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Abstract: A new electro-hydraulic servo point load instrument was designed to address the problem
that the existing point load instrument cannot be loaded continuously and uniformly; different
loading rates (using three loading rates: 0.1, 0.5, 1.0 kIN/s) were conducted on fine-crystalline granite,
coarse-crystalline granite, and siltstone (each rock sample contains four sizes: 203, 303, 403, 503 mm3)
for point load tests. Firstly, the influence of loading rate on the axial stress distribution of rock sample
loading was investigated in conjunction with the rock strength damage theory. Next, the influence
of rock sample size and loading rate on different standard point load strength evaluation methods
was analyzed to find a reasonable evaluation method and loading rate and range of rock sample size.
Finally, the relationship between standard point load strength and uniaxial compressive strength was
analyzed on this basis to obtain its empirical conversion formula. The results show that: (1) With
the increase in the loading rate of point load, the tensile and compressive stresses in the loading axis
increase, and the compressive stresses near the center of the loading axis of the rock sample are more
influenced by the loading rate; the standard point load strength increases with the increase in the
loading rate, but the increase in the standard point load strength decreases when the loading rate
increases to a certain range. (2) With the increase in size, the standard point load strength solved
by method I, method III, and method IV has an obvious size effect, while the size effect of standard
point load strength solved by method II is not obvious. (3) The conversion factors of fine-crystalline
granite, coarse-crystalline granite, and siltstone were obtained by zero-intercept linear regression
analysis as 16.80, 15.32, and 14.60, respectively, which indicated that the conversion factors of rocks
with high strength were higher than those of rocks with low strength. The present research results
can provide theoretical support for revising the existing point load strength calculation equations.

Keywords: electro-hydraulic servo point load instrument; loading rate; size effect; standard point
load strength; uniaxial compressive strength

1. Introduction

A point load test is a method to obtain the compressive strength of rocks indirectly,
which is widely used in engineering construction because of its simple sample preparation
and compact and portable test instrument for field testing [1]. In recent years, scholars at
home and abroad have conducted much research on the point load test of rocks. Broch
and Franklin [2] proposed that the point load strength index I is equal to the damage
load P divided by specimen-loading spacing squared, D?. The International Society of
Rock Mechanics (ISRM) [3] and American Society for Testing and Materials (ASTM) [4]
stated that the point load strength index I; is equal to the damage load P divided by the
square of the equivalent core diameter of the specimen D?, and then the correction index m
is proposed based on different sizes, and finally the standard point load strength I is
equal to the point load strength index Is multiplied by the correction factor F. Kahraman
and Gunaydin [5] conducted point load tests and uniaxial compressive strength tests on
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igneous, metamorphic, and sedimentary rocks, and used regression analysis to investigate
the effect of different rock types on their correlations. Masoumi et al. [6] conducted point
load tests and uniaxial compressive strength tests on sandstones of different sizes, invoking
the unified size effect law. They investigated the effect of contact area on the size-effect
behavior of point load results by using a new method to determine the point load strength
index, which led to opposite size-effect trends. Haeri et al. [7] conducted point load
tests and numerical studies on different shaped specimens, and the results of the study
showed that the point load strength index increased with increasing test model size, and
that the shape of the particles did not have a significant effect on their tensile strength.
Haeri et al. [8] investigated the effect of model size and particle size on the point load index
through numerical simulation tests, and the results showed that the standard point load
strength Iy50) increased with both model size and particle size. Zhu et al. [9] showed by the
effects of rock sample shape factor 3 and loading point spacing D on rock sample point
load strength index I that specimen I gradually decayed with the increase in both 3 and
D in a power function law, and finally stabilized. Wei et al. [10] conducted a large number
of point load tests on rock samples with three different geometric shapes. Theoretically and
experimentally, the results showed that the point load strength index was insensitive to the
shape of the rock samples, and the research results verify the effectiveness of point load
test on irregular specimens. Hiramatsu and Oka [11] performed point load tests on rock
samples of different shapes to analyze the stress state inside the samples and demonstrated
that the samples were mainly subjected to compressive stresses near the loading point
and mostly uniform tensile stresses in the region beyond the loading axis. Reichmuth [12]
revealed the process of point load damage under the action of point load and tensile and
compressive stress zones, which are formed inside the rock sample. As the load continues to
increase, compressive damage cracks are formed near the loading cone, and the cracks form
a sliding line as the load increases. The cracks acting with the tensile stress in the center
of the specimen gradually penetrate, and the specimen is damaged. Peng [13] used the
axisymmetric finite element method to determine the stress distribution in cylindrical rock
discs with different diameter—thickness ratios under double-point loading, and discussed
the characteristics of the tensile radial and tangential stress distribution. The stress field
tends to stabilize when the ratio of diameter to thickness is greater than 1. Following this
work, a large number of scholars conducted in-depth studies on the relevant empirical
formulas and parameter values for the standard point load strength I 5y and the tensile
and compressive strength of rocks [14-19].

