
states, respectively.

100



Materials 2023, 16, 3698

The effective stress ¢’ and the damage variable D satisfy the following expression:

/ o

o= ) (13)
Substituting Equation (12) into Equation (13):
c=(1-D)Ee (14)

Substituting Equation (11) into Equation (14), the mechanical damage model of S-RM
based on electrical resistivity can be written as follows:

o= %Ee (15)
(Fp=+1)

The coefficient B represents the proportional magnitude of the damaged section in the
entire sample, which changes gradually with increasing axial strain. Previous research had
shown that the total crack area in S-RM samples under triaxial deformation gradually tends
to a certain value with the increase in strain, which follows the following variation regu-
larity: it initially increases rapidly and then increases gently; such changes in microcracks
always occur in the range of 6~8% axial strain [35]. Therefore, in this paper, it is assumed
that the coefficient § hardly varies in the late stage of axial strain and is a fixed value. The
critical value of the abovementioned axial strain is taken as 6%, which is denoted as ¢¢.

When the axial strain € < &, 8 = 0; when the axial strain ¢ is in the range of e ~ ¢, B
increases monotonically from 0 to the maximum value Bmax; When the axial strain € > &g,
B = Bmax- Therefore, a piecewise function is used to describe the variation characteristics of
coefficient B:

0 (0 <e<egy)
Ble) = { Bmax\/:—5 (e2 <& <) (16)
,Bmax (8 > 86)
The maximum value Bmax can be obtained as follows:
,Bmax = (Pp,max -1 (17)

where ¢ max can be derived from Equation (9) by taking the maximum value of ¢, ¢15.

In order to verify the reliability of the established damage model, the stress—strain
curves of S-RM samples with 20% rock content under four confining pressures obtained
from the test are compared with the calculated results from the damage model proposed in
this paper, and the results are shown in Figure 10.

As expected, the stress—strain results calculated by the electrical resistivity damage
model are in good agreement with the experimental results. Only when the confining
pressure is 400 kPa is there a large difference between the above two results under large
axial strain. The difference between the calculated value and the measured result is perhaps
due to the sharp increase in deviator stress at 400 kPa and the limitation of the measurement
accuracy caused by the test. This indicates that the reliability of the damage model still
needs to be further refined due to the presence of partial assumptions during the model
derivation. On balance, we believe that the damage model based on electrical resistivity
obtained in this study can not only better characterize the internal structure damage of
S5-RM but also further validate the general applicability of the damage model proposed in
the literature [24].
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Figure 10. Measured results and calculated values from the damage model under different confining
pressures. (a) 250 kPa. (b) 400 kPa. (c) 550 kPa. (d) 700 kPa.

3.4. Damage Evolution Analysis of S-RM

Electrical resistivity is an indicator of the generation of structural damage inside the
geomaterials until the occurrence of macroscopic damage by monitoring the closure of
pores and the generation and propagation of microcracks, which can effectively evalu-
ate the damage degree of geomaterials. Moreover, this experiment seems to prove the
conclusion in most of the literature that electrical resistivity can accurately characterize
the mechanical behavior of soil. Through the variation curve of damage variable D, the
damage evolution characteristics of S-RM are analyzed from the perspective of the changes
in internal microstructure. Figure 11 plots the variation curve of damage variable D during
triaxial shear (confining pressure 700 kPa) for S-RM samples with 20% rock content. The
maximum value of D is about 0.483. The stress—strain curve and damage variable-strain
curve in Figure 11 are obtained from the experimental data in this paper and Equation (11),
respectively.

As shown in Figure 11, the damage evolution of S-RM under triaxial shear can be
divided into three stages: the non-damage stage, the rapid damage stage and the stable
damage stage. As deformation grows, the damage of the S-RM sample also means that it is
gradually compressed. During the non-damage stage, it can be seen that the damage vari-
able D is 0 and that the damage-strain curve varies horizontally, which may be due to the
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fact that there is no structural damage such as particle breakage and microcrack formation
in the sample when the sample is in the initial compaction and elastic deformation stages.
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Figure 11. Variation curve of damage variable D during triaxial shear.

In the stage of rapid damage, the sample has entered the yield deformation stage, the
damage variable D exhibits a trend of rapid increase and the damage—strain curve is a
convex arc. It can be seen that the increasing rate of damage variable D decreases gradually.
The interparticle contact forces increase further in the yield deformation stage, and coarse
particles with their own defects in the S-RM start to break due to the stress concentration,
so the damage can occur rapidly. With the increase in axial strain, the greater inter-particle
contact force makes the existing defects of the particles further develop or causes new
defects and the particle breakage rate increases, accompanied by the gradual propagation
of microcracks. Compared with coarse particles, the fine particles formed after particle
breakage have a lower breakage potential and are more difficult to break.

In the stage of stable damage, the damage variable D exhibits a steadily increasing
trend and the gradient of the damage-strain curve tends to be stable. Because the coarse and
fine particles have been broken to different degrees, a more uniform inter-particle contact
force is formed, which leads to a decreasing possibility for massive breakage. Meanwhile,
the internal microcracks of S-RM gradually increase until the formation of shear localized
bands. Although there is still the particle breakage phenomenon at this stage, it seems
that the propagation of the crack has a more significant effect on the damage. Under the
combined effect of particle breakage and microcracks, the corresponding damage variable
D presents an incremental trend.

Compared with that in the S-RM with a confining pressure of 700 kPa, the maximum
damage variable of S-RM with lower confining pressure changes, which exhibits a slight
increase with the decrease in confining pressure. The maximum damage variables of the
sample with 20% rock content under the confining pressures of 250 kPa, 400 kPa and
550 kPa are 0.512, 0.498 and 0.490, respectively. For the S-RM, the confining pressure level
can not only enhance the compactness of the sample but also may improve the overall
strength effectively, so the degree of damage varies. Due to the difference in the continuity
of the material composition between rock and S-RM, the damage evolution regularity
of rock is significantly distinct from that of S-RM. The damage of rock under load was
investigated in the literature [18]. They found that there is a turning point in the curve for
the damage variable as a function of strain. There is no significant change in the damage
variable before the turning point, but above this point the damage variable rapidly rises to
the critical value.
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3.5. Modification of Effect of Rock Content Difference

The results of previous studies indicate that the existence of rock blocks not only
results in the enhancement of the compressive strength but also affects the difference in
the electrical resistivity for S-RM samples [15,31]. Table 4 summarizes the statistics of the
electrical resistivity values measured after the saturation of S-RM samples with four rock
contents. It can be found that the range (difference between the maximum and minimum),
standard deviation and coefficient of variation of each rock content are small, suggesting
that all electrical resistivity values are relatively stable and have no significant fluctuations.
Thus, the mean is chosen as the electrical resistivity value for each rock content after
saturation, which is the comprehensive performance of both rock content and compaction.

Table 4. Statistics of the electrical resistivity values.

R/% ER/(Q)-m) Range/(Q-m) Mean/(Q2-m) SD/(Q-m) CVI%

47.18, 46.85,

20 47.25, 47.56 0.71 47.21 0.25 0.53
44.07, 44.28,

30 43.92, 44.45 0.53 4418 0.20 0.46
39.90, 40.47,

40 40.55,39.88 0.67 40.20 031 0.77
38.42, 38.16,

20 37.87,38.07 0.55 38.13 0.19 0.50

R =rock content; ER = electrical resistivity (from four measurements); SD = standard deviation; CV = coefficient
of variation.

According to the electrical resistivity values in Table 4, the structure enhancement fac-
tor of S-RM is introduced, which is used as a model modification parameter to characterize
the effect of the rock content difference, denoted as S(R), and its expression is:

ER(R)

S(R) = ER(20) (18)
where ER(20) is the electrical resistivity of S-RM with rock content 20% after saturation;
ER(R) is the electrical resistivity of S-RM with different rock contents of 30%, 40% and 50%
after saturation.

Based on the derived structure enhancement factor S(R) and the established damage
model, the stress—strain curves of S-RM with different rock contents (30%, 40% and 50%)
can be obtained. One confining pressure is selected for analysis for each rock content, as
shown in Figure 12.

From Figure 12, it can be seen that the calculated values for the damage model after the
introduction of the modification parameter have a good correlation with the experimental
data for S-RM. Through simultaneous measurement of electrical resistivity in the triaxial
shear test, the stress—strain curves of S-RM with different rock contents can be accurately
predicted. Therefore, it can be considered that the electrical resistivity signals can effectively
characterize and evaluate the internal damage degree of S-RM.

It should be noted that the coefficient 8, which characterizes the magnitude of the
middle-damaged section of the S-RM sample, is a piecewise function that has been sim-
plified in the calculation process. In the actual shear process, the damage of the S-RM
sample exists all the time, which increases gradually from early to late shear, and is far
more complex than the monotonic increase assumed in this work. To well reveal the role of
rock block in affecting damage behavior, the damage mechanism of the S-RM samples with
various rock contents needs to be further discussed.
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Figure 12. Measured results and calculated values of the damage model under partial confining
pressures. (a) Rock content 30%. (b) Rock content 40%. (c) Rock content 50%.

In summary, the experimental results show that the electrical resistivity is highly
correlated with internal damage. Both the existence and the development of structural
damage can be reflected by the electrical resistivity measurement of the S-RM models, which
provides implications for developing an electrical-resistivity-based method for monitoring
the structural failure in earth—rockfill dams. Therefore, compared with acoustic emission,
infrared radiation and ultrasonic measurement, the electrical resistivity technique is more
suitable for in situ testing in the field and has prospects for application in the study of
geotechnical mechanics.

4. Conclusions

In order to explore the feasibility of the electrical resistivity method to characterize
the damage behavior of S-RM under triaxial shear, the relationship between the change in
electrical resistivity and the damage evolution of S-RM was studied. Under the applied
voltage, the electrical resistivity response of S-RM samples was collected during triaxial
deformation. The electrical resistivity variation regularities and stress—strain characteristics
of S-RM under stress were explored using modified triaxial apparatus. The mechanical
damage model, the damage evolution process and the modification of the effect of rock
content difference were investigated and discussed. The main conclusions are as follows:
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(1) During the triaxial loading process the electrical resistivity of S-RM varies in stages
with the axial strain, which follows the following variation regularity: it initially
decreases rapidly, then declines slowly and finally reduces gently. The response
mechanisms of electrical resistivity under different deformation stages are distinct.

(2) The stress—strain characteristics of S-RM gradually change from a slight strain soften-
ing to a strong strain hardening as the confining pressure increases. Under the same
confining pressure, the deviator stress that S-RM samples can withstand is not the
same; the more the rock content, the higher deviator stress is. With the increase in
confining pressure, the corresponding deviator stress of the samples with the same
rock contents increases gradually.

(3) The electrical-resistivity-based mechanical damage model for S-RM can accurately
characterize the degree of structure damage. This mathematical model agrees with
the experimental results. The damage evolution of S-RM under triaxial shear can be
divided into three stages: a non-damage stage, a rapid damage stage and a stable
damage stage. In addition, the modified model can accurately predict the mechanical
behavior of S-RM with different rock contents. These discoveries can provide a basis
for further research on the application of electrical resistivity.
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Abstract: Rockburst is one of the common geological hazards. It is of great significance to study the
evaluation indexes and classification criteria of the bursting liability of hard rocks, which is important
for the prediction and prevention of rockbursts in hard rocks. In this study, the evaluation of the
rockburst tendency was conducted using two indoor non-energy indexes, namely the brittleness
indicator (B2) and the strength decrease rate (SDR). The measuring methods of B and SDR as well as
the classification criteria were analyzed. Firstly, the most rational calculation formulas for B and SDR
were selected based on previous studies. The B2 equaled to the ratio between the difference and sum
of uniaxial compressive strength and Brazilian tensile strength of rocks. The SDR was the average
stress decrease rate of the post-peak stage in uniaxial compression tests and equaled the uniaxial
compressive strength dividing the duration time of post-peak rock failure in uniaxial compression
tests. Secondly, the uniaxial compression tests of different rock types were designed and carried out,
and the change trend of B and SDR with the increase of loading rate in uniaxial compression tests
were studied in detail. The results showed that after the loading rate was greater than 5 mm/min or
100 kN /min, the B value was affected, limited by the loading rate, while the SDR value was more
affected by the strain rate. The displacement control, with a loading rate of 0.1-0.7 mm/min, was
recommended for the measurement of B and SDR. The classification criteria of B2 and SDR were
proposed, and four grades of rockburst tendency were defined for SDR and B2 according to the
test results.

Keywords: hard rock; rock burst tendency; lab testing; brittleness indicator; strength decrease rate

1. Introduction

With the development of society and the economy, the needs for space and mineral
resources continue to increase, and the buried depths of underground engineering or mines
continue to expand [1]. Taking underground mines as an example, the shallow mineral
resources have been exhausted gradually, and the deeply buried geo-resources should
be mined out urgently [2,3]. The depth means high geo-stress and elastic energy stored
in rocks, which makes it easier to induce rockburst. Rockburst has occurred many times
in Germany, Canada, South Africa, India, Japan, and other countries [4-9]. At present,
rockburst is a global underground engineering problem,; it is difficult to predict accurately,
and to prevent and control effectively [10]. Once rockburst occurs, it may lead to more
casualties and economic losses than other disasters [2,11,12].

With in-depth study and analysis on the phenomena of rockburst, the mechanism of
rockburst has been understood gradually. The occurrence of rockburst usually requires
three key conditions: one is that the rock itself has high rockburst tendency; then, that the
rocks are subjected to high geo-stress and possess a large amount of elastic energy; and the
last is that the elastic energy stored in the rocks is induced to release by excavation, dynamic
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stress, or other external factors [13-15]. In order to accurately predict and evaluate rock-
burst, many scholars have introduced field tests and theoretical analysis into the research
field of rockburst [16]. At present, in order to study the local strain variation and stability of
rock masses, researchers have conducted rockburst mechanism studies based on capacity
theory, strength theory, blast reliability analysis, and chaos theory [17,18]. However, it
is difficult to establish universal and suitable criteria for rockburst prediction by simply
using theoretical methods from classical mechanics. Many scholars have applied some new
scientific methods to rockburst prediction, such as cloud models [19], fuzzy evaluation [20],
neural networks [21], extension methods [22,23], Bayes discriminant analysis [24], and
cluster analysis [25].

However, machine learning also has some defects, such as the large sample base
required, unclear parameter calibration, and over-simplified models. In order to control
rockburst and minimize the risk of rockburst, the evaluation of the rockburst tendency in
laboratory tests has received more and more attention in recent years. The measurement
methods and grade classification criteria of different bursting indexes have become the
hot research field [26]. Most bursting indexes are defined from the perspective of energy,
such as the strain energy storage index Wrr [27], the peak-strength strain energy storage
index WLy, the peak-strength energy impact index A, [28] and the residual elastic energy
index Agr [29,30]. Likewise, there are also many non-energy bursting indexes, such as the
modified brittleness index BIM, the deformation brittleness index K;, [31], the decrease
module index DMI [32], the brittleness indicator index B [33], and the strength decrease
rate index SDR [34].

A multi-index bursting liability evaluation system has been formed for coal at present [35],
but there is no suitable standard used for the rockburst proneness evaluation of hard rocks,
especially in the aspects of the bursting indexes and classification criteria. In general,
it directly adopts the standards of coal to predict the bursting proneness of hard rocks,
and the prediction results are inconsistent with the field phenomena of rockburst. In fact,
there are great differences between the mechanical parameters of coal and hard rocks, and
the bursting proneness indexes and their criterion used in coal are not suitable for hard
rocks [34]. In addition, the bursting classification criteria in hard rocks is often divided into
four grades, i.e., none, weak, medium, and strong, by many researchers [26,29,30], which is
a three-grade criterion for coal, i.e., none, weak, and strong. Figure 1 shows the statistics
of rockburst tendency degrees of coal and non-coal rocks in underground engineering
with different excavation depths in China [36-62]. The excavation depth of non-coal rock
engineering is deeper than that of coal mines, and the intensity of rockburst in deep hard
rock engineering is much stronger. Therefore, the rockburst of hard rocks should be paid
more attention, accordingly.

In this study, the influence of the loading mode and rate on the SDR, B1, and B2
results is analyzed, and then the loading mode and rate consistent with the determination
of the basic mechanical parameters of the rock are recommended. Combined with the
determination results of SDR and B2 and the classification method, the rockburst tendency
of different rocks is evaluated.
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Figure 1. Distribution of rockburst tendency degrees of rocks in China (the darker the color, the
deeper the buried depth, and the bigger the symbols, the stronger the rockburst).

2. Definitions of B and SDR

Several non-energy indexes of rockburst tendency in laboratory tests were put forward,
e.g., brittleness indicator index B, decrease module index DMI, deformation brittleness
index K;;, and strength decrease rate index SDR [12], as shown in Table 1. The K, is defined
as the ratio of strain corresponding to the stress at the unloading point and the terminal
strain at the unloading stage, but the elastic strain at the peak is impossible to obtain, so
it cannot accurately reflect the actual bursting tendency of rocks. The DMI is defined as
the the ratio between pre-peak modulus and post-peak modulus, in which the pre-peak
modulus reflects the rate of energy accumulation in rocks, while the post-peak modulus
reflects the speed of energy release during the failure process of rocks. However, the
post-peak modulus is also difficult to test and calculate. Therefore, this study focuses on
the discussion of brittleness indicator index B and strength decrease rate index SDR.

The brittleness indicator is one of the important indexes for rockburst prediction,
which can also be used to analyze the stability of surrounding rocks in underground
engineering. The brittleness indicator index of rocks is closely related to the mineral
composition, toughness, and hardness of rocks [63-65]. The strength decrease rate is closely
related to the mechanical properties and post-failure state of rocks, can denote the release
rate of elastic energy stored in rocks, and is important for the study of mechanical behaviors
of rocks in the post-peak stage [66-68].
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Table 1. Brittleness indicator and strength decrease rate for evaluation of rockburst tendency [69].

Indicators Formula Parameter
SDR SDR — % oc and Dy represent the uniaxial compressive strength and dynamic
T D failure time after peak strength, respectively
f— UC
B Bl Bl = oy o¢ and o} represent the uniaxial compressive strength and Brazilian
B2 B2 = gﬁlgf tensile strength, respectively
K K, — & el and e, represent the strain corresponding to the stress at the unloading
" gy point and the terminal strain at the unloading stage, respectively
DMI DMI — -Ea E¢ and Ej; represent the pre-peak elastic modulus and post-peak elastic
O [EMl modulus, respectively

The non-energy indexes of rockburst tendency were easier to be obtain and calculate
than the energy indexes, e.g., strain energy storage index Wgr, energy impact index Acr,
and residual elastic energy index Agr. This is because the peak elastic energy cannot be
obtained directly through the test. The energy indexes must be obtained indirectly through
the cyclic loading and unloading test, and the results of energy indexes under different
unloading points have large gaps between each other. Non-energy indexes of rockburst
tendency are complementary to energy indexes. The energy indexes are influenced by
the energy storage and dissipation ability of rocks. The brittleness indicator index in the
non-energy index is affected by the natural characteristics of rocks. The SDR is affected by
the energy release rate of rocks which can impact the intensity of rockburst. Many other
bursting indexes ignore the effect of energy release rate on rockburst. The non-energy index
and energy index can reflect the rockburst tendency from different views, which can keep
the evaluation results of rockburst tendency more comprehensively.

Different brittleness indicator indexes have different application scenarios [33]. The
initial stage of rockburst is the process of crack generation and propagation. Based on Grif-
fith strength criterion and strength parameters, the brittleness B of rocks was put forward
to evaluate the rockburst proneness of rocks [70]. One of the calculation methods of B is
expressed by uniaxial compressive strength and Brazilian tensile strength as Formula (1):

Oc
Bl = o 1)

The rockburst proneness criterion of Bl was as follows [41], which was negatively

correlated with rockburst tendency.

B1 > 40 None;

40 > B1 > 26.7 Weak;
26.7 > B1 > 14.5 Medium;
B1 < 14.5 Strong.

However, the other rockburst proneness criterion of B1 was as follows [71], which was
positively correlated with rockburst tendency.

B1 < 15 None;

15 < B1 < 18 Weak;

18 < B1 < 22 Medium;
B1 > 22 Strong.

The classification criteria of B1 were not unified, and the two categories of criteria of
B1 disagreed with each other from the perspective of regularity [70]. Based on uniaxial
compressive strength and Brazilian tensile strength, Singh [72] proposed a new method
for calculating the brittleness indicator index B2, as expressed by Formula (2). Both the
calculation Formulas (1) and (2) of brittleness indicator indexes B take two basic mechanical
parameters, i.e., uniaxial compressive strength and Brazilian tensile strength, into account,
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which were affected by the fundamental mechanical properties of rocks [73,74]. There is
no widely used classification criterion for B2 at present. Rocks with high compressive
strength often have high Brazilian tensile strength, which may lead to a large dispersion of
the results of B1, and it is difficult to judge the rockburst proneness using B1. According
to the actual indoor rockburst situation, the rockburst tendency obtained by B2 is more
consistent with the actual situation. Therefore, B2 is more suitable to use as an index of
rockburst tendency.
B2 — e — 0t )
Oc+ 0t
The strength decrease rate SDR is a new index put forward by Du et al,, and is
defined as the ratio of uniaxial compressive strength and dynamic failure time after peak
strength [22]. When the high elastic energy stored inside the rocks is induced, releasing
quickly by external action, the ejection phenomenon of rock fragments is more obvious.
The SDR can reflect the energy release rate of rocks to a certain extent. It is considered that
among the non-energy evaluation indexes of rockburst tendency for rocks, the brittleness
indicator index B and the strength decrease rate SDR can reflect the fundamental properties
and energy release rate of rocks, respectively.

3. Loading Mode and Rate Effect on B and SDR
3.1. Testing Design

In order to investigate the rockburst tendency of different rocks, 4 kinds of rocks,
including granite, marble, red sandstone, and coal, were selected to explore the influence
of loading conditions on the brittleness indicator index B and strength decrease rate SDR.
The rock specimens were prepared as cylindrical specimens, and all rock specimens were
shown in Figure 2.

Vaseline

#" Rock Types and specimens “‘-\

(| White Sandstone

13mm
] F ] Green Sandstone
Gray Sandstone
e\ .
i Polythene sheet 50mm Purple Sandstone

1g0mm
Rock specimens used in test

| China Black

| Brown Sandstone
MTs322 | o TN @ Ansha
Yellow Sandstone

Marble

. Granite

| Red Sandstone

Coal

Uniaxial compression test Brazilian splitting test

Figure 2. Testing machine and rock specimens used in lab test.

All specimens were drilled from intact rock blocks. The non-parallelism error of two
end faces of rock specimens was not more than 0.05 mm. Along the height of the rock
specimens, the diameter error was not more than 0.3 mm. The end face was perpendicular
to the axis of the rock specimens, and the deviation was not greater than 0.25°. In the
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process of taking, transporting, and preparing rock specimens, it is necessary to avoid
colliding with each other or accidentally falling to produce cracks.

Two series of testing, i.e., uniaxial compression tests and Brazilian splitting tests, were
designed in the study. Before testing, rock specimens were grouped and numbered, and
basic parameters, e.g., wave velocity and mass, were measured. The specimens had no
defects, good uniformity and integrity, and were all in the state of natural water content. In
uniaxial compression tests, the specimens were selected as cylindrical rock specimens with
diameters of 50 mm, the diameters of the rock specimens were 10 times greater than the size
of the largest mineral particle of rocks, and the height to diameter ratio of rock specimens
was set as 2.0. In Brazil splitting test, the cylindrical rock specimens with diameter of 50 mm
were used, and the ratio of height to diameter of specimens was designed as 0.5 [75].

3.2. Determination of SDR

The values of SDR were calculated by the results of uniaxial compression tests
(Figure 3a) which were carried out on an MTS 322 T shaped material testing machine
in Central South University (Figure 2); the maximum axial force applied by the testing
machine was £500 kN.

o/MPa P
e Pre-peak
stage : Post-peak
stage
-
t/s

SDR=0,/D,

(2) . () P——
Figure 3. Schematic diagram of the SDR and B calculation process: (a) stress-time curve of rocks
in uniaxial compression test and determination of SDR, (b) determination of o¢; (c) determination
of o¢, B1, and B2. SDR denotes the strength decrease rate (MPa/s); D; denotes the dynamic failure
time in uniaxial compression test (s); o denotes the uniaxial compressive strength of rock specimens
(MPa); o denotes the Brazilian tensile strength of rock specimens (MPa); P denotes the peak load in
uniaxial compression test (kN); A denotes the area of the bearing section of a rock specimen (mm?);
D denotes the cross sectional diameter of a rock specimen (mm); & denotes the height of the rock
specimen (mm).

In order to avoid the loss of rock fragments and ensure security in uniaxial compression
tests, a cylindrical acrylic cylinder slightly larger than the specimens was used to cover the
specimens during testing. The testing machine was stopped when the specimens lost their
carrying capacity.

3.3. Determination of B

The values of the brittleness indicator index B were calculated by the results of uniaxial
compression tests and Brazilian splitting tests. The specimens in Brazil splitting tests were
destroyed by radial tensile stress which was applied by a pair of steel rods with diameters
less than 3 mm along the diameter of the disk specimens (Figure 3b,c). In order to make
sure that the steel rods, up and down, were parallel to each other and located along the
diameter with the direction of vertical loading, a novel Brazil splitting testing device was
designed, machined, and applied. The detailed usage flows are shown in Figure 4.
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(a)

U :shaped outer molP
with fixing screws | Upper loading mold
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Figure 4. Composition and usage flow of a novel Brazil splitting testing device: (a) U Shaped outer
steel mold with fixing screws, (b) V Shaped steel mold and upper loading mold with steel rod;
(c) Install rock specimen, (c) Change V shaped steel mold as upper loading mode, (d) Install the entire
mold, (e) Withdraw fixing screws and loading.

The novel device contains four parts, i.e., V shaped steel mold, upper loading mold
with steel rod, bottom loading mold with steel rod, and U-shaped outer mold with fixing
screws (Figure 4a). The detailed usage flows are as follows. Firstly, the bottom loading
mold with steel rod was fixed in the U-shaped outer mold. The V-shaped steel mold was
used to keep the rock specimens in the middle of the U-shaped outer mold, and the fixing
screws were used to fix the rock specimens (Figure 4b). Secondly, the V-shaped steel mold
was removed, and the upper loading mold with steel rode was placed at the location of
the V-shaped steel mold (Figure 4c). Then, the whole mold and specimen was placed
on the testing machine, and the pre-loads with small values were applied on the mold
(Figure 4d). At last, the fixing screws moved far away from the specimens, and test was
started (Figure 4e).

3.4. Data Processing

According to the testing data, the stress-time curves of rock specimens (Figure 3a)
were drawn, and the uniaxial compressive strength and Brazilian tensile strength of rocks
were calculated (Figure 3b,c), respectively. The dynamic failure time Dt is the time from
the peak strength of rock to the time when the axial stress applied on specimens dropped
to zero. According to the formulas in Table 1, the strength decrease rate SDR and the
brittleness indicator index B of rocks were calculated directly.

3.5. Influence of Loading Terms on B and SDR

In order to explore the influence of loading rates on the brittleness indicator index B
and strength decrease rate SDR, the displacement control mode and load control mode were
selected in uniaxial compression tests. Under displacement control mode, the loading rates
were pre-designed as 0.005 mm/min, 0.05 mm/min, 0.5 mm/min, 5 mm/min, 50 mm/min,
and the maximum displacement loading rate of testing machine for each rock, respectively.
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While under load control mode, the loading rate was pre-designed as in Table 2, and each
rock was divided into 6 groups in load controlled uniaxial compression tests.

Table 2. Loading rate in load controlled uniaxial compression tests.

Loading Rate of Each Group

Rock Group 1 Group 2 Group 3
Lithology
kN/min MPa/s Sample kN/min MPa/s Sample kN/min MPa/s Sample
Number Number Number
Granite 1.06 0.009 1 8.72 0.074 1 93.48 0.7935 1
Marble 0.64 0.006 1 6.66 0.057 1 66.67 0.5659 1
Red sandstone 0.07 0.0006 1 4.49 0.038 1 28.17 0.2391 1
Coal 0.22 0.002 1 1.50 0.013 1 14.87 0.1262 1
Rock Group 4 Group 5 Group 6
Lithology kN/min MPa/s kN/min MPa/s kN/min MPa/s
Granite 1101.60 9.3507 1 8799.93 78.383 1 46,683.47 778.0578 1
Marble 693.32 5.8857 1 5082.66 43.1430 1 48,380.29 410.6647 1
Red sandstone 397.46 3.37377 1 3540.87 30.0558 1 27,172.56 230.6478 1
Coal 168.14 1.4273 1 2135.74 18.1287 1 7590.34 64.4288 1

In Brazilian splitting tests, the values of Brazilian tensile strength are small, and the
influence of loading mode and rate on Brazilian tensile strength is ignored in this study.
The load control mode with a loading rate of 0.3-0.5 MPa/s was selected in Brazilian
splitting tests, which is recommended by the standard for test methods of engineering
rock mass (GB/T 50266-2013) in China. The calculation results of B and SDR are shown
in Tables 3 and 4.

Table 3. Calculation results of B1, B2, and SDR under different loading rates in displacement

controlled uniaxial compression tests.

Rock Lithology Loading Rate (mm/min) Formlillla o Fornﬂzla @) (I\igaljs)
Granite 0.005 14.35 0.87 1.57
Granite 0.05 14.14 0.87 7.72
Granite 0.49 15.42 0.88 114.25
Granite 4.94 15.20 0.88 795.80
Granite 47.18 18.12 0.90 4299.82
Granite 281.23 15.95 0.88 8109.59
Marble 0.005 22.83 0.92 0.06
Marble 0.05 21.78 0.91 0.18
Marble 0.50 22.08 0.91 1.61
Marble 4.93 24.59 0.92 11.08
Marble 46.52 24.75 0.92 250.26
Marble 288.25 29.69 0.93 362.04

Red sandstone 0.001 13.27 0.86 0.07

Red sandstone 0.05 12.86 0.86 1.69

Red sandstone 0.50 12.54 0.85 16.25

Red sandstone 4.94 15.41 0.88 108.82

Red sandstone 46.63 14.80 0.87 932.70

Red sandstone 316.67 15.41 0.88 4627.39

Coal 0.005 23.95 0.92 0.22
Coal 0.05 19.30 0.90 1.16
Coal 0.50 26.95 0.93 8.47
Coal 493 30.12 0.94 32.00
Coal 46.04 44.38 0.96 676.21
Coal 298.95 32.50 0.94 2320.13
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Table 4. Calculation results of B1l, B2, and SDR under different loading rates in load controlled
uniaxial compression tests.

Rock Type Loading Rate (kN/min) Fornﬁ?la o Forn?uzla @ (I\/S[gﬁs)
Granite 1.06 12.19 0.85 /
Granite 8.72 13.20 0.86 305.62
Granite 93.48 15.06 0.88 697.20
Granite 1101.60 15.53 0.88 1534.98
Granite 8799.93 14.08 0.87 2251.52
Granite 46,683.47 14.78 0.87 -
Marble 0.64 22.81 0.92 23.38
Marble 6.66 23.66 0.92 51.82
Marble 66.67 23.24 0.92 184.78
Marble 693.32 23.71 0.92 492 .96
Marble 5082.66 27.70 0.93 973.80
Marble 48,380.29 30.08 0.94 1904.80

Red sandstone 0.28 11.84 0.84 2.75
Red sandstone 4.49 15.77 0.88 36.57
Red sandstone 28.17 13.28 0.86 148.54
Red sandstone 397.46 13.89 0.87 466.09
Red sandstone 3540.87 15.31 0.88 646.69
Red sandstone 27,172.56 13.94 0.87 837.16
Coal 0.22 11.91 0.85 -
Coal 1.50 16.51 0.89 5.54
Coal 14.87 29.66 0.93 33.20
Coal 168.14 24.33 0.92 71.36
Coal 2135.74 19.77 0.90 230.81
Coal 7590.34 24.74 0.92 835.25

3.5.1. Impact of Loading Rate

As shown in Figure 5a—d, with the increase of loading rate, B1 (calculated using
Formula (1)) and B2 (calculated using Formula (2)) show a slightly increasing trend, and
the values of B1 and B2 of coal and marble are larger than that of the other two rocks under
load and displacement control modes.

The increase of B2 on granite, marble, and red sandstone is lower than 0.05, and the
increase of coal rock is slightly larger (i.e., lower than 0.08). Therefore, the loading rate
effects on B2 can be ignored. The increasements of the 4 kinds of rocks are 3-13 for B1, and
the loading rate effects on Bl are clearer than on B2, which cannot be ignored.

The influence of loading rates on the values of the SDR is more significant, as shown
in Figure 5e f. Different types of rocks have different sensitivities to loading rate. Among
the 4 kinds of rocks, the loading rate has the least influence on the SDR values of marble,
which shows a linear change trend in the scope of the loading rate in this study. Under
displacement control mode, the values of the SDR of granite and red sandstone increased
sharply after the displacement loading rate was larger than 5 mm/min. Under load control
mode, the values of the SDR of all rock types increased sharply after the loading rate was
larger than 100 kN/min. The influence degrees of loading rate on the SDR values in order
from the largest to the smallest are as follows: granite, marble red sandstone, and coal,
which is quite different from that under displacement control mode. Thus, when the SDR
is used as the evaluation index of rockburst tendency, special attention should be paid to
the test within a certain range, otherwise there is no comparability of SDR obtained under
different loading rates.
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Figure 5. Effect of loading rate on B1, B2, and SDR: (a) B1 under displacement control mold, (b) B1
under load control mold, (c) B2 under displacement control mold, (d) B2 under load control mold,
(e) SDR under displacement control mold, (f) SDR under load control mold.

3.5.2. Effect of Loading Mode

As shown in Figures 6-8, There are certain differences between the values of B1, B2,
and SDR under displacement control mode and load control mode.
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Figure 6. Effect of loading mode on B1: (a) granite, (b) marble, (c) red sandstone, (d) coal.
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Figure 7. Effect of loading mode on B2: (a) granite, (b) marble, (c) red sandstone, (d) coal.
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Figure 8. Effect of loading mode on SDR: (a) granite, (b) marble, (c) red sandstone, (d) coal.

For B1 and B2, the loading mode effect can be ignored, and the gaps of B1 and B2 under
different loading modes fluctuate to a certain extent, especially for coals. The main factor
inducing the phenomena is that coal is a typical heterogeneous anisotropic sedimentary
rock, and the anisotropic properties of coal specimens induce the gaps of B1 and B2 under
different loading modes. Therefore, the greater the anisotropy of specimens, the more
pronounced the fluctuation of B1 and B2. It is suggested that more specimens should be
prepared to measure the values of B1 and B2 (Figures 6 and 7).

For SDR, the control mode has great influence on the SDR. For granite, marble and coal,
the values of the SDR under the load control mode are bigger than that of the SDR under
displacement control mode. While for marble, the values of the SDR under displacement
control mode are bigger than that of the SDR under loads control mode (Figure 8).

The loads applied on the specimens increase at first and then decrease, while the
deformation of specimens always increases before total failure in uniaxial compression
tests, so it is difficult to obtain the post-peak stage of rocks in load controlled uniaxial
compression tests. When the rock specimens lose their carrying capacity after peak strength,
the actuator of the testing machine under load control mode may trigger accelerated loading
and shorten the duration time of the post- peak stage. The typical pre-peak and post -peak
stress-time curves are shown in Figure 9.
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Figure 9. Stress-time curves of rocks in uniaxial compression tests (a,c) with a loading rate of 0.5
mm/min; (b,d) with a loading rate of 93 kN/min.

In this study, the main aim is to determine the rockburst proneness of hard rocks
by the basic mechanical parameter tests of rocks, i.e., uniaxial compression tests and
Brazilian tensile tests. According to GB/T 50266-2013 “Engineering Rock Mass Test Method
Standard” [75], it is recommended that the loading terms are load control mode with
loading rate of 0.5-1 MPa/s, while the displacement control mode is more suitable to test
the rockburst proneness index of rocks in our study. Based on the strain rate effect of
rocks, the difference between the testing results of basic mechanical parameters under load
control mode with loading rate of 0.5-1 MPa/s and under displacement control mode with
loading rate of 0.1-0.7 mm/min is not great, and both can be used in the measurement of
brittleness indicators and the strength decrease rate.

4. Classification Criteria of B and SDR

Twelve kinds of rocks, including white sandstone, green sandstone, grey sandstone,
purple sandstone, marble, granite, Chinese black granite and brown sandstone, Andesite,
yellow sandstone, red sandstone, and coal (Figure 2), were selected to determine the
rockburst criterion of the brittleness indicator index B and the strength decrease rate SDR.
The displacement control mode with a loading rate of 0.12 mm/min was chosen in the
uniaxial compression test designed in this part, and the load control mode with a loading
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rate of 0.3 MPa/s was chosen in the Brazil splitting test. The obtained results of B1, B2, and
SDR were listed in Table 5.

Table 5. Calculation results of B1, B2, and SDR.

Brazilian Tensile Uniaxial Compressive

Rock Lithology Sample Number Strength (MPa) Strength (MPa) B1 B2  SDR (MPa/s)
Purple sandstone 1 4.27 95.04 2226 091 31.98
Yellow sandstone 1 1.16 43.72 37.69 0.95 4.48
Brown sandstone 1 3.38 64.92 19.21  0.90 5.86

Grey sandstone 1 2.99 70.45 2356 092 9.3

Andesite 1 12.85 200.59 15.61 0.88 29.91
White sandstone 1 1.64 36.80 2244 091 2.29
Green sandstone 1 2.60 67.15 25.83 0.93 48.77

Chinese black granite 1 8.97 150.98 16.83 0.89 24
Granite 1 6.68 112.65 16.86 0.89 17.03
Marble 1 2.41 109.54 4545 0.96 1.63
Red sandstone 1 2.79 74.90 26.85 0.93 4.41
Coal 1 0.61 33.33 54.64 0.96 2.45
The rockburst tendency degrees of the rocks chosen in this study were determined by
the failure phenomena. Different types of rocks will have different failure phenomena when
rockburst occurs. Therefore, the classification criteria of failure phenomena are judged from
two main aspects. First, the response degree of sound when the rock is about to destabilize
and is damaged. The more intense or active the sound emitted near failure, the higher the
rockburst tendency (an acoustic emission system is used to monitor the intensity of the
sound, which is not described in detail in this manuscript due to space limitations). The
second is the degree of fracture of the rock damage and the amount of debris after rock
failure. The more cracks and debris produced by cracked rock, the higher the degree of
rockburst tendency (debris is screened through the screen mesh). The detailed classification
criterion of failure phenomena was summarized in Table 6.
Table 6. Rockburst classification criterion based on the failure phenomena of hard rocks.
Category I I II.I v
(None) (Weak) (Medium) (Strong)
Multiple cracks Multiple cracks

One or two penetrating
cracks appeared on the

appeared on the
specimen surface after
failure. A small
number of fragments
dropped slowly with a
slight sound.

appeared on the
specimen surface after
failure. Several
fragments ejected with
a clear failure sound.

Multiple cracks appeared on
the specimen surface after
failure. A large number of

fragments ejected with great

failure sound.

Phenomenon specimen surface after
failure. Few fragments
formed with slight sound.
Classification . : ;
results ii .

Marble

Yellow sandstone
Other rocks:
Red sandstone,
White sandstone,
Coal

Grey sandstone
Other rocks:
Brown sandstone,
Green sandstone
Purple sandstone
Granite

Chinese black granite
Other rocks:
Andesite

In this study, the classification of rocks under different rockburst tendency indexes
was based on the results of the classification criteria in Table 6. The rockburst tendency
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degrees of hard rocks were also divided into four grades, i.e., none, weak, medium, and
strong, as shown in Figure 10. The rock samples with the same category were grouped
into the same interval as far as possible, thus the dividing line under different rockburst
indicators was obtained. However, the values of green sandstone calculated by the two
rockburst indicators had large deviations, and its rockburst tendency evaluation was fuzzy.
Therefore, we will pay more attention to and explore methods to evaluate the rockburst
tendency of green sandstone in future studies.
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Figure 10. Classification criteria of the rockburst proneness of rocks in this study.

The values of B1 were concentrated in the range of 5-30, and the different bursting ten-
dency degree results of rocks based on failure phenomena criteria were cross-distributed. It
was different to formulate rational classification criterion of B1 with a crosswise distribution
trend. In this study, B1 was not suitable for the evaluation of rockburst tendency. According
to the bursting tendency degree results of rocks based on failure phenomena criteria, the
results calculated by the rockburst tendency index (i.e., B2 and SDR) are basically consistent
with the experimental phenomenon classification. Therefore. the B2 and SDR can be used
for the evaluation of rockburst tendency. The detailed classification criteria of B2 and SDR
are as follows:

B2 > 0.96 None;

0.96 > B2 > 0.93 Weak;

0.93 > B2 > 0.89 Medium;

B2 < 0.89 Strong;

SDR < 2 MPa/s None;

2MPa/s < SDR < 6 MPa/s Weak;

6 MPa/s < SDR < 20 MPa/s Medium;
SDR > 20 MPa/s Strong.

5. Discussion
5.1. Rationality of Classification Criteria
In hard rock engineering, related academic studies at home and abroad showed

that rockburst often occurs in hard and brittle rocks [76]. In our study, the brittleness
indicator index B, i.e., Bl and B2, reflects the rockburst tendency degree of rocks from
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aspects of the basic mechanical parameters of rocks, i.e., uniaxial compressive strength
and Brazilian tensile strength. The strength decrease rate SDR focuses on post-peak phase
of complete stress-strain curves in uniaxial compression tests, using the average stress
decrease velocity to reflect the rockburst tendency degree of rocks. Compared with other
non-energy indicators, these two indicators have the advantage of accurate calculation, and
reflect the rockburst tendency from two different aspects. Other redundant indexes are no
longer needed. In addition, the non-energy index and the energy index complement each
other, and the calculation of the non-energy index is more convenient. In this study, the
bursting tendency grade of white sandstone was different between the classification grade
on failure phenomena criteria and that on B2 criterion, while the bursting tendency grades
of purple sandstone and green sandstone were different between the classification grade
on failure phenomena criteria and that on SDR criteria, as shown in Figure 10. For other
rocks close to the critical value, the evaluation results are considered to be accurate. The
burst tendency grade of the rocks mentioned above on B2 or SDR criteria all raised by one
level, which was conducive to field rockburst protection.