The abovementioned scholars have mostly studied the calculation mode of point
load strength, the factors influencing point load strength, the damage mechanism of point
load tests, and the correlation between standard point load strength I 50 and uniaxial
compressive strength. However, there are fewer studies on the influence of loading rate on
the point load strength of rocks, and only the size of the rock sample and the loading time
in the point load test are specified in the specification (GB/T 50266-2013) [20]; the loading
rate and loading mode (the loading mode is mainly continuous loading and discontinuous
loading) are not clearly specified. At present, most scholars mainly use a hand pump to
apply pressure to the rock sample when conducting the point load test (lowering the handle
to apply load to the rock sample and raising the handle to make the hand pump suck oil):
the pressure application process is not continuous, the application rate varies from person
to person, and the test results have large errors.

In view of these problems, we designed and developed an electro-hydraulic servo
point load instrument with uniform loading and adjustable rate, which is used to study the
variation law of point load strength under different sizes and different loading rates, and
also to reduce the dispersion of test data and provide technical means to revise the existing
point load strength calculation formula. (All standard point load strengths noted below are
replaced by Iysp)).
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2. New Electro-Hydraulic Servo Point Load Instrument
2.1. Structural Design

The self-developed electro-hydraulic servo point load instrument is shown in Figure 1,
which is also the only electro-hydraulic servo point load tester on the market at present.
It is mainly composed of a high-rigidity frame, electro-hydraulic servo loading system, data
acquisition system, and case. The high-rigidity frame includes an upper and lower bearing
plate, upper and lower limit beams, upper and lower loading indenter, and limit column.
The electro-hydraulic servo loading system includes a plunger pump, oil circuit system,
and motor and control circuit. The data acquisition system includes a display, control
system, and oil pressure sensor. The input and output interfaces include the charging port,
angle-friction interface, power button, and USB interface. The main technical parameters
of electro-hydraulic servo point loaders are shown in Table 1.

o Limit column

e Upper limit beam

A High-rigidity frame
. e Lower limit beam

/B E Case
e Upper top plate

Electro-hydraulic servo loading system e Lower base plate

|

L— E Data acquisition system e Jack

e Oil pipe

e Stand column

Figure 1. Physical view of the new electro-hydraulic servo point load instrument.

Table 1. Main technical parameters of the new electro-hydraulic servo point load instrument.

Name Technical Parameters
Loading-rate range (kN/s) 0.1-2.0
Rock sample clamping thickness (mm) 10~60
Maximum loading force (kN) 50
Oil pressure sensor measurement accuracy (MPa) 0.01
Case size (mm) 610 x 380 x 220
Weight (kg) 20

2.2. Key Technologies

In view of the actual problem of the discontinuous loading process for conventional
point load instruments, the technical research is carried out as follows:

(1) Develop a miniaturized electro-hydraulic servo loading system; break through the
precise control technology of the battery circuit; realize multichannel capability, small
flow rate, and high-pressure stable output under smaller volume and lighter weight,
with the ability to intelligently detect pressure changes and maintain the target pres-
sure; and create a loading rate that is stable and adjustable. Electro-hydraulic servo
point loaders for the first time achieve variable-rate, continuous, and uniform loading,
thus reducing test data dispersion.

(2) The test data are uploaded to the cloud platform in real time through 5G technology,
with instant test results and instant transmission back to the cloud server.
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2.3. Operation Process

Main operation process:

(1) Select a test site on flat ground to install the test instrument, open the data operating
system, and assure that the sensors work properly.

(2) According to the physical properties of the test specimen, select the rock category,
mineral composition, grain size, and weathering degree in the corresponding oper-
ation interface, as shown in Figure 2. Measure the size of the point load specimen,
enter the test specimen length, width, thickness parameters, and test loading rate in
the operating system, as shown in Figure 3.

(3) Insert a USB flash drive to store data.

(4) Install the specimen by lifting the lower beam with both hands upward, then put in
the jack; rotate the limit column to adjust the space and clamp the specimen.

(5) Specimen installation is complete, ready for storage, start the test.

(6) Press the start-store (test end) button to export data, view the test process real-time
display of the current pressure value, and end the test to display the fracture pressure
value and equivalent load.

(7) Test data are transferred to the U disk and to the cloud computing platform through
5G technology.

Point load rock parameter setting interface
Mivesh | G | Weahering
Granite Quartzite Dolomite m?:irstigne Quartz Coarse grain Fresh
pome | Qe [l | e | g | Melum | B
Diabase Coiighlf)erileliate Tuff A;ffé:gﬁzs Limestone Fine grain Vx;gf;g:g
Basalt hSIinli;etc()) lrlli Slate Mudstone Clastic Powder grain Wesat:}(l)erslr%ng
Andesite Marble Phyllite Other rocks Mica Clay grain
Test Interface
Gneiss Limestone Marl Other Other

Figure 2. Rock parameter setting—Eng]lish interface.