5.2. Strain Rate Effect on Rockburst Index

It is proved that the larger the loading rate is, the bigger the rockburst index is, and the
more intense the rockburst is [77,78], which is reflected by SDR in this study. The loading
rate and mode effects can be unified by study of the strain rate effect. The strain rates of
specimens under different displacement and load loading rates were discussed. As shown
in Figure 11, the strain rate was positively correlated with the displacement loading rate,
and the strain rate was calculated as Formula (3). The strain rates of specimens with the
same height value had the same value under the same displacement loading rate.

de 1dH Dy

=3 T Hydt  Hy ®

where €, is the strain rate of specimens under displacement control mode; H is the height
of the specimen, 100 mm in this study; H is the real time height of specimens during testing;
and Dy, is the displacement loading rate.
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Figure 11. Relationship between strain rate under displacement controlled and load control mode.
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107! 10° 1

Under loading control mode, if the same loading rate was applied for different rocks,
the strain rates of different rocks were also different. The strain rate of rocks under dis-
placement control mode showed a linear change trend (Figure 11 top), while that under
load control mode had a non-linear change trend (Figure 11 bottom).

If the loading time of the pre-peak stage had a same value, the ¢;; equal the average
value of the strain rate ¢;; of specimens under load control mode. The ¢;; and ¢; of different
rocks in uniaxial compression tests with varied loading rates are shown in Figure 12.
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Figure 12. Relationship between experimental rate and strain rate of different rocks.

In this study, the SDR was affected greatly by the strain rate of rocks. The uniaxial
compressive strength o, increased about 1.2 times, while Dt increase much more than o, as
shown in Figure 13. As can be seen from the figures, the Dt starts to increase rapidly when it
is larger than 0.7 mm/min. Therefore, for the displacement loading rate, 0.1-0.7 mm/min
is recommended.

The classification and evaluation criteria of B and SDR in non-energy rockburst in-
dexes are mainly discussed, while some energy-based rockburst indexes are relatively
ignored. It is also found that the evaluation results of a kind of rock under different clas-
sification criteria are different. Therefore, future research will pay more attention to the
comprehensive criterion of rockburst and the quantitative research of risk assessment under
the aggregation of multiple indicators, such as uncertainty theory, machine learning, and
numerical simulation.
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Figure 13. Relationships between (a) uniaxial compressive strength vs. time, (b) normalization

uniaxial compressive strength vs. time, (c) Dt vs. time, and (d) normalization Dt vs. time.

6. Conclusions

In order to establish appropriate criteria for hard rock bursting liability, especially
in terms of bursting indicators and classification criteria, the brittleness indicator index
(B2) and strength decrease rate (SDR) index and their classification criteria in rockburst
tendency evaluation were studied based on the results of lab testing. The research results
provide reference for establishing the indoor evaluation standard of the rockburst tendency
of hard rock. The conclusions of this paper are as follows:

1.

The B2 and SDR were selected as the basic indexes for the rockburst tendency eval-

uation of hard rocks. It is considered that the strength decrease rate SDR reflects
the speed of stress drop speed and energy release rate in rock failure stage, and the
brittleness indicator index B2 value reflects the fundamental properties of rocks. The
combination of the two indexes can describe rockburst tendency more comprehen-

sively.

The reasonable loading mode and rate in rockburst tendency tests were determined.

After studying the influence of loading rate and loading mode on rockburst ten-
dency, it is suggested to adopt the displacement control mode of 0.1-0.7 mm/min for
rockburst tendency assessment for B2 and SDR.
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3. The classification criteria of B2 and SDR were put forward. According to the results
in this study, SDR and B2 were divided into four grades. It was found that there
is a strong consistency between the B2 index and SDR, which proves a rationality
of the classification criteria based on the failure phenomena of rocks in uniaxial
compression tests.
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Abstract: To determine and compare the measurement uncertainty of different geological-geotechnical
testing methods, numerous test locations were selected in a hard rock quarry. Measurements were
carried out along two vertical measurement lines perpendicular to the mining levels of an existing
exploration. Along these lines, the rock quality basically varies due to weathering (decreasing in-
fluence with increasing distance from the original ground surface), but also due to the influence of
the geological-tectonic conditions on site. The mining conditions (blasting) are identical over the
considered area. The rock quality was examined as follows: as field tests, the rock compressive
strength was determined by means of point load test and rebound hammer, as laboratory method
the Los Angeles test (standard laboratory test for the determination of the mechanical rock quality)
was used to identify the impact abrasion resistance. The statistical evaluation and comparison of the
results allowed conclusions to be drawn about the contribution of the individual test methods to the
measurement uncertainty whereas, in practice, a priori information can be applied complementarily.
It shows that the influence on the combined measurement uncertainty u of the different methods
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1. General
1.1. Intent of Research

Rock classifications to assess the stability of rock in tunneling or slope construction

are among the top disciplines in engineering geology [1-3]. In this context, rock strength

By plays a decisive role—in addition to the interface characteristics. The same applies to

Copyright: © 2023 by the authors.  the estimation and monitoring of rock quality in quarries during the production of high-
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distributed under the terms and In principal, a basic distinction concerning different test methods for the determi-

conditions of the Creative Commons  nation of mechanical rock parameters—with different time and equipment requirements

Attribution (CC BY) license (https:// concerning the execution of the tests—can be made as follows [4]:
creativecommons.org/licenses /by /

40/).
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field tests vs. laboratory tests;
destructive vs. non-destructive methods;
direct vs. indirect methods.

Field tests are portable and can be carried out quickly on site. As far as destructive
methods are concerned, the rock or a rock fragment is required to test the mechanical
strength and is destroyed in the course of the test (loading up to the breaking strength).
By applying non-destructive testing methods, geophysical methods are used to determine
the rock strength indirectly without destroying a sample. The distinction between direct
and indirect methods again concerns the determination of a specific strength parameter via
another rock parameter that can be determined more easily (e.g., the determination of the
tensile strength and conversion to the rock compressive strength) [4,5].

There are numerous standard geological and geotechnical investigation methods that
have proven themselves over several decades, such as the rebound (Schmidt) hammer
(RH), point load test (PLT), and Los Angeles test (LAT) compared in the present research
paper, e.g., [4-0].

There is also current research into the development of new methods for determining
the mechanical properties and quality of rock mass [6-8]. In addition, further development
is carried out via computer-based studies using distinct-element methods such as PFC
when modeling without pre-defined discontinuities, e.g., [9-11] or UDEC [12-14], if the
rock mass is mainly characterized by preestablished discontinuities and joints.

Simple, quick, and cheap on-site standard methods for the indirect characterization
of the mechanical rock quality and estimation of the rock strength are still the rebound
(Schmidt) hammer [15,16] and the point load test [17]. These sometimes differ considerably
in terms of the methodological approach. The same applies to the conversions of the
obtained basic values (e.g., the rebound value R or the corrected point load index Is(50)), into
an unconfined compressive strength (UCS) based on empirical tests. Therefore, according to
ISRM [18], it is necessary to speak of an estimated value (UCS*), if the uniaxial compressive
strength determination (UCS) was not carried out on drill cores [19].

Nevertheless, the results of the different methods are often used synonymously to
assess or describe the mechanical rock quality. The possible uncertainties regarding the
reliability and comparability of the results are often underestimated, although these have
already been published as implementation guidelines [18]. Therefore, this article deals
with the determination of the “rock strength” via the common testing methods rebound
hammer [15,16], point load test [17], and Los Angeles (LA) test [20] with regard to the
determination of the measurement uncertainty for the individual testing methods. Due to
the intense fracturing of the rock, an extraction of drill cores for the direct determination of
the UCS was not possible.

The above-mentioned investigation methods, rebound hammer, point load test, and
Los Angeles test, were applied simultaneously in numerous test locations in a hard rock
quarry in Austria. The investigated rock is a granulite from the family of metamorphic
rocks. Results are available in different numbers for the respective test. The measurements
were carried out along two vertical measurement lines perpendicular to the mining levels.
Along these lines, the rock quality basically varies due to weathering (decreasing influence
with increasing distance from the original ground surface), but also due to the influence of
the geological-tectonic conditions on site expressed as a horizontal variability. The mining
conditions (blasting) are identical over the considered area. The objective is to assess the
suitability for the intended use of the rock as aggregates and to consider the measurement
uncertainties in the significance of the results.

1.2. Influences on Rock Material Parameters

From an engineering-geological point of view, a fundamental distinction is made
between rock strength and rock mass strength. The rock strength is basically dependent on
the type of rock (magmatic, metamorphic, sedimentary) and the minerals present, which
depends on the weathering degree as well, e.g., [4]. The bigger the scale of observation,
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the more important are the discontinuities (e.g., joints) and weathering phenomena with
regard to the rock mass strength [1,2]. For the evaluation of an aggregate (grain group
or grain mixture) as in the present case, weathering as well as smaller scale foliation or
stratification planes have a great influence on the rock strength. In contrast, dividing
planes with a larger separation distance—if larger than the final grain diameter—play
almost no significant role due to the processing of the rock material (blasting, crushing,
sieving, washing). Basically, the following characteristics and influences affect the strength
parameters of rock aggregates (compare [21]):

e rock type and mineralogy (for example, an igneous granite composed of quartz,
feldspar and mica is usually stronger than limestone composed of calcite minerals);

e rock formation and genesis: tectonic stress during ductile deformation may lead to
formation of a foliation, while a brittle deformation leads to the formation of joints
and fissures [22];

e weathering: whereby the weathering starts preferentially at weak zones (e.g., inter-
faces), where agents such as water and air can penetrate the rock;

e type of material excavation and processing: possible damage due to microcracks
(could not be observed for the examined rock by means of thin section analysis).

These parameters can vary spatially (horizontally and vertically) depending on the
geological-tectonic conditions. As a result, the rock strengths can vary significantly within
a very small scale. This circumstance can mainly be attributed to the presence of interfaces
and a varying degree of weathering [23-25]. Weathering can affect both the interface itself
and the surrounding rock. In terms of aggregate production, weathering of the interface
surface is mostly unproblematic, but the progress of weathering into the surrounding rock
results in a reduction in the rock (aggregate) strength. Starting from the surface level,
weathering must always be considered as an influencing factor.

1.3. Contributions on Measurement Uncertainty

Measurement uncertainty can be described as the trustworthiness of numerical val-
ues/measurement results. This uncertainty or inaccuracy of the measured value is neg-
atively influenced by errors. Uncertainty of measurement, therefore, is defined as “a
parameter, which is associated with the result of a measurement, characterizing the disper-
sion of the values that could reasonably be attributed to the measurand” [26]. Therefore,
the uncertainty of measurement expresses the estimation of the “error” of the measurement
result differing from the “true value” of the measurement value.

According to JCGM 100:2008 [26], JCGM 104:2009 [27], and JCGM 200:2008 [28], two
components are distinguished concerning the measurement error: (1) the ‘systematic error’
and (2) the ‘random error’. Systematic measurement errors can be quantified and are
significant in terms of accuracy and a correction factor can be applied to identify this effect
in the overall measurement scope. If performed this way, the systematic error reaches
a value of zero. In contrast, a random error is the result of an unpredictable stochastic
variation without the possibility of correction or compensation. This is only reduced by an
increasing number of attempts [26].

When dealing with natural materials, the terms ‘aleatoric” and ‘epistemic” are used
instead of ‘random error” and ‘systematic error’. This is due to the fact, that the variability
of the properties of natural complex materials, such as rock masses, defines by its origin
an initial level of uncertainty. This is in contrast, for example, to building materials
(e.g., concrete), whose production takes place under controlled conditions and which are
basically homogeneous. This type of uncertainty cannot be removed due to it being a
feature of the material itself and therefore leads to an ‘aleatoric” uncertainty. ‘Epistemic’
uncertainty, on the other hand, refers to uncertainty caused by a lack of knowledge, for
example the measures of a given material property. This type of uncertainty can be reduced
by expanding the quantity and quality of data describing the considered property, e.g., [29].
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1.3.1. Uncertainty of Measurement

In [26], a concept of contributions to measurement uncertainty, covering both ran-
dom/aleatoric and systematic/epistemic errors, is provided. However, the concept does
not make a strict distinction between these two. Generally, the contribution is used in
the way of a standard uncertainty format and is calculated as the result of the standard
deviation or the coefficients of variation considering the number of samples.

1.3.2. Standard Uncertainty

In [26], the contributing factors influencing the uncertainty of measurement are identi-
fied as type A and type B. These can be differentiated as follows: while type A is identified
by statistical analysis of observation series—like the standard deviation (coefficient of
variation) of the arithmetic mean value under the assumption of a normal distribution; type
B is acquired by means of other methods than statistical analysis of observation series [26].
For type B, each measured value must be subject to a statistical distribution which allows
the statistical parameters to be defined on the basis of the assumed distribution. Specifica-
tions for the distribution assumption can be preceding measurement data, experience or
expertise in the behaviour. Information regarding the assumption of the distribution type
may be: previous measurement data, experience or knowledge of the behaviour observed,
specifications from manufacturers, literature or calibration procedure.

1.3.3. Modelling the Measured Values

To characterize the input quantities on the measurement result according to [26], a
modelling of measurement is re-quired, whereby the output quantity Y for the mathematical
model is the measured value itself as stated in Equation (1):

Y =f(Xy,...,XN) 1)

If the true values of the quantities Xy, ... , Xy of the measurement are unknown, the
usage of estimated input values x1, ... , xy is necessary (Equation (2)).

y:f(xl,-.-,xl\]) (2)

According to [30], the modelling of the measurement should include the entire mea-
surement chain, i.e., the entire measurement process, which obeys the principle of cause
and effect.

1.3.4. Combined Standard Uncertainty

Entry values ca may correlate or may not correlate to each other. Uncorrelated quan-
tities are independent and have no relation with each other. The combined standard
uncertainty is derived from the different single standard uncertainties (Equation (3)).

w2(y) = ; (;i)zuz(xi) G)

Thereby, a sensitivity coefficient ¢ accounting the influence of a single quantity on the
combined measurement uncertainty is included and calculated according to Equation (4).

_9f | Af
C_BTCZ-:}Axi

(4)

1.3.5. Expanded Uncertainty of Measurement

The expanded uncertainty of measurement U is derived by the multiplication of
the combined standard uncertainty u.(y) by a coverage factor k (Equation (5)), the latter
defining the level of confidence for the measurement uncertainty based on a probabilistic
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approach. In [26] a coverage factor 2 < k < 3 is recommended, whereby k = 2 defines a
level of confidence of approximately 95% and k = 3 of approximately 99%.

u= k'uc(y) )

2. Materials and Methods
2.1. Tested Rock Structure

The investigated rock site lies in the Bohemian Massif in Austria. The rock at present
is a granulite from the Moldanubicum with an age of approximately 340 Ma, which un-
derwent metamorphism during the Variscan Orogenesis at about 800 °C and a pressure
of about 1800 MPa. The granulite was subjected to mylonitic foliation in the course of
exhumation, as well as to scarping of the “bench-like” metamorphic structures [31,32].
The structure is mylonitic and is characterized by recrystallization processes, whereby an
intensive interlocking of the individual minerals develops, which finally also contributes
to the high strength of this rock. In the course of cooling (retrograde branch of metamor-
phism), a very subordinate chloritization of the garnet minerals occurs. Ores are present as
accessory minerals.

The slightly formed foliation generally dips very steeply to the north, and the dividing
planes formed in the course of emplacement and tectonic overprinting also stand very
steeply. From a mineralogical point of view, the rocks in the area consist of quartz, feldspars
(plagioclase and potassium feldspar), and mica, occasionally also accompanied by accessory
minerals such as kyanite [33]. The rock is exposed to weathering in the near-surface area
especially along interfaces and fractures, which in turn influences the rock properties. This
leads to mineral transformations, which generally reduce the rock strength.

Lithologically, the area shows a heterogeneous structure, both in terms of horizontal
extent and depth (excavation levels), and is roughly composed of the following different
granulite types: (1) the very light-colored unit with a bright sound when crushed (“vitreous
granulite”), (2) a brown granulite unit showing stronger weathering signs (highest, weath-
ered area), and (3) a dark, more deeply lying granulite unit. Additionally, serpentinite
lenses are situated north and south of the investigated granulite area. Photos of areas (1),
(2), and (3) are shown in Figures 1-3.

Figure 1. Light-colored, vitreous granulite, corresponding to (1).
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Figure 3. Darker, more deeply lying granulite, corresponding to (3).

The highest quality granulite rocks (light-colored, “vitreous granulite”) are extracted
for the production of aggregates for railroad gravel, concrete, and asphalt. These are
characterized by very high compressive strength (>200 MPa), high impact abrasion and
frost resistance. The other granulite rocks are mainly used for the production of base
course and fill material. For the quality classification, the regular assessment of the rock
properties—primarily by means of the Los-Angeles test—plays an essential role in ensuring
the high-quality requirements of the aggregate.

In order to systematically demonstrate the variability of the rock properties, sampling
and examination of the granulite bedrock at different depth levels (a total of seven depth
levels with generally 15 to 20 m height difference were investigated) took place along
two vertical profiles (Figure 4). As a reference, three depth levels in the area of the glassy
granulite were also sampled and surveyed (reference testing profile, Figure 4). A partial
section of the sampling area is shown in Figure 5. The light coloured, glassy vitreous
granulite can be seen in the background, the darker granulite in the front, with the alteration
(and thus the brownish discoloration) increasing towards the top of the terrain. The vitreous
granulite was used as a reference profile due to its very high and desired strength properties
and the values determined were then standardized accordingly.
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Figure 4. Schematic illustration of the sampling along two vertical measurement lines and of the
reference rock along a third vertical measurement line.

Figure 5. Section of the investigated quarry wall (oblique view); compare Figure 4.

2.2. Testing Methods

In order to record and compare the mechanical rock properties at different sampling
positions, the following methods were used:

- the rebound hammer (RH)—or also referred as Schmidt hammer—was used as an
indirect non-destructive method for determining the rock strength (derivation of the
unconfined compressive strength) [15,16,34];

- the point load test (PLT) was applied as a destructive method to determine the rock
strength (convertible to unconfined rock compressive strength) using rock hand-
pieces [17,18,35];

- the Los Angeles test (LAT) as a standard industrial test procedure for the recording of
the impact-abrasion-resistance of rock aggregate [5,20,36].

These methods offer the possibility of estimating the uniaxial compressive strength
(UCS) as a substitute for the uncon-fined compression test on drill cores. Especially in
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highly fractured rock, it is not possible to obtain a suitable drill core for a compression test
on the rock cylinder. The methods mentioned above offer an indirect possibility of rock
strength estimation. On the basis of empirical comparative studies, it is possible to deduce
the UCS from the parameters (re-bound value, point load resistance, LA class) obtained by
these methods [17,37-39].

The methods are presented in detail in the following subchapters. Additionally, X-ray
diffraction (using a PANanalytical X'pert PRO from Malvern Panalytical, Malvern, United
Kingdom) and thin section analysis (via Leica DM4500P polarization microscope from
Leica Microsystems GmbH, Wetzlar, Germany) were applied to exclude mineralogical and
structural sources of error.

2.2.1. Schmidt/Rebound Hammer (RH)

The Schmidt rebound hammer is an indirect method for determining the strength of
rock or concrete [15,16,40]. Originally designed for the non-destructive testing of concrete
hardness, the RH is an index apparatus to measure the surface hardness very quickly and
inexpensively. Nowadays the RH represents the most frequently used index method to
estimate the uniaxial compressive strength (UCS) of rock and concrete in laboratory as well
as in situ [41,42].

Regarding the testing mechanism, the RH is a spring-loaded piston, which is manually
prestressed and automatically releases when the tip of the piston is pressed against the
surface to be measured (Figure 6). The energy of the spring is released and is then mainly
consumed by the plastic deformation of the material under the tip. A part of the energy is
rebounded depending on the impact penetration resistance. The harder or stronger the test
subsurface, the smaller is the distance travelled by the piston tip and the lower the spring
extension. The result of the measurement is a rebound value, measured as a percentage of
the initial extension of the spring to the spring extension after testing. This ratio represents
an index for surface hardness. This index can be converted into an UCS via empirical
relationships for both rock and concrete [15,16]. For this study, however, the index value
was used without conversion to a UCS to avoid introducing an uncertainty component via
empirical variables.