Point load test s
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X
o
Length: 0.0 Current pressure: 0.0 3
o
2
Width: 0.0 Breaking pressure: 0.00 20
Thickness: 0.0 Equivalent load: 0.0 | «|m nmiw!l
Special parameter setting Loading rate: 0 Real-time pressure curve
Reset Initiation Stop Store Return

Figure 3. Test—English interface.
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3. Rock Sample Preparation and Test Method
3.1. Rock Sample Preparation

Three representative rock samples were selected for quantitative analysis, namely, fine-
crystalline granite and coarse-crystalline granite with high strength and large differences in
grain size and morphology, and siltstone with moderate strength and uniform grain size.

Both granites were taken from Qingchuan County, Guangyuan City, Sichuan Province.
The coarse-crystalline granite is mainly gray-white with black mica and white quartz
embedded in it, the grains are large and evenly distributed. Neither block structure
nor joints and fissures are developed, and the integrity of the block is good. The fine-
crystalline granite has small grains of black mica in its mineral composition, showing a
uniform distribution of dots, and the rock sample is mainly black and white, with fine grain
structure, blocky structure, dense structure, and hard texture. The siltstone was taken from
an abandoned mine in Wuhua District, Kunming City, Yunnan Province, and has a dark
red color, blocky coarse-grained sandy structure, and is relatively homogeneous.

To ensure the accuracy of the test results, the different sizes of each rock sample were
taken from the same rock block with uniform texture, and each rock block was checked for
macroscopic defects to ensure that there were no obvious cracks or alteration areas. The
different sizes of rock samples were cut and core-drilled along the same direction. For the
square samples of the point load test, the three rock samples were cut into square specimens
with side lengths of 20, 30, 40, and 50 mm using an automatic type infrared-controlled
cutting machine (DQ-4A). For the cylindrical samples of the uniaxial compression test,
firstly, a core drilling machine (ZS-100) was used to core the rock block, and then an
automatic-type infrared-controlled cutting machine (DQ-4A) was used to cut the core
sample into cylindrical specimens of 50 mm in diameter and 100 mm in height. To ensure
the stability of the test data and reduce the degree of dispersion, a face grinding machine
(SHM-201) was also used to smooth the section of the cut rock sample, so that the size error
of the test rock sample was controlled within the range of £0.1 mm. A total of 56, 64, and
57 specimens of fine-crystalline granite, coarse-crystalline granite and siltstone were used
for the point load test, while a total of 6, 5, and 6 specimens were used for the uniaxial
compression test, respectively. Table 2 lists the specific sizes and quantities.

Table 2. Summary of rock sample sizes and quantities.

Point Load Number of Number of
Rock Sample . . . . Number of
Test Name Size (mm?) Loading Rate Fine-Crystalline Coarse-Crystalline Siltstone (pcs)
(kN/s) Granite (pcs) Granite (pcs)

503 1.0 4 5 4

503 0.5 4 5 4

503 0.1 4 5 5

408 1.0 4 6 5

403 0.5 4 6 5

Point load test 40° 0.1 5 6 6
30° 1.0 5 5 4

308 0.5 4 5 4

30° 0.1 6 5 5

203 1.0 5 4 5

208 0.5 5 6 5

208 0.1 6 6 5

Uniaxial 50 mm-100 mm 0.001 mm/s 6 5 6

compressive test

3.2. Point Load Test and Uniaxial Compression Test

In this paper, the effect of specimen size and loading rate on the point load strength
was investigated using the self-developed electro-hydraulic servo point load instrument.
Three loading rates were designed for each size of the three rock samples: 0.1, 0.5, and 1.0
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kN/s. The validity principle of the point load test data strictly followed the relevant codes
and standards [20,21], and if the failure section did not pass through the loading point, or
the rock sample did not form a penetration crack during the pressurization process, etc.,
then the data were considered invalid. The damage results of the specimen are shown in
Figure 4.

Figure 4. Images of point load damage in the three rock samples.

The uniaxial compression test was performed using a SUNS-type rock mechanics
electro-hydraulic servo test machine, strictly in accordance with the Standard for Engineer-
ing Rock Mass Test Methods [20], in the dry state, and the uniaxial compressive strength
test method of the International Society of Rock Mechanics was used to load the rock
samples in a displacement-controlled manner with a loading rate of 0.001 mm/s [22]. Three
rock samples were subjected to uniaxial compression. The damage results of the specimens
after compression tests are shown in Figure 5.

Figure 5. Images of uniaxial compression damage in the three rock samples.

4. Results and Discussion
4.1. Point Load Damage Process Analysis

The entire damage process of the point load test is analyzed. When the rock sample
is loaded, the conical indenter at the contact surface starts to penetrate, and at the same
time the original open structural surface or microfracture is gradually closed by the force
in the direction of the loading axis, and the rock is compacted in the local range. As the
loading rate increases, the compaction degree gradually decreases, and the load continues
to increase before some of the tiny voids are compressed and stabilized; the loading point
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becomes crushed under the action of significant contact compressive stress, and the loading
cone head is slightly embedded in the rock sample, and the broken shape of the contact
point is approximately the same as the shape of the conical indenter. The conical indenter
continues to penetrate, and under the joint action of tensile and compressive stresses,
the tensile and compressive strain of the rock material reaches the damage limit, and
the damage occurs first at the surface of the rock sample. After a small local damage is
produced, the stress at the damage mouth is quickly concentrated and rapidly expands to
the depth in the form of cracks, and when the upper and lower cracks expand to connect,
and the interparticle adhesion force at the longitudinal surface of the overloading axis
without cracks is less than the horizontal component force of the conical indenter. The
rock sample is instantaneously destroyed. When the loading rate becomes larger, the
cracks at the contact point and inside cannot be fully developed, and part of the actual
loading process is overcoming the stiffness of the rock sample, which can be seen from
the difference in the breaking loads of the three rock samples at different loading rates, as
shown in Table 3.

Table 3. Damage load statistics of the three rock samples with different sizes and loading rates.

Damage
Load (kN)

Loading
Rate (kN/s)

Rock Sample
Size (mm?) Fine-Crystalline Granite Coarse-Crystalline Granite Siltstone

503 403 30° 203 503 403 303 208 50° 40 30° 208

0.1
0.5
1.0

3482 2516 1638 733 2476 1691 1211 6.17 1168 818 537 275
3737 2643 1707 828 2608 1854 1216 6.75 1232 838 562 283
38.80 2787 1757 836 2663 2047 1230 6.92 1206 851 564 291

4.2. The Internal Stress State of Rock Samples under Different Loading Rates

Japanese scholars such as Hiramatsu and Oka [11] made and processed epoxy resin
into spheres, squares, and rectangles for point load tests, and used three-dimensional
photoelastic tests to monitor the stress state during the whole process of point load tests.
The results showed that the stress state of the three models near the loading axis is basically
the same. Later, Wei et al. and Chau and Wei [23,24] also conducted theoretical studies
on the internal stress state of cylindrical specimens in axial and radial point-loading tests.
Wei et al. [10] compared the stress distribution in the sphere and cylinder under axial and
radial point loads, and showed that if the dimensions of the sphere and cylinder are similar,
the stress distribution within the sphere and cylinder along the loading-axis direction is
similar in terms of magnitude and distribution pattern. Thus, the analysis of the stress state
and damage mechanism of axial point load tests of cylindrical samples is also applicable to
square rock samples.

According to the stress distribution on the loading axis of the specimen after the
surface of the semi-infinite body is subjected to the normal concentrated force F of the
Boussinesq problem and combined with St. Venant’s principle, ignoring the influence of
the specimen boundary, the stress magnitude at the midpoint of the loading axis as the
origin, the vertical axis as the loading axis, and the horizontal axis is the stress magnitude
axis, a right-angle coordinate system is established, and the stresses produced by the upper
and lower two compressive stresses F on the loading axis are superimposed to obtain the
compressive and tensile stresses at a point z on the loading axis [25-28]:

o — 3F a? + a? (1)
¢ 2ma? (a—2)* (a+2z)?
F 1-2u. a® a?
o = — X + 2
' 2ma? V2 [(a —2)%  (a+2z)? @
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Poisson’s ratio u of fine-crystalline granite, coarse-crystalline granite and siltstone
were 0.200, 0.185, and 0.180, respectively, as measured by an indoor uniaxial compression
test, and the distribution of tensile and compressive stresses on the loading axis of the
rock sample point load could be analyzed by substituting Equations (1) and (2). The stress
distribution states of three rock samples of different sizes under different loading rates
were plotted, with the vertical axis coordinate scale being the ratio of the coordinate z of the
corresponding point to the height a of the rock sample, and the horizontal axis coordinate
scale being F/(27ta). The plotted results are shown in Figure 6.
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Figure 6. Stress distribution of three rock samples of different sizes under different loading rates.

Analyzing the stress distribution states of the three rock samples under different
loading rates, it was found that most of the areas inside the rock samples were subject
to tensile stresses. The tensile and compressive stresses on the loading axes showed
an increasing trend with the increase in rate; the difference in stress distribution of the
rock samples due to the rate was mainly reflected in the compressive stresses, and the
compressive stresses were more affected by the rate near the center of the loading axes.
This is mainly because the loading rate has some influence on the damage load of the
rock sample, and the distribution of tensile and compressive stresses in the rock sample is
related to the damage load. Under the action of point load, the damage of the rock sample
contains both the effect of tensile stress and compressive stress. The point load strength
is a comprehensive reflection of uniaxial compressive strength and tensile strength, and
the loading rate has a certain effect on the tensile and compressive stresses; therefore, it is
realistic and feasible to consider the effect of loading rate on the point load strength.
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4.3. Effect of Loading Rate and Rock Sample Size on Iy

There are many methods for solving Is0), and four methods for solving Iysq) are
summarized based on previous studies, as shown in Table 4. In this study, the effect of rate
and size variation on several existing methods for solving I is investigated by using
regular specimens of different sizes and controlling different loading rates.

Table 4. Method of solving the standard point load strength.