Figure 6. Schmidt hammer when testing the repeatability on a 30 cm thick concrete slab (used as
reference material).

The Schmidt rebound hardness (“rebound value” R) was determined as a non-destructive
field test method via the rebound hammer “Rock Schmidt” model N of the company
“proceq” (impact energy 2.2 Nm). Testing was carried out according to the specifications
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of [34]. A total of 20 impact tests were carried out in a narrow rock area at the different
sampling points (Figure 4), all measured values of a standard measurement run were
included in the statistical evaluation. The same was done comparatively on a high strength
concrete slab to check the repeatability (Figure 6).

2.2.2. Point Load Test (PLT)

During the PLT, a rock sample is clamped between two standardized test tips with 60°
test point angle and loaded until failure (point load test device type “Wille Geotechnik”),
ia.[17,18,38,39]. The contact area between the cone tips and the specimen are called load
application points. The breaking load obtained is called the point load index Is [6]. This
corresponds to the strength of a rock specimen that breaks under a concentrated applied
load. Similar to the Schmidt hammer, there are also empirically determined correlations
between point load index and UCS depending on the rock type [43-45]. For this study, the
initial values (point load index Is) were used for the correlation calculations.

Fist-sized rock specimens were used to perform the PLT [17,34]. The point load index
Is was calculated according to Equation (6):

Is=— (6)

whereby:

Is—point load index [MPa],
P—load at failure [N],
D,—equivalent core diameter [mm)].
A correction of the sample size to calculate the corrected point load Index Issp) [MPa]
was carried out as follows (Equation (7)):

D 0.45
15(5()) = <5_5> I )

At each sampling point (Figure 4), 30 individual measurements were carried out to
account for the high scatter of this measurement method. Comparative tests on concrete
mortar specimens were carried out for comparative purposes (Figure 7).

Figure 7. Point load testing on concrete mortar cylinders (used as reference material).
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2.2.3. Los Angeles Test (LAT)

To evaluate the impact abrasion resistance, the LAT was performed according to the
standard EN 1097-2 [20] using a Los-Angeles testing device from the manufacturer "testing’
(Figure 8). At the beginning of the test, a 5 kg (£5 g) rock sample with a grain size of 10 to
14 mm is placed in a rotatable steel drum together with eleven standardized steel balls. The
subsequent rotation (32 + 1 min ') of the drum crushes or abrades the rock sample during
500 rotations. The LA value corresponds to the passing of the tested material through
a 1.6 mm sieve [5,20]. Accordingly, the higher the percentage of sieve passage smaller
than 1.6 mm, the less abrasion resistant the rock sample is as an expression of mechanical
resistance to impact and abrasion exposure [20]. The UCS of a rock can also be derived
from the LA value by means of empirically determined correlations [46].

Figure 8. Los Angeles testing machine with steel balls in the front (in soundproof enclosure).

2.3. Contributions on the Budget of Measurement Uncertainty

In accordance with the general explanations provided in Section 1.3, a model for
the influences on the uncertainty for the determination of rock material parameters can
be established. As target value the material parameter of rebound value (R) as well as
the point load index (Is(50)) and the Los-Angeles-value (LA-value) from the Los Angeles
fragmentation test are considered. The determination of this model and the influences on
the model are based on a discussion process. Figure 9 shows the investigated influences
resp. error causes on the measurement on the left side by means of a cause-and-effect
diagram, as well as the obtained effects on the measurement in accordance to [47].

The following influences on the uncertainty of the measurement have been identified
in Figure 9 and are discussed below.

- Geospatial variability: large-scale variability considering the spatial variability of the
rock as a result of:

(a) the weathering processes progressing vertically downwards from the top level
which is exposed to the environment;

(b)  the weathering processes caused by exposed surfaces as a result of mining;

(c) the geological variability, which can vary vertically and horizontally in conse-
quence of the rock formation processes.
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- Small scale variability: variation in the rock in the small range as a result of the
different (micro)structural conditions: dividing planes (e.g., joints) and the resulting
inherent uncertainties.

- Methodology: the applied methods such as rebound hammer method, point load test,
and fragmentation test, as well as the uncertainties coming from the used method
itself including the repeatability.

- Test setup: the quality and traceability of the used measurement devices, correct tech-
nical use and in the appropriate measurement range influencing the reproducibility.

VERTICAL GEOSPATIAL HORIZONTAL GEOSPATIAL
VARIABILITY VARIABILITY

weathering

not not
traceable useable

tectonic folding

Weathering asiresult incorrect inadequate
— » measurement measurement
from mining \ -
> - 'I
; correct use w- |
small scale variability‘/ Sbiasinjiest wrong wrong
/ point load test quality parameters classification

joints

LOCAL VARIABILITY

incorrect  large

rebound hammer evaluation variance

reproducability
e
METHODOLOGY TEST SETUP

Figure 9. Cause-and-effect diagram for the determination of the influences on the measurement
uncertainty of rock material parameters.

Hence, as a result of the findings above, the model of the influences on the measure-
ment uncertainty might be defined in analytical form as following (Equation (8)).

Y = f (uvar,hor/ Uoar,vert; Wmethod, Urepeatabilitys ureproducuhility) (8)

in which:

Upar noy—uncertainty due to geological variability in horizontal direction of the rock mass
(as a result of the site only relevant in this direction),

Uyarver—uncertainty due to weathering processes progressing vertically downwards from
the top level resulting from environmental influences,

Upetnodq—uncertainty due to different testing methodologies,

Urepeatavitity—uncertainty considering the repeatability of test results under ideal conditions,
Ureproducability—uncertainty considering the reproducibility of test results under real conditions.

The model from Equation (8) is considered as a basic theoretical consideration. Subse-
quently, individual components are quantified on the basis of available data and evaluated
as to whether they should be considered or not.

3. Results and Evaluation
3.1. General

This section presents the results of the conducted investigations as described above
and their evaluation. The geological formation presented in Section 2.1 was analyzed
regarding its mechanical rock parameters using the testing methods according to Section 2.2.
Section 3.2 provides the test results, and Section 3.3 a detailed approach for the estimation
of the measurement uncertainty of the determination of the rock properties.
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3.2. Test Results

The investigation area consists of a total of seven exposed levels over a total depth
of approximately 100 m, which means 15 m to 20 m between each horizon (Figure 4). An
overview of the performed tests is shown in Table 1.

Table 1. Overview of the considered tests for rock material parameters.

n = Number of Tests

Testing Method Line Testing Horizons Resp. Levels at Each Location
1 0/-1/-2/-3/—-4/-5/—6 3x10
Rebound hammer 2 0/-1/-2/-3/—-4/-5/—-6 3 x 10
reference —4/-5/—6 3 x 10
1 0/-1/-2/-3/-4/-5/—6 1x30
Point load test 2 0/-1/-2/-3/—4/-5/—6 1x30!
reference —4/-5/—6 1x 30
1 0/-1/-2/-3/-4/-5/—6 1x1
LA-test 2 0/-1/-2/-3/—4/-5/—-6 1x1
reference —4/-5/—6 1x1

! in horizon —6 for comparison reasons two independent test series were performed.

The results of the performed tests as the rebound value (R), the Is50) from the PLT and
the LA value are shown in Figure 5. The tests were performed in two vertically aligned
measurement lines (line 1 and line 2). Additionally, the reference values were determined
in more or less undisturbed rock at measuring points in the measuring horizons —4 to
—6, which were considered to be unweathered a priori due to their geological conditions
(Figure 1). Level —4 showed the highest rock quality with the highest material properties
and therefore was set as the reference value to which all measured values of the particular
testing methods in the presentation are referred. Accordingly, the values shown in Figure 10
are to be regarded as percentages of the respective reference value, whereby the LA value
behaves reciprocally. Figure 10 shows the normalized ratio of the respective test results
(test respective test results were normalized to the values of the reference rock) for the
different test profiles (cf. Figure 1) and the reference rock material for the respective levels.
As reference value, the maximum value of the reference measurement (level —4) has been
considered. In Figure 10, a structured overview of the distribution of the various parameters
of the rock over the depth of the measured lines is presented.

As shown in Figure 10, there are considerable differences in the test results, which are
evident as follows:

- the top horizon or the two top horizons show the lowest values for both the RH and
the PLT, i.e., material damage is evident here. In the case of the LAT, the highest
values are reached in these levels, which also indicates increasing material damage,
which causes increased fragmentation. This is clearly due to the influences of the
environmental conditions (weathering processes).

- The two vertical measurement lines do not indicate any clearly identifiable differences
in the corresponding levels, so it can be assumed that the two measurement lines are
comparable.

- The reference measurements in levels —4 to —6 (high value grain of the quarry) show
values that indicate a high-quality rock material as these are within the range of the
reference value.

3.3. Estimation of Measurement Uncertainty for the Determination of Rock Material Parameters

The general principles for determining the contributions to the measurement uncer-
tainty budget are stated in Section 1.3. Following the determination of the measurement
uncertainty, this is derived for the three test methods that were performed.

142



Materials 2023, 16, 3045

@)

(b)

(©)

rebound value line 1

LA /LA

rebound value line 2

LA/ LALT

rebound value reference

level 0 level 0 level 0
level -1 4 level -1 7 level -1 1
level -2 - level -2 - level -2
% level -3 1 g level -3 - g level -3 4
level -4 4 level -4 - level -4 4
level -5 ——I level § 44— level -5
g .6_0 025 050 075 1.0 Ievel -b_ﬂ 025 050 075 1.0 = 6_0 025 050 075 1.0
R/ Rl B/ Ral-l R/ R[]
point load line 1 paint load line 2 point load reference
level 0 level 0 = level 0 4
level -1 4 level -1 4 - level -1 4
level -2 4 level -2 - level -2 4
E level -3 E level -3 - g level -3
level -4 level -4 - level -4 4
level -5 4 level -5 + level -5 =
G 6_0 025 050 075 1.0 e 6_0 025 050 075 1.0 el 6_0 0.25 050 075 10
s/ e [] I i -] ie /i []
LA-value line 1 LA-value line 2 LA-value reference
level 0 ﬁ level 0 level 0 4
level -1 4 level -1 = level -1 4
level -2 -j level -2 level -2 4
Z% level -3 g level -3 g level -3
level -4 level -4 - level -4 1
level -5 -Q level -5 -*{ level -5 1
el 6 05 10 15 20 e 05 10 15 20 e 05 10 15 20

LA /LA

Figure 10. Overview of the test results of (a) rebound values, (b) point load tests and (c) Los Angeles
test referred to the maximum value of level —4 for each considered material parameter.

3.3.1. Measurement Uncertainty for Determination of Rebound Value

For the determination of the rebound value R, the contributions for the measurement
uncertainty have been considered as listed in Equation (8). The estimation of the individual
quantities is conducted as follows (Table 2):

The expanded uncertainty of measurement for the rebound value has a value of
approximately 20% to 30% depending on whether the weathering effects in the two upper
horizons are considered or not.

3.3.2. Measurement Uncertainty for Determination of Uniaxial Compressive Strength from
Point Load Test

For the determination of the corrected point load index Is(sg) from point load test, the
contributions for the measurement uncertainty have been considered as listed in Equa-
tion (8) with estimation of the quantities as follows (Table 3):

The value for the expanded uncertainty of measurement for the corrected point load
index Iss0) ranges from approximately 40% to 116% depending on whether the weathering
effects in the two upper horizons are considered or not.

3.3.3. Measurement Uncertainty for Determination of LA Value from Fragmentation Test

For the determination of the LA value from fragmentation testing, the contributions
for the measurement uncertainty are as follows (Table 4):
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The expanded uncertainty of measurement for the LA value from fragmentation testing
lies between approximately 60% and 120% depending on whether the weathering effects in
the two upper horizons are considered or not.

3.3.4. Overview of Measurement Uncertainty

Based on the evaluation of the test results in the sections above, the combined mea-
surement uncertainty u for the different measurement methods is graphically shown in
Figure 11 based on the values from Tables 2—4. The uncertainties differ significantly depend-
ing on the investigated rock level. There is a considerable difference within the combined
measurement uncertainty between the in-situ methods, which are the rebound value and
the point load test, resulting also because of the different number of conducted repeated
test series. In the case of a larger number of measurements there is a higher certainty that
the received value is true. The LA value is to be considered as the decisive parameter for
the assessment of the suitability of the material. It is evident that the point load index Issg)
in Figure 11 reflects similar combined measurement uncertainties as the LA values as a
result of the comparable number of test series.

M rebound value
point load
0.80 M LA-value

0.58 0.58

0.20

combined measurement uncertainty [-]

level 0/ -6 level -1/ -6 level -2 / -6

Figure 11. Comparison of combined measurement uncertainty for different testing methods.

The single contributions to the measurement uncertainty shown in Tables 2—4 are
finally referenced to the determined combined uncertainty (all contributions subsequently
represent 100%) deriving the percentage contribution of the different input variables as
shown in Figure 12.

100%

- M rebound value
£ 90% -
- point load
‘é 80% A M LA-value
3 69%
< 70% A
= 59%
g 60% A 55% _
(7}
2 50% -
(7]
€ 40% -
) 32%
2 30% 1
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3 20% - S17% 18%
(9]
£ 10% - 7% 9% 7%
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u(var,horizontal)  u(var,vertical) u(method) u(repeatability) u(reproducability)

Figure 12. Percentage contribution of the different input variables on the total measurement uncer-
tainty for different testing methods.
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It is obvious that the percentages of the vertical variability represent the majority
of the total measurement uncertainty. Therefore, it is obvious that is necessary and also
technically sensible to distinguish areas with evidence of weathering from those with no
evidence of weathering. This reduces the uncertainty of the measurement by up to 70%.

As already stated in Tables 2—4, the measurement uncertainty can be significantly
reduced if weathered and unweathered rocks are considered separately.

For example, a reduction in the combined measurement uncertainty from 0.14 to 0.10
can be observed for the rebound value R, from 0.58 to 0.20 for the Is(5) from the point
load test and from 0.58 to 0.29 for the LA value if the two upper weathered horizons are
considered separately as shown in Table 5.

Table 5. Overview of the calculated combined uncertainty of measurement u for different conditions.

Expanded Measurement A Priori Consideration of Vertical Variation A Priori Consideration of Horizontal Variation
Uncertainty U All Levels Including Level —2/—6 No All Levels Including Level —2/—6 No
for Testing Method Weathering Weathering Weathering Weathering
RH 0.14 0.10 0.13 0.07
PLT 0.58 0.20 0.57 0.13
LAT 0.58 0.29 0.57 0.24

Additionally, as indicated in Table 5, if the horizontal geospatial variation can be
a priori considered, the combined measurement uncertainty is reduced for the different
testing methods to the following values: 0.13 to 0.07 for the re-bound value R, 0.57 to 0.13
for the Is(5p) from the point load test, and 0.57 to 0.24 for the LA value.

4. Conclusions

In general, uncertainties in the measurement method are difficult to determine quan-
titatively, if no repeated measurements are feasible. Specifically, this is the case in the
determination of parameters of natural materials that are subject to non-reproducible influ-
ences. For the validity of a measurement, the knowledge of the measurement uncertainty
is essential. This is particularly the case when compliance with limit values or technical
specifications is considered.

The measurement uncertainty itself therefore has a considerable influence on the
significance and the reliability of measurements. This also applies to the methods for
the determination of the rock characteristics in geology. In this publication, analyses
are presented on the estimation of the measurement uncertainty in the determination of
material parameters of natural rock mass.

The following conclusions can be made:

- the combined measurement uncertainty of the compared testing methods shows that,
as is generally known, the measurement uncertainty decreases with an increasing
number of tests, and the real value can be approximated with a higher accuracy;

- itis obvious thata consideration of a priori information as the different horizons/levels
is a method to reduce the combined uncertainty u; this can be reduced to values of
approximately 10-30% depending on the testing method and the number of test series
also considering the weathering effects;

- as shown in Figure 10, the rebound value R is not considering the effects from weath-
ering in the same way as the point load index Is5p) and the LA value; this approach
therefore only has restricted significance.

- therelative influence on the combined uncertainty u of the different testing methods
shows a range of ., between 17% and 32% due to the geological variability in the
horizontal direction; in comparison, the re-bound hammer method has the highest
relative measurement uncertainty;
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- the relative influence on the combined uncertainty reaches values for uyuver from
55% to 69% as a result of the different vertical direction (levels) due to weathering
phenomena at the surface;

- considering the vertical direction, the point load test shows the highest contribution to
the relative quantity of measurement uncertainty with a value of 69%; however, such
influence is quite comparable within all measurement methods;

- this leads to the conclusion that a higher weathering degree of the rock has an increas-
ing effect on the measurement uncertainty; therefore, the use of a priori information
for the realization of a testing task in rock is strongly recommended;

- weathering can affect both the discontinuity itself and the surrounding rock.

In terms of aggregate production, weathering of the discontinuity surface is almost
unproblematic, but the progress of weathering into the surrounding rock results in a
reduction in the rock (aggregate) strength. Starting from the surface level, weathering must
always be considered as an influencing factor; this was also clearly observed in the present
study. The observed variability generally implies a significant challenge in the assessment
of the associated material parameters.

These influences are inadequately reflected by the RH. While the “aleatoric” uncertainty
is predetermined by the rock mass structure and cannot be statistically considered, the test
method-related uncertainty increases the ‘epistemic’ part of the total uncertainty and thus
the overall uncertainty. This means that if only the RH is used to assess the mechanical
rock parameters during an on-site rock mass testing (this concerns both the addressing
of rock in an existing quarry, as well as in investigations for the expansion of the quarry),
it is possible that the quality of the aggregates produced from the rock mass will not be
sufficient. Accordingly, it is strongly recommended by the authors to verify the rebound
values by test results of the in-situ feasible PLT or the LAT in the laboratory. These more
complex, but more meaningful test methods are associated with a significantly lower
measurement uncertainty and are therefore recommended for the considered applications.
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Abstract: During the process of mechanized excavation, rock is essentially subjected to cyclic point
loading (CPL). To understand the CPL fatigue behavior of rock materials, a series of CPL tests are
conducted on sandstone samples by using a self-developed vibration point-load apparatus. The
effects of loading frequency and waveform on rock fatigue properties under CPL conditions are
specifically investigated. The load and indentation depth histories of sandstone samples during
testing are monitored and logged. The variation trends of fatigue life (failure time) under different
loading conditions are obtained. Test results indicate that the fatigue life of the sandstone sample
exposed to CPL is dependent on both loading frequency and waveform. As the loading frequency
rises, the fatigue life of the sandstone first declines and then increases, and it becomes the lowest at
0.5 Hz. In terms of waveform, the fatigue life of the sandstone is largest under the trigonal wave
and is least under the rectangular wave. These findings can provide valuable theoretical support for
optimizing the rock cutting parameters to enhance the efficiency of mechanized excavation.

Keywords: cyclic point loading; rock fatigue; loading frequency; waveform; mechanized rock
breakage; parameter optimization

1. Introduction

Rock breakage is imperative to a variety of rock engineering projects, such as mining
and tunnelling [1-3]. With the accelerating progress of rock engineering, the drawbacks
of the drilling-and-blasting method, such as great rock damage, violent ground vibration,
significant operating risk, low energy utilization, and intermittent operation, have been
increasingly exposed [4,5]. These disadvantages seriously restrict the safe and efficient con-
struction of rock engineering projects. Thus, this addresses the urgent need to revolutionize
the traditional approach of rock breakage by means of explosives. Due to its superiorities
such as weak disturbance to surrounding rock and continuous operation, the mechanized
excavation can provide more realistic solutions to the issues induced by blasting [6].

In fact, the manner of non-explosive mechanized excavation has been broadly used in
soft rock strata, typically in coal mines [7,8], and has been preliminarily applied in hard
rock mines [9,10] or tunnels [11]. Varied rock breakage machines have also been invented,
two of which are most widely employed in the mining industry, i.e., roadheader with
pick and high-frequency impact hammer with bucket teeth (Figure 1a,b). Whether the
roadheader or the high-frequency impact hammer is used, the contact area between the
cutter and the rock is very small. Such localized contact can be considered as a contact
point. Moreover, the hard rock commonly experiences multiple cuttings before fracturing
because the high cutting resistance of the hard rock makes the rock breakage difficult in
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one cutting cycle. The mechanism of rock cutting can be simplified as the fatigue failure of
rock subjected to point loading (PL), as illustrated in Figure 1c. Hence, a comprehensive
and in-depth understanding of the mechanical behavior of rock exposed to cyclic point
loading (CPL) is significant for non-explosive mechanized excavation.

©  cyelic
"0ad111g

. | Cutter

Contact
point

Rock Unit

Figure 1. (a) Roadheader with pick; (b) high-frequency impact hammer with bucket teeth;
(c) mechanical model of rock unit exposed to the disturbance from mechanized excavation.