Time Method Relationship Formula Note
Ls(s0)1 = Fls1 F is the correction factor; D
Cai, M.E. [29] and Correction method Iy = P/D? is the loading-point spacing
Chen, Y.L. et al. [30] Method I F = 0.2717 4+ 0.01457D, D < 55 mm (mm); D, is the equivalent
F =0.754 4+ 0.058D, D > 55 mm diameter (mm); P is the
I =FI point load breaking load (N);
. ISRM method s(50)2 s1
Franklin, J.A. et al. [21] Method 1T Iq =P/ De2 I; refers to the uncorrected

Hassani, EP. et al. [31]

Ministry of
Construction of the
People’s Republic of

China. [32]

Traditional method  18ly(50)3 = 0.256 +1g1s, — 1.008 exp(—0.0274D)

point load strength value
(N/mm?); W is the
minimum section width or

F = (D./50)"%

_ 2
Method III I ISZ: IPIé b K average width through the
Engineering rock s(50)4 = 7s d(520) f two loading points (mm);
grading method o =P/D Ka(s0) is the size effect

Ka(s0) = 1~2828(18W0'6954) correction factor; Ky is the
Ky = 0.3161exp(2.3034((D/W +1g(D/W))/2))  shape effect correction factor

Method IV

4.3.1. Effect of Loading Rate on Iy5p)

From the results of the preliminary tests, it is known that the loading rate and loading
method affect the damage load, which is closely related to I(5), so it is especially important
to consider the effect of loading rate on Iysp). Figure 7 shows the relationship curves
between I50) and loading rate for the three rock samples solved using different methods.
From the overall trend, the Iy50) of different sizes of the three rock samples increased with
the increase in loading rate, except for individual specimens due to the heterogeneity of the
rock sample itself or the error of the test operation.

For the three rock samples with different sizes, the effect of loading rate on I(50) solved
by different methods was analyzed and it was found that the curve shape changed as the
size decreased. Taking Is0) for fine-crystalline granite as an example, when the sizes
are 503, 40%, 30%, and 20° mm?, the increase in Iysp), is larger in the loading-rate range
0.1-0.5 kN/s, and the growth rates of Iy50), are 0.076, 0.051, 0.048, and 0.150, respectively,
while in the loading-rate range 0.5-1.0 kN /s, the growth rates of Iy, are 0.031, 0.062, 0.023,
and —0.019. This indicates that the effect of rate on Iys0), varies in different loading-rate
ranges when the rock sample size is different, and the overall performance is that the
growth rate of I;50), is smaller in the larger loading-rate range than that in the smaller
loading-rate range, but the effect of loading rate on I;(50), is almost linearly increasing for

the rock sample of size 40°> mm?3.
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Figure 7. Relationship between Iy50) and loading rate for three rock samples with different sizes.

4.3.2. Effect of Rock Sample Size on I,

Referring to Figure 7, and using the size 50> mm? as the reference point of each rock
sample, the top-down blue line (Iy50)3), green line (Iss0)4), red line (Ig50)2), and black line
(Is50)1) in the image are noted as I3, Iy, I, and I, respectively. At the same size, with the
increase in loading rate, the ranking order of L;(50) solved by different methods for each rock
sample remained the same; while with the decrease in size, the top-down ranking order
changed and basically followed the pattern: I3, Iy, I, I1-14, I3, Ip, I1-14, I3, Ip, I1-14, I, I3, I5.
It can be found that the ranking order of I, showed an increasing trend with the decrease
in size, I3 showed a decreasing trend with the decrease in size, and the ranking order of I
and I4 remained basically the same.
This is due to the fact that Iy50) solved by different methods contains two components,
the uncorrected point load strength index I5 and the correction factor. Iysp); and Ig50) are
corrected based on the point load strength index Ig; (Ig; is calculated using the equivalent
diameter method), while I50)3 and Iy50)4 are corrected based on the point load strength
index Iy (Ig is calculated using the loading-spacing method). Under the same size, with the
increase in loading rate, the damage load increases, the change in loading rate only affects
Is, and the correction coefficients of different methods only contain the size parameters,
so the arrangement order remains the same. Under the same loading rate, the relationship
between the magnitude of I5; and I, always remained Ig; < I, as the size decreased, and
the relationship curves between the load strength index and size of the three rock sample
points, as shown in Figure 8. The order of the correction coefficients of different methods
changed; the relationship curves between the correction coefficients and the size for the
three rock sample points are shown in Figure 9.



Appl. Sci. 2022,12, 9763

11 of 17

\

20 20
——1 . ——] 190
s1 s1 A
19f ,/\ I T ey i . I
2 2 / ]
18+ 18+ 1t o, s2
_ 17k \ _ 17t 161
£ 6 N £ 6 T ) ‘ ’
. 161 ine i i 16 15
§' ]F{me cri' SJ:;\I;/M granite §* Fine-crystalline granite E“ Fine-crystalline granite
L ate: 1L.OKN/s I5SF w—__ Rate: 0.5kN/s 14 Rate: 0.1KN/s
14 14} 1Br .
130 \_ 13} 12}
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
D(mm?) D(mm?) D(mm?)
18- —_—
. —1, 6l e Iy sf e —1,
161 — I, — I, 14l —1,
14 13+ .
L Coarse-crystalline granite ~ *~_Coarse-crystalline granite
=14 2 V! g = " .
A Rate: 1.0kN/s & 12t : 0.5kN/s £ 127 arse-crystalline granite
s 2 z R
< < . <t ates0.1kN/s
=zr \ - T - .
. 100 10F T
ol \-\- ol
‘\- st of
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
DX(mm?) D(mm?) DX(mm?)
750 . 0
—1, 70f Iy 70 —,
7.0 - e lsz 650 —— [s2 6.5+ S Isz
651 L
6ol . 6.0 .
o601 Siltstone z asl \ Siltstone 2550 \ Siltstone
Ssst . Rate: 1okNs — F % Rate: 0.5kN/s & Rate: 0.1kN/s
< \ = 54 ’\ <

~ 50t

4.0 \_

g 500 '\
45t °
s0f \\

351

500 1000 1500 2000 2500 3000 3500
D2(mm?)

Figure 8. Relationship between two point load strength indexes I

under different loading rates.

500 1000 1500 2000 2500 3000 3500
D(mm)

500 1000 1500 2000 2500 3000 3500
D(mm?)

and size for the three rock samples

Lip 1
. . . - i i Lip
Il:mte crivsot;;\l;/ne granite o gme crgs;l:::\l;/ne granite Fine-crystalline granite
1.0 | Rate: 1. s X ate: 0. s . 1.0 Rate: 0.1kN/s /
= 4
=09} £09r . Zo9} /
£ S £ v
2 £ o8l &
08F g ™ =081 /
S g S .
< Z 07l g
G071l . g 07 Zort
5 C“"e"f‘"‘ factor 1 S o6t —=— Correction factor 1§ 06l —=— Correction factor 1
Co6t —*— Correction factor 2 —e— Correction factor2 —e— Correction factor 2
Correctfon factor 3 0.5F —4a— Correction factor3  g51 —4A— Correction factor 3
05+ —v— Correction factor 4 —v— Correction factor 4 —v— Correction factor 4
. . . . . . . 0.4 . . ) ) . 0.4 . . . . . .
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 3500
DZ(mm?) D/(mm?) D/(mm?)
Lip : . 11
1.0 g:?:.s e'lc‘f)i’{;‘;/‘slllﬂe grate Coarse-crystalline grinite/- tr Coarse-crystalline granite
P 101 Rate: 0.5kN/s 101 Rater 0.IkN/s /
= 09l
E 0.9 509t ' 509+ /:
£ 08 2 2 -
s 5 08 < 08} /
£ 2 £
? 0.7+ 207t go7p @
S o6l —*— Correction factor 1 3 06l —=— Correction factor 1~ 5 —=— Correction factor 1
—e— Correction factor2 < - —e— Correction factor2 & 0:6 —e— Correction factor 2
0.5} —4— Correction factor 3 05l —a— Correction factor 3 osk —a— Correction factor 3
« —v— Correction factor 4 i « —v— Correction factor 4 ' —v— Correction factor 4
04— . . . . . . 0.4 . . . . . . . . . . . . .
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
D/(mm?) D/(mm?) D(mm?)
11 . -
Siltstone Siltstone . Itstone
L0} Rate: 1.0kN/s 10] Rates 0.5KN/s / L0 Rates 0.1KN/s /
509f 509l / 09t .
<08 <08} 2 08
£ £ <
go7r Zort £07¢
E —=— Correction factor 1 E —a— Correction factor 1~ S —s— Correction factor 1
S 06 —e— Correction factor2 O 0.6} —e—Correction factor2 5 0-6[ —e— Correction factor 2
—a— Correction factor 3 —a— Correction factor 3 & —a— Correction factor 3
05r —v— Correction factor 4 0.5 —v— Correction factor 4 0.5F —v— Correction factor 4
.

. . . . . . .
500 1000 1500 2000 2500 3000 3500
D2/(mm?)

500 1000 1500 2000 2500 3000 3500
D2/(mm?)

. . . . . .
500 1000 1500 2000 2500 3000 3500
D(mm?)

Figure 9. Three correction factors versus size for the three rock samples at different loading rates.



Appl. Sci. 2022,12, 9763

12 of 17

4.3.3. Reasonable I50) Evaluation Method

Figure 10 shows the curves of Iy versus D2 for three rock samples solved by different
methods at different loading rates. The analysis shows that I50)1, Is(50)3, and Ig(50)4 show an
overall increasing trend with the increase in rock sample size, while Iy50), shows fluctuating
changes with the increase in rock sample size and maintains an overall horizontal change
trend. It indicates that the I 50y values solved using methods I, III, and 1V still have
an obvious size effect, while the Is0) solved using method II does not have an obvious
size effect. Therefore, considering the effect of rock sample size on Isq) for the different
methods, it is more reasonable to use Iss50) solved by method II to predict the uniaxial
compressive strength of rocks in the following analysis. It should be noted that even at the
same loading rate, the degree of I;(50), for the three rock samples is affected by the differing
size of the rock sample, and in practical engineering, specific analysis should be performed
for different rock samples.
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Figure 10. The relationship between Iys0) and size of the three rock samples under different load-
ing rates.