In the past several decades, great efforts have been made to explore the rock fa-
tigue behavior [12,13]. Numerous cyclic loading tests are performed on various rock or
rock-like materials, such as salt [14,15], sandstone [16,17], dolomite [18], limestone [19,20],
marble [21,22], granite [23-25], tuff [26,27], and concrete [28,29]. Based on these abun-
dant publications, it is widely reported that many internal (including brittleness [19],
strength [20]) and external factors (such as stress level [15,25], waveform [17], loading
frequency [14,25], loading pattern [26,27], and confinement [14-16,22,23]) pronouncedly
control the fatigue behavior of rock. Concretely speaking, Attewell and Farmer [18] pointed
out that the fatigue life of limestone rises with the decreasing amplitude of cyclic load.
Under a given condition of upper stress limit, loading frequency, and stress amplitude,
the percentage of strain hardening is increased as the cyclic number rises. Fuenkajorn
and Phueakphum [14] suggested that the number of cycles to failure is increased by the
rising loading frequency but is reduced by the increasing upper stress limit. Bagde and
Petros [17] reported that under the same frequency and amplitude of cyclic loading, the
square waveform results in the fastest damage accumulation in the rock sample, followed
by sinusoidal and ramp waveforms. Liu and He [16] found that the confinement elevates
both final deformation and the cyclic number of the accelerating phase of sandstone. These
outcomes of the previous research greatly enhance the understanding of rock fatigue be-
havior. In the majority of previous investigations, the samples are, however, subjected
to a uniform surface stress field rather than a concentrated point load [30]. The fatigue
characteristics of rock materials under the CPL condition are still unknown.

This paper aims to study the fatigue behavior of sandstone exposed to cyclic point-
loading. The laboratory vibration point-load apparatus that can apply CPL on rock samples
is used to simulate the rock breakage process in mechanized excavation. The experimental
procedures and measurement methods are also described. Several CPL tests are conducted
on cylindrical sandstone samples to obtain the mechanical response of rock. The effects of
the loading frequency and waveform of CPL on the fatigue behavior of the sandstone are
revealed. The findings from the test results to the optimization of mechanized rock cutting
are discussed.

2. Apparatus Design and Test Methodology
2.1. Apparatus Structure

The vibration point-load apparatus is placed in the advanced research center at Central
South University, China. It mainly consists of a static uniaxial loading unit, a vibration
excitation unit, and a point-load generating unit [30], as shown in Figure 2. The static

152



Materials 2023, 16,2918

loading unit is an electro-hydraulic servo testing machine (MTS Landmark), which has
a stiffness of 467 mN/m, a maximum load of 100 kN, and a load measuring accuracy of
0.5%. The vibration excitation is controlled by an electro-hydraulic servo valve that can
realize fatigue loading up to 80 Hz simultaneously with the static load. The waveforms
can be adjusted by computer programs, such as triangle, rectangle, sinusoidal, and realistic
complex waveforms. The loading patterns include constant-amplitude, variable-amplitude,
and stochastic-amplitude classes. The point-load-generating unit is composed of the
hydraulic clamp and the miniature cutter (Figure 2b). The shapes of cutters are substitutable
according to the simulating rock breakage machines, such as the pick and bucket teeth.
A cone-shaped cutter is designed in this study to simulate the conical pick installed in
the roadheader, and its specific geometry is illustrated in Figure 2c. The cutter is made
of hardened chromium alloy with 60 HRC so that they can considered as a rigid body to
minimize their deformation and damage during testing. By this apparatus, we can conduct
the axial CPL test on rock samples to investigate the rock breakage exposed to mechanical
vibrating impact.

Rigid
frame 5

Load

sensor

Hydraulic

clamp —

=

Control

panel —

Figure 2. The vibration point-load apparatus: (a) photographic view; (b) detailed view of the rock
sample and the miniature cutters; (c) geometry of the cone-shaped cutter.

2.2. Sample Requirements

The rock samples required for CPL tests are in accordance with the standard suggested
by the International Society for Rock Mechanics and Rock Engineering (ISRM) [31,32]. Both
cylindrical and block samples can be used for tests, as illustrated in Figure 3. Specific
requirements for sample preparation are as follows:

(1) Rock samples should be retrieved from the rock slate without visible geological
weakness to minimize the property dispersion across the samples.
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(2) The size of the sample should be at least 10 times greater than the average grain size
in the rock.

(3) Cylindrical samples with a length/diameter (L/D) ratio of 0.3-1.0 are preferable
(Figure 3a). The ends of the sample should be polished to ensure that the ends are flat
to 0.02 mm and depart from perpendicularity to the axis of the sample by less than
0.001 rad.

(4) A rock block is an alternative for the sample shape (Figure 3b). The ratio of thickness
(T) to width (W) should be between 0.3 and 1.0. The main side length (L,;) should be
at least 0.5 W.

(5) For routine testing, the sample should be dried (naturally dried or oven-dried) before
testing to eliminate the moisture effect on the test results.

W

Figure 3. Schematics of the sample suggested in CPL testing: (a) cylindrical sample and (b) block
sample (modified from [31]).

2.3. Testing Procedures
The CPL experiment should be executed according to the following procedures:

(1) The selected cutter is tightly installed at the hydraulic clamp.

(2) The sample is inserted between a pair of cutters that are closed to make contact along
a line perpendicular to the end surfaces of the sample.

(8) The cyclic loading path is input into the computer program and then the desired load
is applied on the sample until the failure of the sample.

(4) The applied load F and indentation depth J (i.e., axial displacement) are monitored
and recorded by a force sensor in the MTS landmark and a linear variable differential
transformer (LVDT), respectively. The curve of F-é of the rock sample is obtained, and
the fatigue behavior of the sample can be determined accordingly. The moment when
the force declines to zero is defined as the failure time of the sample.

2.4. Data Reduction

The point load strength (I5) of the rock sample subjected to CPL can be determined as
the form in the monotonous point loading test [31]:

P

IS:H%

)

where P is the peak load in CPL testing and D, is the equivalent diameter of the sample [31]:

4S
D?=— )
where S is the minimum cross-sectional area of a plane through the cutter contacting
points. As shown in Figure 3, for the cylindrical sample, S = DL; for the block sample,

S=WT[31].

154



Materials 2023, 16, 2918

3. Experimental Schemes
3.1. Material Characterization and Sample Preparation

A sandstone collected from Yunnan province of China (Yunnan sandstone, YNS for
short) is selected for testing in this study. The results of X-ray diffraction measurements
show that the YNS sandstone is primarily composed of quartz (~54%) and feldspar (~29%)
by weight. Other low-content minerals contain mica (~6%), calcite (~6%), and clay minerals
(~6%). Several routine tests are conducted on the YNS samples to determine the essential
physical and mechanical parameters. The YNS samples have a density of 2220 kg/m> and
a porosity of 7.08% measured by the nuclear magnetic resonance technique. The average
uniaxial compressive strength, obtained on four standard samples, is about 45.7 MPa, and
the monotonous peak point load (PL, P;) is 4.63 kN (i.e., 1.81 MPa PL strength).

All samples are drilled from a single rock slate to minimize the variation in engineering
properties across the sample set. The cylindrical samples with a 50 mm diameter and
0.8 L/D ratio are manufactured. The maximum grain size of YNS is about 0.5 mm, which
is far less than the sample size. The other requirements in Section 2.2. are strictly satisfied.
All prepared samples are placed in a well-ventilated laboratory for air-drying over seven
days and are then sealed with a plastic wrap to prevent moisture in the atmosphere before
testing [33,34].

3.2. Loading Schemes

In the present study, two groups of tests are designed to investigate the influences
of loading frequency and waveform on rock fatigue behavior under CPL conditions. The
specific loading schemes are introduced in the following subsections.

3.2.1. CPL Testing with Different Loading Frequencies

In the first set of experiments, to study the effects of loading frequency on rock fatigue
behavior subjected to CPL, the loading frequency is set as the single independent variable
between the testing groups. As shown in Figure 4, the sinusoidal waveform is selected
with the constant lower (R,,;;)- and upper (Ryqx)-load limits of 1.39 kN (~0.3 P;) and
4.35 kN (~0.94 P;) respectively, such that the amplitude of the wave is sustained at 0.64 P;.
The range of loading frequency is between 0.1 and 5 Hz.

RHHL‘.‘\': e
Z 0.64P,
- '
~ |
i) ]
401 ]
Q ]
—
. =0.3
‘é\@ Rmm 0 Ps
S
&
Q¢
Time/ s

Figure 4. Schematic of force history in CPL tests.

The force control mode is chosen for loading in all tests. The static load applied on
the rock sample is first increased from 0 to 1.39 kN at a constant loading rate of 0.15 kN/s.
Subsequently, the static load is sustained, with which an axial CPL with 2.96 kN amplitude
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and various frequencies is superimposed until the failure of the sample. The loading
schemes and test results are listed in Table 1.

Table 1. Test parameters and results in CPL testing with different loading frequencies.

Lower

Upper Limit - f Number of Fatigue Life ?
Sample No. (kN) ];ll(nl\lIl)t (fiz) Cycles )

D-1-1 68 690.4
D-1-2 0.94 P; 0.3 Ps 0.1 69 700.5
D-1-3 69 705.1
D-2-1 60 310.1
D-2-2 0.94 P; 0.3 Ps 0.2 55 288.2
D-2-3 59 305.3
D-3-1 8 25.6

D-3-2 9 28.3

D-3-3 0.94 Ps 0.3 Ps 0.5 6 22.5

D-3-4 7 25.6

D-3-5 9 28.1

D-4-1 244 255.1
D-4-2 309 316.7
D-4-3 0.94 P; 0.3 P 1.0 290 300.4
D-4-4 339 350.1
D-4-5 308 319.1
D-5-1 2846 580.3
D-5-2 1961 403.1
D-5-3 0.94 P; 0.3 Ps 5 2741 559.1
D-5-4 2856 582.1
D-5-5 2796 570.1

2 The time duration from the loading initiation to rock failure is defined as the fatigue life of the sample.

3.2.2. CPL Testing with Different Waveforms

In the second set of experiments, the waveform is the single independent variable.
Three waveforms, i.e., trigonal, sinusoidal, and rectangular waves, are used for tests with
a constant loading frequency of 0.5 Hz. In addition, the lower and upper load limits are
1.39 kN and 4.35 kN, respectively, and are consistent in all tests.

Similar to the first set in Section 3.2, the load is exerted through the force control
mode. First, the static load is applied to 1.39 kN by a rate of 0.15 kN/s. The CPLs with
different waveforms are superimposed with the static load until the rock failure. The

loading parameters and experimental results are summarized in Table 2.

Table 2. Test parameters and results in CPL testing with different waveforms.

Upper

Lower

. . b
Sa;lnople Waveform Limit Limit (I-]Icz) (l;flucmz)lzrs Fatlgt:e)Llfe
: (kN) (kN) y s
T-1 84 690.4
T2 Trigonal 0.94 P 0.3 Ps 0.5 80 700.5
T-3 90 705.1
S-1 5 19.8
S-2 Sinusoidal 0.94 P 0.3 P, 0.5 12 31.8
S-3 8 25.7
R-1 <1@ 94
R-2 Rectangular 0.94 P 0.3 Ps 0.5 <12 94
R-3 <12 9.4

2 The samples fail in the first cycle of point loading. ® The time duration from the loading initiation to rock failure
is defined as the fatigue life of the sample.
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4. Experimental Results and Discussion
4.1. Effects of Loading Frequency on Rock Behavior under Cyclic Point Loading
4.1.1. Failure Pattern

Figure 5 illustrates the failure patterns of YNS samples in monotonous and cyclic point
loading tests. Regardless of the loading condition, the failure patterns are very similar. A
couple of spherical indentations is clearly observed on the center of the sample surfaces.
A diametrical fracture surface splits the sample into halves, which agrees with the failure
pattern of Gosford Sandstone subjected to monotonous point loading [35]. This diametrical
fracturing should be attributed to the tensile failure induced by point indentation.

(a) Static PL () CPL (0.2 Hz)

(b) CPL (0.1 Hz)

Figure 5. Failure pattern of YNS subjected to (a) monotonous point loading and (b—f) CPLs with
different frequencies.

4.1.2. Load-Indentation Depth Curves and Fatigue Life of Sandstone

Figure 6 presents the typical histories of force (F) and indentation depth (J) of samples
in CPL tests with the loading frequencies of 0.2, 0.5, and 1.0 Hz. The lower and upper load
limits, as well as loading frequencies, are precisely imposed on the rock sample according
to our settings. The wave amplitude is constant before the rock failure. In each loading
cycle, the indentation depth is changed synchronously with the load. From the view of the
whole loading process, the lower and upper values of the indentation depth gradually rise
with increasing cyclic number. The hysteresis loops are clearly observed in the F-é curve.
The density of the hysteresis loop apparently increases as the cyclic number rises until the
failure of the rock sample. Once the rock sample fails, the load drops abruptly while the
indentation depth surges sharply. All observations indicate that the proposed apparatus
can implement the CPL test to obtain the point-loading fatigue behavior of the rock sample.

The fatigue life is an important indicator for evaluating the efficiency of rock breakage.
In this study, we regard the time duration from the loading initiation to the total failure
of rock as the fatigue life of the sample. From Figure 6, it can be seen that under various
loading frequencies, the experienced cycle numbers of the rock sample are much different.
This means that the loading frequency plays the role of a controlling factor in the fatigue
life of the rock sample. Figure 7a further gives the variation in the fatigue life of the YNS
samples against the loading frequency. Interestingly, with the increase in loading frequency,
the fatigue life of rock declines first and then rises. The value of the fatigue life becomes the
least at the loading frequency of 0.5 Hz. The number of cycles changes against the loading
frequency in a similar manner of fatigue life (Figure 7b).
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It is shared that the fatigue life of rock mainly depends on the correlation between the
loading rate and the speed of crack growth [12]. If the loading rate is high enough (high
loading frequency), the rapid increase in load limits the development and nucleation of
cracks or flaws, and further raises the fatigue life of rock. On the contrary, when the loading
rate is very low, the majority of cracks developed in the cycle are closed again before the
beginning of the next loading cycle. Hence, we can reasonably speculate that rock material
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has a minimum fatigue life at a specific loading frequency. In other words, there is an
optimal loading frequency for rock breakage. The optimal rock breaking frequency for the
tested YNS sample is nearly 0.5 Hz under the fixed upper and lower load limits.
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Figure 7. Variations in (a) fatigue life and (b) number of cycles of YNS sample against loading
frequency under CPL condition.

It is worth noting that the observations in Figure 7 disagree with the prior study [25], in
which the number of cycles of Alvand monzogranite monotonously rises at higher loading
frequencies (from 0.1 to 5 Hz) under cyclic uniaxial compression. One possible reason is
that the optimal loading frequencies for rock failure are different for various rock types.
The other interpretation is that the alteration in loading type (point loading or surface
loading) changes the optimal loading frequency.

4.2. Effects of Waveform on Rock Behavior under Cyclic Point Loading
4.2.1. Failure Pattern on Rock Behavior under Cyclic Point Loading

The failure patterns of the YNS samples subjected to CPL with trigonal and sinusoidal
waves are similar to those in monotonous PL tests, as shown in Figure 8. An interesting
observation is that under the CPL with rectangular waves, the fractured zones occur near
the contact point in the majority of samples. It is hypothesized that the steep front of the
rectangular wave leads to a larger damage area on the end surface of the sample. Contrarily,
both the trigonal and sinusoidal waves have a slower rising front such that the force is
more concentrated on the contact point. The damage is totally generated on the contact
point rather than on the surface near the contact point.
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(a) Statie PL

Figure 8. Failure patterns of the YNS sample subjected to (a) static point loading and (b—d) CPLs
with different waveforms.

4.2.2. Load-Indentation Depth Curves and Fatigue Life of Sandstone

Figure 9 displays the typical histories of F and J of samples in CPL tests with three
different waveforms. The waveform significantly affects the CPL fatigue behavior of the
rock sample. For the trigonal wave (Figure 9a), the YNS sample fails after more than
80 point-loading cycles. When the sinusoidal wave is applied, the sample only experiences
much fewer cycles (5-12 cycles). The point load with the rectangular wave destroys the
sample in the first cycle. This means that the rectangular wave can notably promote the
rock breakage.

To understand the effect of waveform on the CPL fatigue life of rock, the histogram of
the CPL fatigue life of each YNS sample exposed to trigonal, sinusoidal, and rectangular
waves is plotted in Figure 10. It can be clearly observed that under the trigonal wave,
the YNS sample has the average CPL fatigue life of 698.7 s, which is the maximum in the
three tested waves. The CPL fatigue life of the sample subjected to the sinusoidal wave
is 77.3 s, which is reduced by 88.9% compared to the life under the trigonal wave. The
fatigue life of the sample under the rectangular wave is the least, which is less than 10 s.
According to previous studies [17,36], the shape of the waveform plays a predominant role
in the fatigue life of rock. At a given loading frequency and amplitude, the rectangular
waveform is the most severe testing condition and leads to the shortest fatigue life of
rock due to its high loading rate, a great change in loading rate, and long residence
period. The trigonal waveform has the slowest damage accumulation probably because
of its constant and lowest loading rate. From the view of mechanized excavation, this
phenomenon indicates that the rectangular wave has the highest efficiency of rock breakage.
This provides a valuable hint that the rectangular wave should be prioritized for the rock
breakage machine.
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5. Conclusions and Prospects

In this study, a self-developed vibration point-load apparatus determining the fatigue
behavior of rock materials under cyclic point loading (CPL) is introduced. By this device,
two sets of CPL tests are performed on cylindrical YNS samples. The influences of loading
frequency and waveform on the fatigue responses of the YNS samples are preliminarily
investigated. The main conclusion of this study can be drawn as follows:

(1) The fatigue behavior of rock under CPL conditions is greatly dependent on loading
frequency. The fatigue life of the YNS sample shows a trend of “decline followed by
rise” with the increase in loading frequency. The minimum value of the YNS sample
is 0.5 Hz.

(2) The waveform also plays a controlling role in the fatigue behavior. The order
of the fatigue life from largest to least is as follows: trigonal wave > sinusoidal
wave > rectangular wave. In addition, when subjected to rectangular waveforms, the
fractured zone can be observed on the rock surface. The rectangular waveform has
the most severe damage on rock among the three tested waves.

(3) The enlightenment of this work to mechanized excavation is that the efficiency of
rock breakage (i.e., fatigue life) is significantly controlled by the parameters of the
rock breaking machine, such as loading frequency and waveform. For a given rock
type, there is an optimal combination of rock cutting parameters probably including
loading frequency, waveform, amplitude, and upper and lower load limits. In rock
engineering practice, similar CPL tests should be first conducted on the rock sample
gathered from the site to predetermine the optimal combination of rock cutting
parameters. Then, the optimal parameters should be applied to the mechanized
machine, such that the efficiency of rock breakage can be markedly improved.

This study is still limited to one rock type (Yunnan sandstone) and two loading
parameters (loading frequency and waveform). In future work, the impacts of other
loading parameters such as cutter shape, amplitude, and upper and lower load limits
should be explored intensively. Moreover, the CPL tests will be further performed on other
types of hard rocks, such as limestone, marble, and granite, to testify whether our findings
are more generally applicable.
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Abstract: During the excavation of underground projects, the rock masses left as the bearing support
system are also subjected to dynamic loads from the excavation activities ahead. These rock masses
have been damaged and fractured during the initial exposure (dynamic loads) and are subjected to
static loads in the subsequent process as the support system. In this study, granite rock samples and
specimens with different angles were produced, preloaded with different confining pressure, and
under a combination of dynamic and static loading tests using a modified dynamic and static loading
system: split Hopkinson pressure bar (SHPB). The peak strain and dynamic modulus of elasticity
are weakened by the inclination angle in a similar way to the strength, with the specimens showing
an evolutionary pattern from tensile strain to shear damage. The change in the inclination angle of
flaws would weaken the dynamic and combined strengths, and a larger inclination flaw results in a
significant decrease in its strength. Fractal analysis revealed that the fractural dimension was closely
related to the fissure angle and showed a good linear correlation with the strain rate. This study will
provide an important security assurance for deep mining.

Keywords: DIC; double fissures; SHPB; damage characteristics; fractal

1. Introduction

Rocks are solid materials with natural defects, including joints, fractures, laminations,
and even pores, which reduce the dynamic and static strength of the rock to varying
degrees [1,2]. With the development of urbanization, more and more underground works
(shopping malls, passages, pipelines, and other underground works) have been developed
to supplement the urban land [3,4]. The construction of underground works does not
excavate all the rocks, but always leaves some of them as part of the support system of the
underground works [5,6]. In addition, both mechanical excavation and blasting excavation
are processes that use dynamic loads to destroy the original state of the rock [7-9]. As a
result, the part of the rocks with natural defects is left as the support system, bearing the
dynamic loads of the subsequent excavation and static loads (support system). The stability
of this part of the rock mass has a deep relationship with the reliability of the engineering
structure (support mechanism) [10-12].