4.4. Analysis of Optimal Loading Rate and Stable Size Range for the Different Rock Samples
4.4.1. Optimal Loading-Rate Analysis

The effect of loading rate on I50), was considered to be non-negligible. The I s0),
values of different sizes of rock samples at the same loading rate were firstly obtained,
and then the Iy50), values of different sizes of rock samples were averaged, and finally the
average Iy50), values of three rock samples at different rates were obtained, as shown in
Tables 5-7. The optimal loading rate was explored by analyzing the degree of variation in
Is(s50)2 for different sizes (the coefficient of variation index was used to evaluate).
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Table 5. Statistical table listing the variability of Iys0), for fine-crystalline granite with different sizes

and loading rates.

I (MPa)
. Method Size (mm?) sG02 Standard Deviation Coefficient of Variation
Loading Rate (kN/s) Strength Value I 502 Mean
503 13.219
3
s ;‘83 gggg 12322 1.133 0.092
203 10.397
503 12.826
3
1565(%)2 ;83 gg;’; 12.014 0.975 0.081
203 10.597
503 11.920
3
1565({)2 ‘;83 ﬂ;i 11.149 1.295 0.116
203 9.211
Table 6. Statistical table listing the variability of Iysg), for coarse-crystalline granite with different
sizes and loading rates.
I (MPa)
. Method Size (mm?) 5602 Standard Deviation Coefficient of Variation
Loading Rate (kN/s) Strength Value Is(50)2 Mean
503 8.989
3
Ingﬂ ‘;83 Z'éfé 9.052 0.196 0.022
203 9.119
503 8.752
3
1565?2 ;183 Z'ézg 8.637 0.155 0.018
203 8.769
503 8.256
3
1565?2 ‘;83 gzgg 8.131 0.311 0.038
203 8.070
Table 7. Statistical table listing the variability of Iysg), for siltstone with different sizes and
loading rates.
Method Is50)2 (MPa)
. Size (mm?) Standard Deviation Coefficient of Variation
Loading Rate (kN/s) Strength Value I(502 Mean
503 3.974
3
Ingﬂ ;83 g'ggz 3.962 0.039 0.010
203 3.905
503 4.050
3
1565?2 ‘;83 ggg 3.931 0.114 0.029
203 3.781
503 3.834
3
1565?2 ;83 g'%g 3.772 0.072 0.019
203 3.674

In order to investigate the loading rate at which Iy, is less affected by size, the

coefficient of variation of Iy, for different sizes of rock samples at the same the loading
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rate is obtained, and it can be seen that the coefficient of variation is the smallest for fine-
crystalline granite, coarse-crystalline granite, and siltstone at the point load loading rates
of 0.5, 0.5, and 1.0 kN/s. This indicates that the I solved using method II for different
sizes rock samples at this loading rate is more reasonable and credible.

4.4.2. Stable Size Range Analysis

On the basis of the proposed optimal loading rate for the three rock samples, the
reasonable size range of the rock samples was further investigated. Firstly, the strength
difference between adjacent sizes of I550), was obtained for these three rock samples at the
optimal loading rate, and then the average value of the strength difference was obtained;
the results are shown in Table 8. It can be seen that the mean strength difference between
adjacent dimensions of the three rock samples is the largest for fine-crystalline granite,
followed by coarse-crystalline granite, and finally siltstone. This indicates that the greater
the strength of the rock sample, the greater the influence of I;50), by the size of the rock
sample. Therefore, in practical engineering, the effect of size on Iysq), for large-strength
rock samples should be considered.

Table 8. Statistical table listing the Iy(50), difference between different sizes for the three rock samples
subjected to a reasonable loading rate.

Rock Samples
Loading Rate(kN/s)

L(50)2 (MPa)

Fine-crystalline granite
0.5

Coarse-crystalline granite
0.5

Siltstone
1.0

Size (mm?) I (s0)2 Difference between .
Strength Value Adjacent Sizes Average of Ijsg), Difference
503 12.826
0.491

403 12.335
303 12.297 g'ggg 0.743
203 10.597 ’
503 8.752
40° 8.438 0.314

3 0.151 0.215
30 8.589 0.179
20° 8.769 ’
503 3.974
403 3.985 0.011

3 0.001 0.031
30 3.986 0.081
203 3.905 '

In addition, it can be seen from Table 8 that fine-crystalline granite, coarse- crystalline
granite, and siltstone square samples all have the smallest strength difference in I;50), for
the size range 30°-40% mm?. This indicates that the stable size range of solving I s, for
fine-grained granite, coarse-grained granite, and siltstone at loading rates of 0.5, 0.5, and
1.0 kN/s are all 30°-40° mm?.

4.5. Relationship between Iy5p) and Uniaxial Compressive Strength

Based on the reasonable calculation method of Iy(50), optimal loading rate, and stable
dimensional range derived in the previous paper, the relationship between Isp) and
uniaxial compressive strength is analyzed in order to obtain the uniaxial compressive
strength of the rock more accurately. Previous studies have shown [2,33,34] that the
linear zero-intercept function is generally recognized by domestic and foreign scholars for
predicting the physical significance of the model in a more reasonable way. The uniaxial
compressive strength formulation was solved jointly with the linear zero-intercept function.

The system of equations is:

R.=P/A (©)]

Re = Kily(s0) (4)
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where R, is the uniaxial compressive strength (MPa), P is the breaking load (N), A is the
cross-sectional area of the rock sample perpendicular to the loading direction (mm?), and
K;j is the strength conversion factor

For the three rock samples in this paper, Table 9 lists the empirical conversion relation-
ship equations given by relevant scholars at home and abroad, whose strength conversion
coefficients range from 11.08 to 25.00. The strength conversion coefficients vary for different
rocks, and even for the same rock; the strength conversion relationship varies greatly due
to the different geographical conditions in which it is located. By substituting the uniaxial
compressive strength obtained from the test with Iys0), into Equations (3) and (4), the
empirical conversion equations for these three rocks were obtained, as shown in Table 10.

Table 9. Conversion relationship between L5y and uniaxial compressive strength.

Author Fitting Relationship Rock Type
Vallejo, L.E. et al. [35] Rc =17 4l 50 Sandstone
Ghosh, D.K. and Srivastava, M. [36] R. = 1615(50> Granite
Chau, K.T. and Wong, RH.C. [37] R = (125 ~ 14.9)I5(50) Granite
Zeng, W.X. and Xu, H.Q. [38] Re = (23 ~ 25)I550 Granite (fresh, weathered)
Basu, A. and Aydin, A. [39] R, = 1815(5()) Granite
Akram, M. and Bakar, M.Z.A. [40] R; = 11.081¢ (50) Siltstone, limestone, dolomite
Li, D. and Wong, L.N.Y. [14] R, = 2015(5()) Siltstone
He, L.B. etal. [41] Rc = 16.08I550) Sandstone, mudstone

Table 10. Empirical conversion formulas for the three rock samples.

Rock Sample Size Range (mm?® Loading Rate (kN/s)  Iy(sg), (MPa) R, (MPa) Relationship
Formula
Fine-crystalline granite 30%~40° 0.5 12.316 206.920 Re = 16.80I(50)o
Coarse-crystalline granite 303~403 0.5 8.514 130.450 Re = 15.321(50)2
Siltstone 303~40° 1.0 3.986 58.200 Re = 14.60I(50),

The results show that the conversion coefficients for fine-crystalline granite, coarse-
crystalline granite, and siltstone are 16.80, 15.32, and 14.60, respectively, which indicates
that the conversion coefficients of rocks with high strength are higher compared to those
with low strength. This phenomenon is consistent with that found in the literature [42,43],
which also indicates that the results of this study are scientifically reasonable.

5. Conclusions

In this paper, the self-developed electro-hydraulic servo point load instrument was
used to conduct point load test research on three rock samples at different loading rates.
The following conclusions were obtained by analyzing the internal stress state of rock
samples at different loading rates, the effect of loading rate, and dimensional changes
on different Iy(50), and establishing the empirical conversion equation between 59, and
uniaxial compressive strength.

(1) The tensile and compressive stresses in the loading-axis direction of the three rock
samples under the action of point load increased with the increase in the loading rate.
The difference in stress distribution of the rock samples brought by the influence of
the loading rate was mainly reflected in the compressive stresses, and the compressive
stresses were mostly influenced by the loading rate near the center of the loading axis
of the rock samples.

(2)  With the increase in loading rate, Iy5p) tends to increase, and when the loading rate
increases to a certain range (0.5-1.0 kN/s), the growth of I (50) tends to level off, and
the influence of loading rate on I50) value is greatest at size 403 mm3. I5(50) solved
using methods I, III, and IV have obvious size effect, while Iy, solved using method
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IT has no obvious size effect, so it is more reasonable to use Iy50) solved using method
II to predict the uniaxial compressive strength of the rock.

(3) The I450) solved by method II is more reasonable and reliable for fine-crystalline
granite, coarse-crystalline granite, and siltstone in the size range 30°-40% mm? at
loading rates of 0.5, 0.5, and 1.0 kN/s.

(4)  Anempirical conversion relationship between 50, and uniaxial compressive strength
was proposed for the three rock samples used in this analysis, and the strength con-
version coefficients of 16.80, 15.32, and 14.60 were obtained for fine-crystalline granite,
coarse-crystalline granite, and siltstone specimens, respectively. It indicates that the
high-strength rock has a higher conversion coefficient than the low-strength rock.
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