With the aim of ensuring safety in deep mining and other underground projects, many
studies have been carried out on fractured rock masses [13-18], and some researchers have
studied the factual damage of preflawed rocks in different ways [19-21]. As known to all,
the loading condition could profoundly affect rock distress, as well as the rock type [22].
Rock specimens exhibit mainly mixed-mode fracture under quasi-static loads dominated
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by shear [23,24], where they generally fail via tension mode under dynamic loads. It is
believed that both static prestress and dynamic load can enlarge the dynamic zone of a
rock, but this knowledge is limited for coupled tension tests [25-27]. Additionally, in the
study of the rock failure problem, the method of numerical simulation is welcomed by
many scholars. Compared with others, the method of numerical simulation can not only
save time and funds, but also overcome the shortcomings of the test operations, and can
fully consider various complex conditions. Many scholars have studied the dynamic load
of rock by using particle flow code (PFC), such as AUTODYN software and FLAC3D, to
establish a numerical split Hopkinson pressure bar (SHPB) test system. Numerical dynamic
tests under different impact velocities were conducted. It showed that there was a clear
relationship between the variation of the reflected wave and the stress equilibrium state in
the specimens.

Kaiser et al. [28] found that recent analyses support the existence of failure modes that
change with increasing confinement—a transition from the axial splitting at unconfined or
low confinement to the shear failure at high confinement. The results showed that angle,
length, number, and lamination impact the mechanical properties of the fractured rock’s
mass under static loading conditions. With the aim of enhancing the support effect of the
fissure development area, Deng et al. [29] conducted uniaxial compression tests on a single
flaw sandstone of various angles and lengths using acoustic emission devices. The results
showed that the maximum axial load-bearing capacity of the specimens decreased with
increasing fissure length. In addition, the inclination angle of the prefabricated fissure had
some influence on the maximum axial load-bearing capacity of the sandstone, but it was
less than the influence of the fissure length on the load-bearing capacity of the specimens.
Dou et al. [30,31] performed uniaxial compression tests on sandstones with precast fractures
of different inclination angles. The results revealed that the fissure inclination angle had a
large influence on the mechanical strength of the fractured rock. With the increase in the
fissure inclination angle, the peak strength and elastic modulus of the prefractured rock
first decreased and then increased. When the fissure inclination angle was 45° with the
direction of the applied axial stress parallel to the loading direction, the initial damage and
damage rate of the rock during the fissure evolution were the largest, and the resistance
to deformation and damage was the weakest. In addition to the properties of the fissures,
the mechanical properties of the rock mass are also influenced by the fissures of different
laminae. Lin et al. [32] conducted uniaxial compression tests on a jointed rock mass with
two different laminae to investigate the influence of the joint angle and rock bridge angle
on the mechanical behavior and damage process of the laminated rock mass. The results
indicated that the peak strength of the rock mass was not only related to the joint and bridge
pinch angles but was also influenced by the laminae, and the rock mass damage was mainly
caused by the extension of cracks in the low-strength laminae. In addition, the number of
fissures also affects the mechanical properties of the rock mass under static loading.

The above studies are all about the mechanical properties and damage characteristics
of fractured rock under static loads. However, during the excavation of underground
projects, fractured rock is often subjected to coupled dynamic and static loads. Regarding
this problem, some scholars have also carried out relevant studies [4,18,33,34].

Wang et al. [35] carried out SHPB impact tests with boundary conditions on fractured
rocks and found that the boundary conditions play an important role in the rock fracture
process. In addition, the fracture angle also affects the dynamic strength of the fractured
rock mass. Dai et al. [36] carried out an experimental study of dynamic and static coupling
loading using a fractured rock mass. The result revealed that the coupling strength initially
decreased with increasing fracture inclination, reached a minimum at approximately 45°,
and then increased with increasing fracture inclination. Li et al. [37] used an improved
SHPB device to study the energy consumption of sandstone samples with prefabricated
fissures and holes under combined dynamic and static loading. Weng et al. [38] used
rock-like specimens with single fractures and an MTS-793 test system to study the energy
damage characteristics of rock loaded with a low strain rate under a one-dimensional
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dynamic and static combined loading. Tao et al. [39] studied the stress concentration and
energy dissipation around the cavity of the rock sample under the combined action of
static load and stress wave, and the results demonstrated that a higher prestatic load is
more likely to cause cavity damage. To a certain extent, the dissipated energy of the rock
reflected the damage inside the rock.

In addition to the mechanical properties, studies of fracture development under dynamic
and static loadings also yielded interesting phenomena. Liu et al. and Yan et al. [40,41] found
that the length of the FPZ (fracture development zone) was significantly longer under
dynamic loading than under static loading, and the length of the FPZ generally increased
with an increase in strain rate, showing a clear rate dependence. Furthermore, the fracture
inclination angle had a significant effect on the fracture development and damage mode of
the rock mass under dynamic loading. Ai et al. [42] conducted impact tests on coal bodies
containing vertical and horizontal joints at different impact velocities. The results showed
that the joint orientation had a significant effect on the crack expansion path. Furthermore,
numerical simulations demonstrated that the central crack development accelerates with
the increase in impact velocity.

The existing studies have been carried out on the dynamic strength and fracture
development of single fractured rock masses, but most rock masses contain many fractures
in the natural environment. In addition, the rocks excavated under dynamic loads continue
to bear the dynamic loads that were generated from the excavation blast at the front and
affected by both dynamic and static loads (Figure 1). The realization of advanced optical
instruments is instrumental in exploring many of the details in the break process, and is
particularly promising for the research of damage and stability in deep mining. In these
studies, the technique was used to collect the data during the test. In this paper, the bi-
parallel fractured rock mass will be used for dynamic and static loading tests. The damage
process and the variation of the strain field of a bi-parallel fractured rock under different
dip angles and envelope pressure conditions are discussed.

Figure 1. Hazards caused by dynamic and static coupling loads.

The structure of this paper is as follows: Section 2 presents the experimental method-
ology, such as the materials, equipment and the data processing methods. Section 3
demonstrates the experimental results, including the dynamic stress-strain curves of speci-
mens with different angles, the influences of flaw angle and axial pressure on the dynamic
and combined strengths, peak strain and modulus of elasticity. Section 4 discusses the
influences of flaw angle and axial pressure on the damage process, especially on the evolu-
tion characteristics of the strain field at the crack end. Section 5 illustrates the strain field

167



Materials 2023, 16, 2263

Dvnamic
loading

Static

evolution laws of specimens under different axial pressures. Section 6 discusses the final
damage pattern of granite specimens at the same fracture inclination, influenced by the
magnitude of the applied static load. Section 7 concludes the whole study.

2. Experimental Methodology
2.1. Specimen Preparation

First, the rock samples were cut from the rock mass in the undisturbed part. In order
to obtain a clearer observation of crack evolution, a single granite with good geometric
integrity and uniformity was cut to obtain prismatic samples with a height, width and
thickness of 45, 45 and 20 mm, respectively, which proved the feasibility and effectiveness of
prismatic rock samples in an SHPB test. Then, the high-pressure water jet cutting machine
was used to cut the rock specimens into length, width and thickness of 10 mm, 1 mm
and 1 mm parallel cracks at different angles (0°, 45° and 90°). The geometry of the precut
specimens is shown in Figure 2. After cutting the specimen rocks, the loading ends of all
specimens were polished according to the standards of the International Society of Rock
Mechanics (ISRM). The samples with different flaws were divided into 6 groups. The
detailed geometric dimensions and mechanical parameters of each group are shown in
Table 1. Among them, Int represents the complete sample, and Sy-flaw0°-1 represents the
first sample of a 0° fracture sample at 0% UCS.

Figure 2. Granite specimen.
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2.2. Experimental Apparatus and Testing Procedure

In this paper, the one-dimensional dynamic and static combined loading test is based
on the SHPB device system of Central South University, Changsha, China, as shown
in Figure 3. The test system includes a stress wave generation device, a stress transfer
mechanism, axial static pressure loading parts, confining pressure (static pressure) loading
parts and a data acquisition and processing device. During the test, the axial static pressure
device is first used to apply the axial pressure required for the test to the sample, and then
the stress wave generating device is started. The alloy bullet impacts the elastic rod to
generate a sinusoidal-shaped loading stress wave, and then the stress wave propagates
along the incident rod. Transmission and reflection waves occur on the contact surfaces
of the rock sample and the elastic rod. The transmitted stress wave continues to pass
forward to the transmission rod, and the reflected wave returns to the incident rod. The
transient stress wave signal in the rod is collected by the strain gauge attached to the
incident and transmission rods, then the signal is transmitted to the micro-computer system
for processing, and then the various parameters of the sample are tested.

SHPB ~ DIC Oscilloscope

Transmitted bar Incident bar Firing chamber Air gun
Figure 3. SHPB test device.

The digital image correlation (DIC) technique is a noncontact measurement that can
obtain the full field displacement and strain distribution of the sample surface by matching
the positions of the speckle before and after deformation in the region of interest (region of
interest, ROI). With the help of a high-speed camera, this study aims to obtain the crack
growth process and deformation field distribution at a higher resolution. The ROI region is
composed of many subsets, which contain speckles of different quantities and sizes, making
each subset unique. When the specimen surface was deformed, the subsets in the deformed
and reference images were matched by the analysis of DIC, and finally a grid containing
displacement and strain information relative to the reference image were obtained.

The displacement field is calculated by the following formula [43]:

x —x1+u+axAx+ Ay

1)
yl—yl—l-v—i- Ax+ Ay

where u and v are displacement components of the center point along the x- and y- direction,

respectively; x;, y;, x, and y/ are the coordinate components of each point; 9%, g;, 9 and a”

are the first-order displacement gradients of the reference subset.
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In this study, as DIC technology was used to obtain the strain field on the rock sample
surface, artificial speckle should be created on the sample observation surface in advance.
First, a layer of white matte paint was uniformly sprayed on the test surface to form the
background color, and the random speckle was created with black matte paint. A high-
speed camera (V711, Phantom, Vision Research, Wayne, NJ, USA) was used to photograph
the sample surface to analyze the changes in the strain field. In this experiment, the
shooting resolution of the high-speed camera was 256 x 256, the shooting speed was
79,166 fps (i.e., a frequency of 153,000 frame/s) and the TTL signal was synchronously
triggered by connecting with the hyperdynamic strain gauge. The shooting angle of the
two cameras was not more than 60°, and the distance between the camera and the sample
was approximately 1.5 m.

2.3. Data Processing Method

For fractured rock samples, the cracks in the sample will inevitably have a certain
influence on the propagation of stress waves. Therefore, before the analysis of the results, it
is necessary to clarify the effectiveness of the SHPB test in studying the dynamic mechanical
properties of fractured rock samples. In the SHPB test, only when the stress state in the
sample reaches the stress balance before the failure is the dynamic strength data valid.
The SHPB test system needs to meet two basic assumptions: (1) One-dimensional stress
wave hypothesis, the stress wave on the bar in the SHPB system is assumed to be a one-
dimensional stress wave and the specimen is also in a one-dimensional loading state,
ignoring the wave form dispersion effect. (2) In the SHPB test, the stress field and strain
field inside the specimen should be ensured to be uniform, so as to avoid premature failure
before the specimen reaches the peak stress, especially for the specimen with cracks.

Based on the one-dimensional stress wave theory, the stress (cs), strain (¢) and strain
rate (&) histories of specimens can be derived using three waves [44]. According to the
references [45] and based on the 1D wave theory, the average strain &,(t), strain rate ()
and stress 05 (t) in the specimen can be derived as follows [46]:

SS = ZCE fo gR

(f) ZC” e (f) 2)
os(t) er(t)
where eg(t), e7(t), Ae, Ce, and E, are the reflected strain, transmitted strain, cross-sectional

area, P-wave velocity and Young’s modulus of the elastic bar, respectively; As and L, are
the cross-sectional area and length of the specimen, respectively.

3. Results
3.1. Stress Equilibrium

For the accuracy of the test, the dynamic stress balance of the test must be resolved.
It can be seen from Figure 4 that the dynamic loading force at both ends of the specimen
is basically equal during the SHPB dynamic loading process. The curve variation of the
superposition of the incident stress and the reflected stress (In + Re) is basically the same
as that of the transmission stress (Tr), indicating that each test specimen has reached the
dynamic stress balance during the loading process. Under the stress balance, because the
difference in loading force between the two ends of the specimen is small, the inertial force
caused by the inertial effect can be ignored, indicating that the specimen can achieve and
maintain the dynamic stress balance condition during the dynamic loading process, thus
verifying the validity of the test results.
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Figure 4. Dynamic stress equilibrium in specimens: (a) Sp-flaw0°-2, (b) Sg-flaw45°-1 and (c) Sc-
flaw90°-2.

Figure 5 shows that the dynamic stress-strain curve changes from linear to nonlinear
before the peak stress, which can be roughly divided into a micro-crack compaction stage,
an elastic deformation stage and a post-peak failure stage. The unloading stage of impact
stress after peak stress is the stage where dynamic strain increases to the end of impact
stress unloading. The reason is that the rock is in the elastic deformation process when
the impact disturbance occurs after the internal micro-cracks of the rock are compacted,
resulting in the linear growth of the dynamic stress-strain curve. With the increase in
impact stress, the micro-cracks in the rock germinate, expand and penetrate and plastic
deformation occurs. Especially when the stress reaches the yield stress of the rock, the
dynamic stress-strain curve enters the nonlinear stage. The reason why dynamic strain
increases at the end of unloading is that in the process of disturbance impact, local damage
occurs inside the rock, and the elastic energy stored inside is released more, which is not
enough to resist the compressive strength caused by impact stress.
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Figure 5. Dynamic stress-strain relationship under different axial static pressures for: (a) specimens
with 0° flaw; (b) specimens with 45° flaw; (c) specimens with 90° flaw.

3.2. Strength and Deformation Properties

As shown in Figures 6 and 7, with the increase in the applied static axial pressure,
the dynamic strength showed an increasing trend and then a decreasing trend, reaching
its maximum at an axial pressure of 14 MPa (10% UCS). The combined strength shows
an overall increase at 0-14 MPa (0-10% UCS) axial pressure. When the axial pressure is
from 14 MPa to 69.8 MPa (10-50% UCS), the strength exhibits a slight increase at 27.9 MPa
(20% UCS) axial pressure. Afterward, the combined strength increases slowly in steps and
decreases when the axial pressure is from 69.8 MPa to 83.8 MPa (50-60% UCS). Under a
certain axial compression, the dynamic strength and combined strength of rock samples
first decrease and then increase with the increase in fracture angle, which indicates that the
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changes in the parallel double fissure inclination angle can weaken the dynamic strength
and combined strength, consistent with the results of numerous studies.
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Figure 6. Dynamic strength of specimens with an artificial flaw under different axial prestresses.
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Figure 7. Combined strength of specimens with an artificial flaw under different axial prestresses.

The analysis showed that the change in the inclination angle influenced the distribution
of the internal stress field of the rock during the impact of the specimen. Macro-scopically,
this change manifested as a weakening of dynamic and combined strengths. For larger frac-
ture inclination angles, the strength reduction was significant. According to the theory of
fracture mechanics, the stress level required for a prefabricated fracture inclination angle of
(90°— ) /2 is minimal for the same effective shear force, thus explaining the phenomenon of
the minimum strength of the 45° fracture specimens. To a certain extent, the axial pressure
induces the closure of micro-fractures within the rock, increasing the dynamic and com-
bined strengths. When the axial pressure gradually increases, the excessive static pressure
causes the sprouting and expansion of the internal micro-fractures, decreasing the residual
bearing capacity under dynamic loading. However, the increase in axial pressure causes
the combined loading of the rock to show intensified characteristics. When the applied
static pressure is too large and intensifies the microfracture expansion within the rock, the
decrease rate of dynamic strength increases, showing a decrease in the combined strength.

The strain and modulus of elasticity are important indicators of the deformation
characteristics of the rocks. The relationship between peak strain, dynamic modulus of
elasticity and axial pressure is shown in Figures 8 and 9. It can be seen that the weakening
of the peak strain and dynamic elastic modulus by the inclination angle is similar to that
of the strength; both of them first decrease and then increase with the increases in the
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crack angle. The peak strain shows an overall increasing trend and then a decreasing
trend as the applied axial static pressure increases. The reason for its stepwise decrease is
that the increase in the axial pressure reduces the remaining deformation of the rock. At
the axial pressure of 27.9 MPa (20% UCS), the dynamic modulus of elasticity at different
fracture inclinations of the precast specimens shows an increase with axial static pressure.
At axial pressures of 0~69.8 MPa (0~50% UCS), the overall trend increases step by step, with
inflection points at 27.9 MPa (20% UCS) and 41.9 MPa (30% UCS) and a decreasing trend at
69.8-83.8 MPa (50-60% UCS). The reason for the rise in the dynamic modulus of elasticity
is similar to that of the combined strength and is related to the compression-density effect
of the axial pressure. The decrease at high axial pressures (50-60% UCS), on the other hand,
is due to the larger loads making the rock enter an earlier state of damage, weakening its
effective load-bearing capacity in the dynamic impact loading and leading to a decrease
in the dynamic modulus of elasticity. In this process, the above-mentioned information
indices produced a significant turnaround in the trend at axial pressures of 27.9 MPa (20%
UCS) and 41.9 MPa (30% UCS). Therefore, the measurement indices of the parallel double
fracture specimens at 20-30% static axial pressures should be noted.

A0 e 450 -0-90°

Peak strain/107
(21 =]
T T
e
)
——A
B
, .
, P
R
S
ot
“ EI\/
Y
[
VA
RN
’
1
’
’
1
’

0 20 40 60 80 100
Axial pressure/MPa

Figure 8. Peak strain of specimens with an artificial flaw under different axial prestresses.
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4. Damage Process

Due to the different types and sizes of subsurface rockwork disturbances, it is necessary
to find the influence of dynamic impact loading on the mechanical properties of rocks. In
damage characteristics, there is also a lack of findings on dynamic monitoring of crack
extension and full-field strain measurements, especially on the evolution characteristics
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of the strain field at the crack end. Therefore, the damage process was analyzed in detail
in this study. Due to space limitations, only the test results for 10%, 30% and 60% axial
pressure were analyzed.

4.1. The Damage Process of the Specimen with Different Parallel Bi-Flaws at the 10% Axial Pressure

Figures 10-15 show the stress-time curve and damage process of the specimens with
0°,45°, 90° parallel bi-flaws at the 10% axial pressure, respectively.
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Figure 10. Stress-time curve of a typical specimen with a 0° flaw (S5-flaw0°-1).
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Figure 11. Typical damage process of a rock specimen with a 0° flaw (S5-flaw0°-1).
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Figure 12. Stress-time curve of a typical specimen with a 45° flaw (Sa-flaw45°-3).
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Figure 13. Typical damage process of a rock specimen with a 45° flaw (Sp-flaw45°-3).
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Figure 14. Stress-time curve of a typical specimen with 90° flaw (Sp-flaw90°-2).
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Figure 15. Typical damage process of a rock specimen with a 90° flaw (Sp-flaw90°-2).

For the rock specimens with 0° bi-flaws, the stress field and crack propagation mode
gradually change under the loading of a static pressure of 10% UCS. We selected four
typical stress fields in the loading process and analyzed their changes, as shown in Figure 10.
Figure 11a shows that large TSZs (tensile strain zones) have been developed in the middle,
upper and lower parts of the parallel bi-flaws, in the upper left and upper right corners, and
in the lower left corner. In Figure 11b, the upper part penetrated the upper flaw, forming
two oblique SSZ (shear strain zones). Figure 11c reveals that the upper and lower parts
of the flaws have been partially destroyed, and the TSZ above and below the flaws have
developed into an “X”-shaped shear strain zone centered on the flaws. In addition, the SSZ
in Figure 11d penetrated each other, and the central TSZ formed a TS (tensile strain) crack.

For the rock specimens with 45° bi-flaws, the stress field and crack propagation
mode gradually change under the loading of a static pressure of 10% UCS. We selected
four typical stress fields in the loading process and analyzed their changes, as shown in
Figure 12. During loading, a large tensile strain deformation occurred in the bridge region
of the parallel bi-flaws (Figure 13a). At the same time, TSZ also appeared in the upper
left and right ends and also in the lower part of the specimen. At the end of the flaws
in Figure 13b, both inverse and along the SSZ fissure direction appear, and the TS in the
center continues to increase. In Figure 13c, the SSZ extended to the upper diagonal of the
specimen, while the strain zone extending to the upper diagonal developed horizontally in
Figure 13d, forming a TSZ.

For the rock specimens with 90° bi-flaws, the stress field and crack propagation mode
gradually changed under the loading of a static pressure of 10% UCS. We selected four
typical stress fields in the loading process and analyzed their changes, as shown in Figure 14.
In Figure 15a, TSZ is generated at the upper end of the parallel bi-flaws during loading.
In Figure 15b, the TS (tensile strain) continues to increase in the TSZ. In Figure 15¢, the
TSZ has extended to the right-hand boundary, and Figure 15d shows that the strain zone
extends to the middle of the top of the specimen and develops horizontally, forming a TS
crack and causing damage to the specimen.

4.2. The Damage Process of the Specimen with Different Parallel Bi-Flaws at the 30% Axial Pressure

Figures 16-22 show the stress-time curve and damage process of the specimens with
0°, 45° and 90° parallel bi-flaws at the 30% axial pressure, respectively.
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Figure 16. Stress-time curve of a typical specimen with a 0° flaw (Sg-flaw0°-2).
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Figure 17. Typical damage process of a rock specimen with a 0° flaw (Sp-flaw0°-2).
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Figure 18. Stress-time curve of a typical specimen with a 45° flaw (Sp-flaw45°-3).
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Figure 19. Typical damage process of a rock specimen with a 45° flaw (Sp-flaw45°-2).
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Figure 20. Stress-time curve of a typical specimen with a 90° flaw (Sg-flaw90°-3).
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Figure 21. Typical damage process of a rock specimen with a 90° flaw (Sg-flaw90°-2).
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Figure 22. Stress-time curve of a typical specimen with a 0° flaw (Sg-flaw(0°-2).

For the rock specimens with 0° bi-flaws, the stress field and crack propagation mode
gradually change under the loading of static pressure of 30% UCS. We selected four typical
stress fields in the loading process and analyzed their changes, as shown in Figure 16.
Figure 17b reveals that the upper flaw penetrates the upper right corner to form a shear
strain crack, generating a larger TSZ in the middle. The lower part of the lower flaw begins
to develop a lower strain, and partial shear damage develops, as shown in Figure 17c.
In Figure 17d, two shear cracks extend to the diagonal, connecting the ends of the flaws,
which eventually cause damage to the rock.

For the rock specimens with 45° bi-flaws, the stress field and crack propagation mode
gradually change under the loading of static pressure of 30% UCS. We selected four typical
stress fields in the loading process and analyzed their changes, as shown in Figure 18. As
shown in Figure 19a, a larger TSZ appears on the rock bridge with a smaller inverse TSZ at
the outer end of the flaw. In Figure 19b, the inverse TSZ develops and extends diagonally
towards the upper left and lower right, along with subshear strain cracks towards the flaw
direction. Figure 19c shows that the diagonal shear damage pattern developed through the
parallel bi-flaws. Eventually, the specimen was damaged by a parallel TSZ developing at
the upper end, as shown in Figure 19d.
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For the rock specimens with 90° bi-flaws, the stress field and crack propagation mode
gradually change under the loading of static pressure of 30% UCS. We selected four typical
stress fields in the loading process and analyzed their changes, as shown in Figure 20.
In Figure 21a, two TSZ were formed at the upper and lower ends of the two flaws and
developed toward the gauge. Figure 21b shows that the TSZ in the upper part expands
diagonally to form the SSZ. Furthermore, the strain zone at the lower end developed in the
lower left corner to form the SSZ. In Figure 21c, a primary shear strain formed in the lower
part, and a shear crack developed in the upper SSZ next to the upper left corner. Finally,
the damage was caused by two shear cracks and a tensile crack, as shown in Figure 21d.

4.3. The Damage Process of the Specimen with Different Parallel Bi-Flaws at the 60% Axial Pressure

Figures 23-26 show the stress-time curve and damage process of the specimens with
0°, 45° and 90° parallel bi-flaws at the 60% axial pressure, respectively.
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Figure 23. Typical damage process of a rock specimen with a 0° flaw (Sg-flaw0°-2).
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Figure 24. Stress-time curve of a typical specimen with a 45° flaw (Sg-flaw45°-3).
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Figure 25. Typical damage process of a rock specimen with a 45° flaw (Sg-flaw45°-3).
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Figure 26. Stress-time curve of a typical specimen with a 90° flaw (Sg-flaw90°-1).

For the rock specimens with 0° bi-flaws, the stress field and crack propagation mode
gradually change under the loading of a static pressure of 60% UCS. We selected four
typical stress fields in the loading process and analyzed their changes, as shown in Figure 22.
Figure 23a shows that a TSZ first develops in the upper part, then develops in both the
upper and lower parts. As shown in Figure 23b, the upper TSZ further develops into a
SSZ towards the upper left corner. In Figure 23c, the TSZ in the lower flaw and center
of the bi-flaws also starts to develop, and an SSZ develops toward the lower left corner.
Afterward, the SSZ in Figure 23d penetrates both ends and is accompanied by the final
damage caused by the newly developed shear cracks at the upper and lower ends.

For the rock specimens with 45° bi-flaws, the stress field and crack propagation mode
gradually change under the loading of a static pressure of 60% UCS. We selected four typical
stress fields in the loading process and analyzed their changes, as shown in Figure 24. From
Figure 25a, it can be seen that a large TSZ is formed in the bridge area of the parallel
bi-flaws. At the upper end of the upper flaw, a TSZ is formed in the anticlinal direction.
Figure 25b shows that the anticlinal strain zone continues to develop along the diagonal,
forming a smaller strain zone in the upper flaw along the fracture direction and in the lower
part of the lower flaw. In Figure 25c¢, the end of the flaw is destroyed, and the shear strain
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propagates through the specimen along the loading direction. The main shear crack and a
horizontal TSZ in the upper part are formed, which eventually lead to the shear damage,
as shown in Figure 25d.

For the rock specimens with 90° bi-flaws, the stress field and crack propagation mode
gradually change under the loading of a static pressure of 60% UCS. We selected four typical
stress fields in the loading process and analyzed their changes, as shown in Figure 26. From
Figure 27a, it can be seen that TSZ is developed at the upper left and lower ends of the
bi-flaws, and the upper left corner of the rock. Figure 27b shows that the TSZ at the upper
left fissure end expands diagonally to form an SSZ, while the TSZ at the lower end of the
bi-flaws continues to develop on both sides. In Figure 27c, the TSZ at the lower part of the
specimen is largely formed. In Figure 27d, the TSZ in the upper left corner also extends
horizontally into a tensile crack.
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Figure 27. Typical damage process of a rock specimen with a 90° flaw (Sg-flaw90°-1).

5. Strain Field Evolution Laws
5.1. Effects of Axial Pressure on the Strain Field Evolution Laws of Specimens with 0° Flaw

The fracture of rock contains the process of crack initiation, propagation and coales-
cence. The damage evolution process is very complex and has very important engineering
significance. Through DIC technology, the stress field variation characteristics of fractured
rock after failure under dynamic and combined loadings were analyzed [46,47]. The maxi-
mum principal strains of 0° specimens under different axial pressures are given in Figure 28,
where representative strains from each group were selected for analysis. As can be seen
from the figures, the damage patterns of the 0° inclined specimens under different axial
pressures are still very different. Under a combined, dynamic and static loading of 0% UCS,
the granite with parallel double fissures breaks with three TSZ running through the two
flaws of the specimen. The uppermost TSZ shows a significant increase in tensile strain
values, eventually presenting significant tensile damage.
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(d) Sc—flaw0°-1

(f) Se—flaw(0°-3

Figure 28. Maximum principal strains during the damage of granite specimens containing 0° parallel
double fissures under different combinations of dynamic and static loading.

Under a combined dynamic and static loading of 10% UCS, the damage pattern of
the granite with parallel double fissures changes to two diagonal TSZ through the upper
and lower flaws. A main tensile crack through one side is produced between the parallel
bi-flaws, and a larger TSZ is produced in the middle of the bi-flaws. Under a combined
dynamic and static loading of 20% UCS, a diagonal SSZ through the specimen appears
in the upper part of the granite containing parallel double fissures. The lower part of the
fissure shows a composite strain zone with shear and tensile strains interspersed.

The granite with parallel bi-flaws shows an obvious “X”-shaped SSZ developing in
the center of the fissure under a combined dynamic and static loading of 30% UCS. Under
a combined dynamic and static loading of 50% UCS, the upper part of the granite with
parallel double fissures has a TSZ through the fissures in the parallel loading direction.
In the lower part, there is a composite tensile-shear strain zone through the flaws and a
large local TSZ at the lower right end. Under a combined, dynamic and static loading of
60% UCS, the damage to granite with parallel double fissures is caused by a primary SSZ
through the lower fissure and a secondary SSZ connecting the upper fissure to the upper
right end. A large TSZ is located in the middle of the parallel fissure and at the upper left
end of the specimen, with the middle TSZ penetrating the left end and two TSZ at each of
the top and bottom of the specimen.

5.2. Effects of Axial Pressure on the Strain Field Evolution Laws of Specimens with a 45° Flaw

Figure 29 shows the maximum principal strains of the 45° inclined angle specimens
with parallel double fissures damaged. The specimens with a 45° all develop an inverse
S5Z during the damage of the dynamic and static loading. At the end of the parallel double
fissure, the penetration forms a TSZ parallel to the direction of stress loading. Under
the static and dynamic combined load of 0% UCS, the granite containing parallel double
fissures produces two parallel TSZs with significant tensile strain values along the upper
left and lower right corners. These zones penetrate both ends of the specimen and intersect
with the diagonal inverse SSZ, causing damage to the specimen. Under the combined,
dynamic and static loading of 10% UCS, the granite containing parallel double fissures
produces two parallel TSZ from the upper left to the lower right. These zones penetrate
both ends of the specimen and intersect with the diagonal inverse SSZ, causing damage to
the specimen.

184



Materials 2023, 16, 2263

(d) Sc-flaw45°-2

(e) Sp-flaw45°-3 . (f) Se-flaw45°-3

Figure 29. Maximum principal strain clouds during the damage of granite specimens containing 45°
parallel double fissures under different combinations of dynamic and static loading.

In addition to the diagonal SSZ, a horizontal TSZ is generated at the upper end of the
granite, which passes through the specimen in the parallel loading direction, causing large
deformation damage at the intersection. Under a combined, dynamic and static loading of
20% UCS, a horizontal TSZ is generated in the upper and lower parts. The TSZ is formed
at the inner end towards the horizontal bi-flaws due to the penetration, in which an inverse
SSZ may also exist. In addition to the inverse SSZ through the diagonal of the specimen, a
smaller SSZ along the fissure direction intersects the inverse SS5Z, which extends to the end
of the specimen and causes damage.

In the case of 30% UCS, the SSZ is also smaller in the direction of the fissure and
extends to the end of the specimen. In the upper part of the flaw end, a smaller SSZ
in the flaw direction is formed, while a TSZ appears in the lower part of the flaw end.
At the same time, there is also a TSZ in the upper part of the granite, causing damage.
In addition to them, under the combined dynamic-static loading of 50% UCS, one TSZ
appeared above and below the crack tip and gradually expanded in the loading direction.
Under a combined, dynamic and static loading of 60% UCS, granite damage in parallel
double specimens is produced by the typical SSZ in the diagonal direction. At the end of
the contact between the specimen and the bar, there is an enhanced strain signal and a
horizontal TSZ in the upper part of the granite.

5.3. Effects of Axial Pressure on the Strain Field Evolution Laws of Specimens with a 90° Flaw

Figure 30 shows the maximum principal strains at the damage site of the 90° inclined
angle specimen with parallel double fissures under different axial pressures. The two
primary TSZ and one secondary TSZ were formed in the granite containing parallel bi-
flaws under a combined, static and dynamic loading of 0% UCS. One of the primary TSZs
appears through the upper end of the parallel bi-flaws, and the extension of the three
primary strain zones damages the granite. Under a combined static and dynamic loading
of 10% UCS, the upper part generates a tensile crack through the upper end of the flaws,
which is related to a tensile crack in the upper part of the granite. The tensile crack at
the upper end of the parallel double fissure penetrates the TSZ at the right end, while a
penetrating SSZ is generated at the lower end of the parallel double fissure.
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Figure 30. Maximum principal strain clouds during the damage of granite specimens containing 90°
parallel double fissures under different combinations of dynamic and static loading.

Two TSZ were generated at the lower part of the granite under a combined static
and dynamic loading of 20% UCS. One is approximately parallel to the loading direction
through both ends of the granite, and the other develops through the end of the parallel
double fissure. The upper part of the specimen shows a significant diagonal development
of SSZ, which also develops through the end of the parallel double fissure. Under the
combined loading of 30% UCS, two SSZ were generated in the upper left and lower left
parts of the specimen. Both zones develop similarly to the “X”-type SSZ, which finally
causes damage to the specimen. Additionally, under the combined static and dynamic
loading of 50% UCS, two SSZ are generated through the upper and lower ends of the
parallel double fissures. In the lower part of the specimen, a TSZ is generated under the
combined static and dynamic loading of 60% UCS. At the same time, an SSZ develops
diagonally from the ends of the granite towards the end of the flaw in the upper part.

5.4. Fractal Analysis

According to the mass fractal model of rock fragment distribution of rock fragments
established by Mandelbrot and other scholars, the fractal dimension D can be obtained
according to the mass-frequency relationship of the screening test. The distribution equation
of rock fragments under impact load is:

M(x)/Mr = (x/xm)> " &)

In the formula, M(x) and My represent the total mass of the fragments and the
cumulative mass under the sieve, respectively; x and xm, represents the particle size and
maximum particle size of the fragment; D is the fractal dimension of fragment distribution.

By taking the logarithm of both sides of the above formula at the same time, we
can obtain:

15[M(x)/Mr] = (3 - D)lg(x/xm) @

The fractural dimension of rock specimens could directly and quantitatively reflect the
degree of rock fracture [48]. The larger the dimension of the specimen, the more fragments;
the smaller the volume, and the higher the degree of fragmentation. In order to analyze
the fractural characteristics, the pieces were collected for sieving after the impact was
completed (Figure 31). In order to quantitatively analyze the failure state under different
conditions, the fractural dimensions were calculated, and the relationship between the
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fractural dimension and the strain rate, the axial pressure and the fissure angle were
discussed. It can be seen from Figure 32a that the fractural dimension increased with
the increase in the strain rate, which showed a good linear correlation. In the test, the
granite strain rate increased from 73.93 s~! to 164.08 s~!, and the fractural dimension
increased from 1.5963 to 2.8014. As shown in Figure 32b, the fractural dimension is
closely related to the fissure angle. The fractural dimension showed the change law of
decreasing and then increasing. When the angle is 90°, the dimension is the smallest,
and at 45°, it reaches the maximum. Figure 32c showed that the fractural dimension first
decreased and then increased with the increase in axial pressure, but it is slightly higher
when the axial pressure is 0% UCS, which is opposite to the dynamic strength, which
illustrates that in engineering practices, bridge angle and fractural dimension affect the
rock fragmentation degree. Therefore, appropriately increasing the angle of the excavation
fissure and reasonably utilizing the natural in situ stress will help to improve the efficiency
of rock excavation and rock breakage to some extent.
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Figure 32. The correlation between fractural dimension and (a) strain rate, (b) fissure angle and
(c) axial pressure.

6. Discussion

The final damage pattern of granite specimens at the same fracture inclination is
influenced by the magnitude of the applied static load: (1) zero degree parallel bi-flaws.
The granite with parallel double fissures at the combined dynamic and static loading of
0° produces three tensile strain cracks parallel to the loading direction, which eventually
leads to tensile damage of specimens. In contrast, a distinct SSZ appears with combined
dynamic and static loading, with typical tensile-shear damage at the combined dynamic
and static loadings of 20% and 50% under uniaxial compression, and shear damage at
the combined dynamic and static loadings of 10%, 30% and 60%. Significantly, the shear
damage pattern is dominant at the combined dynamic and static loadings of 10%, 30%
and 60% under uniaxial compression. (2) forty-five degree parallel bi-flaws. At a loading
of 0-60%, the change in axial pressure has little effect on the damage mode of the spec-
imens with 45° cracks, which basically form an inverse SSZ along the end of the LAW.
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With the increase in axial pressure, this shear mode becomes increasingly significant, and
there is a tendency to transition from shear-tension damage mode to shear damage mode.
(3) ninety-degree parallel bi-flaws. The shear strain zone and the length and number of
shear cracks increase with increasing axial pressure, and there is a tendency to transition
from tensile to shear-tensile damage modes.

7. Conclusions

Analysis of the damage process of fractured granite under combined dynamic and
static loading by the DIC technique has obtained many details and processes of damage that
cannot be observed by the naked eye, providing powerful approaches to understanding the
damage of rock under dynamic and static loading. This is of great significance for further
study of the mechanism of rockburst and the prevention of rockburst. However, although
disturbance excavation is the most common way of deep rock mass engineering, it provides
anew idea for the efficient crushing of rock mass if the high storage energy in rock mass can
be effectively utilized to induce rock breaking. This study can be summarized as follows:

1.  As the angle of inclination increases, the peak stress increases, and it can be concluded
that the external impact resistance of the rock is minimized when the inclination angle
of the fissure within the rock is approximately 45°. Changes in the angle produce a
certain degree of weakening of the dynamic and combined strengths. Changes in the
inclination angle affect the distribution of the internal stress field of the rock during
the impact of the specimen, which is macroscopically manifested by the weakening of
the dynamic and combined strengths.

2. The peak strain and dynamic modulus of elasticity, affected by the weakening of the
inclination angle, are similar to the strength. The peak strain shows an overall trend
that increases and then decreases with the increase in axial pressure. The inflection
point of the trend occurs at an axial pressure of 27.9 MPa (20% UCS). The overall axial
pressure at 0~50% UCS increases step by step.

3. The analysis of the maximum principal strains of the specimens during the damage
shows that the specimens all eventually evolved from tensile strain to shear damage.
Significantly, the parallel fracture specimens with an inclination angle of 45° show an
inverse shear strain zone at different axial pressure conditions, which does not appear
in the 0° and 90° specimens. The damage patterns of the 0° and 90° inclined specimens
at different axial pressures differed significantly. The 45° inclined specimens show
an inverse flank shear strain zone at combined dynamic and static loading damage,
while the 0° and 90° inclined specimens show an “X”-shaped shear strain zone at
different axial pressures.

4. Both the axial pressure and flaw inclination angle affect the fractal dimension of
double-flawed rocks. With the increase in fracture angle, the fractal dimension first
increases and then decreases, reaching its maximum at 45°. The fractural dimension
increases with the increase in the strain rate, which showed a good linear correlation.
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Abstract: With urban space becoming much more crowded, the construction of underground spaces
continues to expand to deeper, and the requirements for the large depth and minor deformation in
urban engineering construction are getting more urgent. A new kind of in-situ assembling caisson
technology (called VSM) is a vertical shaft method (VSM), which excavates the stratum under water
with a mechanical arm and assembles the prefabricated caisson segments at the same time. This paper
takes the Shanghai Zhuyuan Bailonggang Sewage Connecting Pipe Project as an example, which is the
first construction project in the soft soil area, such as Shanghai, and makes a technical analysis of the
VSM by comparing the field measurement and numerical simulation. Ground settlements and layered
deep displacements were monitored in the field measurement during the VSM construction. It shows
that the maximum ground settlement caused by the VSM is 15.2 mm and the maximum horizontal
displacement is 3.74 mm. The influence range of the shaft excavation on the ground settlement is
about 30 m away from the shaft center. The results demonstrate that the VSM construction has great
applicability in the soft soil area. A finite element simulation model of the VSM shalft is established
and verified by field measurement. There is a certain error between the traditional theoretical
calculation by analogy to the common retaining walls of the deep foundation pit and the measured
results, while the simulation results are relatively consistent with field measurements. The reasons
for the difference are well-analyzed. Finally, the effects of the VSM construction method on the
engineering environment are analyzed, and the suggestions for deformation control in the future are
put forward.

Keywords: in-situ assembling caisson; VSM construction method; ground settlement; deep layered
deformation; field measurement; stability

1. Introduction

A shaft is an important structural form of underground space construction. In re-
cent years, with the continuous development of urban construction, underground space
excavation has had a complex and diversified development. Underground engineering
construction puts forward higher and higher requirements for shaft excavation.

The VSM applies to the excavation of small diameter shafts in urban areas and does
not require dewatering. It has the advantages of deep excavation depth, small construction
disturbance, fast construction speed, small site use, high economic efficiency, and strong
stratum applicability. This kind of method has been used in shaft engineering in Europe, the
United States [1], Singapore [2], and other places. The VSM construction method is mainly
used in subway ventilation shaft construction and presently has a maximum excavation
depth of 115.2 m [3,4].

There are relatively few engineering applications of the VSM in China [5]; Zhang
et al. [6], Huang et al. [7], Jiang et al. [8] took the ultra-deep prefabricated shaft project
in Jianye District, Nanjing as an example and mainly introduced the key technology of
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ultra-deep prefabricated shaft undrained construction in water-rich sand stratum; but the
requirements for the surrounding engineering environment is not very high since it is away
from the downtown. In general, there are relatively few studies of the VSM construction
method in soft clay area, such as Shanghai, as well as the impact of this new technology on
the engineering environment.

Even though few specific numerical simulations of in-situ assembling caisson technol-
ogy are conducted at present, previous research on the excavation of deep foundation and
traditional caisson can provide good significance. Ma [9] studied ground settlement and
the stability of the retaining wall deformation in the process of excavation by COMSOL
and also made a comparative analysis with the monitoring data during the excavation of a
deep foundation pit in Shanghai. Lin et al. [10] established a numerical simulation model
by FLAC3D to study the pile displacement and ground settlement with the exaction time
under different computation boundaries for considering creep and seepage. Shi et al. [11]
focused on the mechanical characteristics and cracking control of a large diameter caisson
in the initial sinking stage in the FEM numerical simulation by ANSYS. Zhao et al. [12]
studied the stress and deformation performance of an anchor caisson foundation in sands
by model tests and the numerical simulation in PLAXIS 3D; and the mechanism on the
interaction of the soil-structure (anchor caisson wall) was also analyzed. Different from
deep foundation construction with underground diaphragm wall, or traditional caisson, the
construction speed is much faster and the construction condition is underwater; generally,
the construction depth can also be much deeper. Most importantly, nowadays deep shafts
are rarely constructed by traditional caisson in urban cities due to the severe engineering
environmental impact, instead deep foundation pits by underground diaphragm wall con-
struction are always used. However, the leakage problem greatly impedes the construction
depth induced by the diaphragm wall quality; simultaneously, dewatering is really not
environmentally-friendly in the soft soil area. Therefore, the deformation mechanism and
control of this new in-situ assembling caisson technology should be specifically analyzed
for potential broad utilization, especially in Shanghai, where thick, soft mucky clays are
widely distributed.

Taking the first engineering project in Shanghai as an example, the 17# shaft in the
Shanghai Zhuyuan Bailonggang Sewage Connecting Pipe Project, where a specifically
designed field measurement of the ground settlement and the deep layered deformation of
surrounding soils are analyzed in this paper. Simultaneously, the traditional theoretical
calculations for design and numerical simulation are both conducted to compare with field
measurements. In addition, the effects of the VSM construction method on the engineering
environment are analyzed, and the suggestions for the deformation control in the future
are put forward.

2. VSM Construction Technology

The VSM construction method is a submerged in-situ assembling shaft excavation con-
struction method in which the mechanical arm is used to excavate the stratum underwater
and assemble the prefabricated caisson segments at the same time. The VSM construction
equipment (as shown in Figure 1) is mainly composed of the excavating main engine, slurry
inlet pipe, slurry outlet pipe, prefabricated caisson segment, and sinking unit.

While the mechanical arm attached to the excavating main engine is excavating the
soil in the shaft, prefabricated caisson segments are being assembled at the ground surface,
and the sinking unit is being operated to sink the caisson segments. Bentonite is grouted
between the prefabricated segments and the soil during the sinking to mostly reduce
friction resistance. During the process of excavation and sinking, water should be injected
into the shaft in time to ensure that the water level in the shaft is always higher than
the groundwater level to keep excavation stability. Each prefabricated caisson segment
is connected with each other by radial longitudinal bolts. During the sinking of the
prefabricated caisson segments, the sinking unit is always connected to the bottom edge
of the first prefabricated caisson segment through steel strands to precisely control the
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sinking speed. Bentonite grouting holes are designed at the lower part of the shaft, which
is connected to the bentonite grouting pipe. The process of excavation, assembling, and
sinking is cycled until the shaft excavation reaches the design depth.

prefabricated segment

shury let pipe

groundwater level

excavating main etlgine m
: . bentonite slurry
L J ’

.

edge angle

excavation face

Figure 1. Schematic diagram of VSM construction method.

Once the excavation reaches the design depth, the bottom sealing shall be operated
by pouring concrete underwater to form concrete slab. Then, the cement slurry is used
to replace the bentonite filled outside the prefabricated caisson segments. After that, the
water in the shaft is pumped, and the inner wall of shaft is flushed by a high-pressure water
gun. Finally, shaft floor slab construction works, such as binding steel bars and pouring
concrete, are completed.

Compared with other shaft construction methods, the VSM has the following advantages:

(1) The diameter range of the shaft is 4.5~18 m.

(2) The construction depth can reach over 120 m below the groundwater level.

(38) Prefabricated caisson segments greatly increase the stability of the shaft.

(4) VSM can be operated remotely.

(5) Surrounding environmentally-friendly by underwater sinking without lowering the
groundwater level.

(6) Fast construction speed and controllable structure sinking process.

(7) The construction site is small.

3. Project Overviews

Zhuyuan Bailonggang Sewage Connecting Pipe Project is located in the Pudong
New Area, Shanghai. The total length of connecting pipeline is about 19.8 km, which is
constructed by the shield method and pipe jacking method.

In this project, the 17# shaft on connecting pipeline line is constructed by the VSM.
Each ring of prefabricated caisson segments is made up of 6 identical segments, which
are 1500 mm wide. It is connected by 12 radial and 18 longitudinal bolts. The segment
concrete strength grade is C60 (the uniaxial compressive strength reaches 60 MPa of a
national standard specimen after a curing duration of 28 d), and the impermeability grade
is P12 (which can resist hydrostatic pressure of 1.2 MPa (equivalent to 120 m underwater)
in a national standard specimen after a curing duration of 28 d). The design depth of the
17# shaft is 39 m, and the final sinking elevation of the blade foot is about —35.400 m. The
shaft top is cemented with a 2.4 m height cast-in-place connection wall, which would be
connected to the inside of the foundation ring beam after the shaft completely sinks in
place. The foundation ring beam is used as the load-bearing structure of the VSM ground
equipment during the shaft sinking process, as well as an anti-floating structure during the
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service stage. The section size of the foundation ring beam is about 2600 mm x 2500 mm
with the inner and outer diameters of 13 m and 18.2 m, respectively. In total, 12 $800 mm
diameter bored piles (cast-in-situ) are set under the foundation ring beam to bear the
pressure load of the VSM equipment and the buoyancy of the shaft during the service stage.
The section of the shaft structure is shown in Figure 2, technical parameters are shown in
Table 1, and the formation parameters are shown in Table 2.

18 200

2,600 13,000 ?__NL,
ke 12.000 L 7,000
:_\\— .| I‘[ G, 00g
2 DRO0—
<U i 0,400 [l U
| m { L 0100
i I 3|
H b 30,720
N 35. 400
(3 37. 220
Figure 2. Shaft section layout (m).
Table 1. Technical parameters in VSM construction.
Shaft Structural Parameters Mechanical Arm Parameters Excavation and Bentonite Parameters
Assembly Speed
Excavation depth: 43.22 m
Excavation radius: 6.5 m
Inside diameter of shaft: 6 m Elongation: 0~1000 mm Marsh funnel viscosity: 90 Ms/L
Over excavation depth: 15~20 cm Swing scope: —10°~+47° Upto4.5m/d Static yield point: 40 N/ mm?
Prefabricated segments: C60 Rotation scope: £190° API filtration: up to 20 mL

concrete
Maximum depth: 120 m
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Table 2. Soil layer characteristics.

Unit Compression Cohesion Internal
Number Soil Layer Weight/kg/m> Void Ratio Modulus /kPa Friction Thickness/m
/MPa Angle/°
@ plain fill /flush fill 1800 1* 2% 10 * 10* 1.8
@ sandy silt 1840 0.85 5.5 5 30.5 0.7
® clay 1780 1.11 22 12 17.5 6.0
® silty clay 1690 1.38 2.1 12 12 6.0
G clay 1800 0.97 4.5 18 17 2.2
®> clay mixed with silt 1820 0.9 6 19 19 6.8
@2 sandy silt 1890 0.76 13.5 3 34 35.5

Note: * is empirical value.

4. Construction Process

The construction started at the end of 2021. After the preliminary work, such as
equipment debugging and site leveling, the VSM officially initiated excavation on 13
January 2022. Due to the traditional Chinese Spring Festival holiday, the entire excavation
process was divided into two stages. In total, 32.2 m was excavated for 17 days in the first
stage from 13 January to 29 January, and 5.1 m was excavated for 3 days in the second
stage from 8 February to 10 February. The excavation rate was 1.9 m per day on average,
which was roughly the same throughout the excavation process. The bottom of the shaft
was sealed on 21 February, the bentonite replacement was completed on 2 March, and the
construction of the shaft bottom was completed on 22 March. The construction process is
shown in Figure 3, and the construction excavation rate is shown in Figure 4.

2/17
shaft clearing
1/29 2/1( 2/23 3/22
iz excavation  excavation start bentonite construction
test excavation stopped finished replacing finished

\} \
i T

1/13 2/8 2/21
excavation excavation bottom sealing
again
2/15 bentonite
The main replacing finished

engine is lifted
out of the shaft

Figure 3. Construction node.
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Figure 4. Construction progress.
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5. Earth Pressure Design Theory in Shaft Lining
5.1. Theoretical Calculation of Earth Pressure

Lots of researchers discussed the earth pressure theories in shaft engineering in cohe-
sionless soils and the saturated undrained soft clay [13,14]. They all agree that the active
Rankine values at the greater depth are advisable in the design purpose, which is also
consistent with the technical code for excavation engineering (DG/TJ 08-61-2018) [15] in
Shanghai. In Prater’s [13] discussion, the earth pressure according to Berezantzev, reaches
a limiting value asymptotically, which is much smaller than the Rankine value at greater
depths, with a reduction in pressure at the greater depth, due to the arching action. Similar
is known to exist for retaining walls not fulfilling the plasticity deformation conditions.
While in the soft soil area, especially in Shanghai, as mentioned above, the large thickness
(in this case, subsurface 20~40 m) soft mucky clay has poor permeability and high plasticity.
Both with the plain assumptions of the Rankine earth pressure theory (the same as the
Coulomb method for cohesionless soils), the active Rankine values are most conservative,
and it would be advisable for design purposes. The Rankine earth pressure theory could
be used to calculate the earth pressure in shaft design.

Pak = OaKai — 2¢/ Ky;
K, = tan*(45° — ¢/2)
Op = Ko’)/l’l

Here, p, is the active earth pressure on the outside soil of support structure (kPa); o
is the vertical stress in the soil layer at the calculated position outside the support structure
(kPa); ¢ is the internal friction angle (°); 0, is the static earth pressure (kPa); 7y is the weight
of soil (kN/m3); I is the thickness of the soil (m).

5.2. Theoretical Calculation of Surface Deformation

Bowles [16] proposed a method to predict the ground surface settlement of the co-
hesive soil layer without considering the consolidation settlement. The calculation is as
follows [17]:

(1) Calculate the lateral deformation of the support structure;
(2) Calculate the horizontal volume Vs of soil outside foundation pit;
(3) Estimate the influence area D of soil settlement outside foundation pit;

Vs = (H, + Hy)tan(45° — ¢/2)

where H, is the excavation depth (m); Hj is the excavation width or diameter (m).
(4) Calculate the maximum surface subsidence §

5= (B

where x is the distance from the calculation point to the support structure.

6. Shaft Monitoring
6.1. Monitoring Purpose

In this project, on the one hand, monitoring work was implemented in order to ensure
the construction quality and safety of shaft; the monitoring data were used to timely adjust
the shaft excavation and the sinking speed to prevent shaft instability. On the other hand,
the surrounding environment impact was also monitored by ground settlement and deep
layered deformations at different locations.
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6.2. Monitoring Content

In this project, the deformation and stress conditions of the soil surrounding shaft
were monitored. Total stations were used to monitor the ground settlement around the
shaft; fixed inclinometers were used to monitor the horizontal displacement of stratums
around the shaft along depth; and the buried earth pressure gauges were used to monitor
the soil stress state.

In the construction site, 5 ground surface settlement monitoring points and 5 deep
soil inclination observation points are arranged at 15 m, 30 m, 55 m, 80 m, and 110 m from
the center of shaft, with depths of 5 m, 15 m, 25 m, 35 m, and 45 m; the positions of the
observation points are shown in Figure 5. In total, 5 earth pressure gauges were buried at
the depths of 5 m, 15 m, 25 m, 35 m, and 45 m, at the distance of 15 m from the shaft center.

13 m from shaft center

shaft

33 m from shaft center
£ it

30 m from shaft center

110 m from shaft center

wtace zettlement

Figure 5. Layout of monitoring points.

6.3. Analysis of Measured Deformation during Shaft Construction
6.3.1. Ground Settlement Analysis

The ground settlement results of 15 m, 30 m, 55 m, 80 m, and 110 m from the shaft
center are shown in Figure 6. The ground settlement was greater near the shaft. It was
not obvious in the first 7 days of the excavation and increased rapidly after that. When
the shaft excavation was suspended, the ground surface continued to settle for a period
of time (7 days). This reveals that, in the soft clay layer with high plasticity and poor
permeability, the ground settlement continued even without the disturbance of excavation.
It will increase for a period of time after the excavation ends. This phenomenon is well-
known to exist in the traditional slow excavation in the deep foundation pit of retaining
walls (diaphragm walls), in which large deformation always happened if the support could
be adjusted in time. Monitoring, as well as engineering control, during this period are still
vital. After the bottom sealing was completed, the ground surface settlement increased
slightly during the bentonite replacement stage; there was no significant change in the
ground settlement during the shaft floor construction stage.

It can be discovered from Figure 6 that the excavation of the VSM has a significant
impact on the ground settlement within 30 m from the shaft center, which forms a settlement
tank. By the end of the shaft construction, the maximum ground settlement was about
14.56 mm at 15 m away from the shaft center and the minimum ground settlement was about
6.62 mm at 110 m away from the shaft center. In total, the effect of the shaft construction on
the ground settlement was relatively small under the VSM construction speed, especially
in the shallow part, even including the additional settlement due to temporally stopping
during the holidays.
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Figure 6. Monitoring results of ground settlement.

6.3.2. Deep Layered Displacements Analysis

It can be noticed from Figure 7 that the maximum deep layered displacement of the
stratum was about 3.74 mm at 15 m away from the shaft center. During the construction
of the shaft, the deep layered displacements increased continuously, and the growth rate
was getting faster and faster. Except for the stratum 5 m deep underground, the deeper
the depth, the smaller the horizontal displacement. (The small horizontal displacement
of the stratum 5 m depth underground may be due to the surface hardening around the
shaft and the construction equipment placed on the ground surface, which constrained the
horizontal deformation near the ground surface to a certain extent.)
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Figure 7. Monitoring results of the deep layered displacement at 15 m away from the shaft center.

When the excavation ends, the deep layered displacement of the monitoring point at
15 m away from the shaft center immediately stopped increasing. It can be inferred that
the horizontal displacement has a strong time correlation with the excavation operation.
From Figures 8 and 9, the maximum horizontal displacements of the stratum, measured
by the inclinometer pipes 30 m and 85 m away from the shaft center, were about 2.20 mm
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and 0.63 mm. The horizontal displacement started to increase after 3-5 days after the
construction began and did not stop rising when the excavation was completed. The
horizontal displacement growth rate was roughly the same, and there was almost no
accelerated growth trend. The reason for this phenomenon is that the deep viscoplastic
soft soil layer in the construction site prolonged the deformation loading transfer time and
weakened the deformation strength. Comparing the measurement results of the horizontal
displacement at the same depth and different distances from the shaft, it could be figured
out that the closer the distance to the shaft, the greater the horizontal displacement caused
by the excavation. The maximum horizontal displacement is about 4.71 mm at 15 m from
the shaft center and around 15 m in depth. In general, the displacement and deformation
during the whole construction process were small, which meets the requirements of the
technical code for excavation engineering (DG/TJ 08-61-2018) [15] for Shanghai.
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Figure 8. Monitoring results of the deep layered displacement at 30 m away from the shaft center.
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Figure 9. Monitoring results of the deep layered displacement at 85 m away from the shaft center.

6.3.3. Lateral Earth Pressure Monitoring and Analysis

The lateral earth pressure monitoring results are shown in Figure 10. It can be figured
out from Figure 10 that the lateral earth pressure decreased slightly during the excavation
stage, about 5%. The overall lateral earth pressure changes little during the whole construc-
tion process, indicating that the shaft construction had a small disturbance on the stress
state of the surrounding soil.
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Figure 10. Monitoring results of lateral earth pressure at 15 m away from the shaft.

7. Numerical Simulation and Analysis

An axisymmetric steady state numerical simulation model is established to analyze
the construction process of the VSM. Due to the fast construction speed and mostly poor
permeability of Shanghai soft soils, the undrained condition is considered, and the consoli-
dation of soil is neglected during the VSM excavation. However, before the excavation, a
Biot consolidation model was used for the initial stress state computation under self-weight.
This process is called self-weight balance, in which it calculates and equilibrates the initial
ground stress and makes the soil model fully consolidated, and the deformation gets stable
under the self-weight, to form the initial stress field for the subsequent VSM construction
model. In VSM excavation, fluid-solid coupling is considered, in which an elastic-plastic
Mohr-Coulomb model governs stress-strain field; and Darcy’s law governs the seepage
field. It is carried out by effective stress. The change of water head by the seepage in the
shaft causes the change of the pore water pressure in the soil layers and then changes the
effective stress and causes deformation. The soil layers in the construction site are: (D) plain
fill/flush fill, @ sandy silt, 3 clay, @ silty clay, ®; clay, (©2 clay mixed with silt, and @),
sandy silt. Considering that the engineering properties of the (2 sandy silt, @ silty clay and
(®1 clay layer are roughly the same, and the effects of the thinner O plain fill /flush fill and
@ sandy silt are ignored; this model generalizes the stratum as a combination of (@) silty
clay and (@), sandy silt. The simulation model is shown as Figure 11, soil parameters are
shown in Table 3, and structure parameters are shown in Table 4.
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Figure 11. Numerical simulation model.

Table 3. Soil parameters in numerical simulation model.

. Unit Weight . . Young’s . Internal Friction Permeability
Soil Layer Ikg/m> Void Ratio Modulus/Mpa Cohesion/kPa Angle/° Jemls
silty clay 1690 1.38 6.57 12 12 143 x 1077
sandy silt 1890 0.76 19.2 3 34 4.69 x 107°

Table 4. Structure parameters in numerical simulation model.

Material Unit Weight/kg/m®  Young’s Modulus/Mpa  Poisson’s Ratio
precast segments 2300 2.5 x 10* 0.2
high-pressure rotating pile 1800 20 0.2
bored cast-in-place pile 2300 3.15 x 10* 0.2

The consolidation of soil was completed before excavation in the numerical simulation
model. Resultantly, the whole VSM model has an initial stress and strain field under
self-weight. Furthermore, the shaft excavation and segment sinking are calculated at the
same time every 5 m. As explained above, consolidation is not considered during the
excavation process because of the rapid construction speed, short construction time, and
low permeability of soils. The normal displacement of the side boundary and the lower
boundary of the model are constrained. The hydraulic pressure is applied to the permeable
excavation face and the inner wall of the prefabricated concrete segment. On the ground
surface, the gravity of the prefabricated segment in the shaft is loaded on the concrete
ring beam, and the pavement load of 5 kPa is loaded within 50 m from the outer wall of
the shaft.

7.1. Simulation Results of Ground Settlement

Ground settlements of simulation results during 15 m, 25 m, and 35 m excavation,
along different distances from the shaft center, are presented in Figure 12, combined
together with field measurements and theoretical calculations. They all show that the
ground settlement is mainly concentrated in the range of 30 m from the shaft center. The
ground settlements all behave as a shape of a spoon type. As the excavation increases, the
maximum ground settlement gets slightly larger, but the location is almost the same, all-
around 15-20 m distance from the shaft center. The numerical simulation results in the range
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of 30 m from the shaft center are roughly the same as the field measurements. When the
excavation of the shaft was basically completed (35 m excavation depth), the ground surface
settlement 15 m from the shaft center obtained by numerical simulation is about 13.6 mm,
and the measured value is about 13.4 mm. The simulation value is relatively consistent
with the measured value; on another aspect, the simulation results also demonstrate
the validity and effectiveness of the field measurement points design. The theoretical
calculation result is about 19.7 mm, which is larger than the simulation and measured
values. These results may be due to the small diameter of the VSM shaft, and the annular
lining structure has great bending resistance in the radial direction. However, the stress
and deformation theory (explained above) simplified segments into a two-dimensional
structure (radial and axial directions), which reduces the radial bending resistance, thus
making the theoretical calculation settlement larger. The field measurement shows that
there is still a lot of ground settlement beyond 30 m away from shaft center, which is
obviously larger than the numerical simulation and theoretical calculation results. The
reason for this phenomenon may be that the construction site has a lot of construction
facilities and building materials stacking in this range. These temporary overloadings
greatly increase the ground settlement at this construction site. The numerical simulation
and theoretical calculation are insufficient to estimate the construction overload, resulting
in the phenomenon that the measured value is obviously larger than the simulated and
calculated values. Both the simulation and measurement results show that the ground
settlement caused by the VSM excavation is not greater than 15 mm, which is relatively
small compared with other underground structure construction, inferring that the VSM
construction has little impact on the ground settlement.
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Figure 12. Simulation results of surface settlement ((a), 15 m excavation; (b), 25 m excavation;
(c), 35 m excavation).

7.2. Analysis of Uplift Def