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a b s t r a c t

A new test method and system was proposed for circumferential deformation of cylindrical standard
specimens. It has clear testing principle, exquisite structure, low cost and high accuracy. Its high reliabil-
ity and repeatability were verified by comparing with MTS chain extensometer and close-range pho-
togrammetry, and the error between it and MTS method is less than 0.22% in the Poisson’s ratio test.
This system can be used in gas-solid coupling, triaxial loading and other loading environments and it
is applied to the coal adsorption degradation test under different adsorption pressures in this paper.
The deformation pattern and the instability failure of coal during loading were obtained, and the influ-
ence of the adsorption pressure on volume expansion, coal strength and fracture development was anal-
ysed. This system is important to improve the rock mechanics test method and to upgrade the old testing
machine.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Rock mechanics laboratory test, as the main analysis and mon-
itoring method to study the complex natural structure and physi-
cal and mechanical properties of rocks, plays a decisive role in
the design and construction of rock engineering. Deformation
monitoring of cylindrical standard specimens is one of the basic
physical monitoring parameters in rock mechanics laboratory
tests, and it is very important to study the mechanical properties
of rocks under environmental and loading conditions

Thomas Young found that the longitudinal deformation of
materials was accompanied by the circumferential deformation
in the tensile and compression tests in 1807. Simeon Denis Poisson
put forward the concept of the elastic constant in 1829, Poisson’s
ratio. Research shows that the circumferential deformation of rock
samples deviates from the linear relationship between the circum-
ferential deformation and the axial stress earlier and faster than
that between the axial deformation and the axial stress under uni-
axial compression [1,2]. However, further research is lacking due to
the difficulty in monitoring the circumferential deformation in the
elastic stage, especially in the post-peak plastic stage. At present,
the measurement methods for circumferential deformation in rock
mechanics tests can be divided into two categories: non-contact
methods and contact methods.

Non-contact measurement methods mainly include the optical
interferometry method, the photoconductive thermoplastic holog-
raphy method and the digital speckle in-plane correlation method
(DSCM) [3,4]. For example, Seebacher et al. obtained the Young’s
modulus and Poisson’s ratio of the materials using the holography
method [5]. Yamaguchi proposed a non-contact laser speckle strain
gauge [6]. The full-field and local displacements of the two groups
of concrete specimens in the bending fatigue test were obtained by
DSCM [7]. The three-dimensional displacement and strain of the
sandstone before and after the deformation in the three-point
bending test were obtained based on the DSCM, and the initial load
and subcritical crack growth length were verified [8]. However, the
disadvantages of this method are that the cost of the system is
high, and the accuracy is greatly affected by external factors such
as light, environment, operation and so on.
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The contact method is the mainstreammethod for circumferen-
tial deformation measurement, represented by the mechanical
method, electrical method and extensometer method [9,10]. The
mechanical method mainly uses a mechanical micrometre or LVDT
sensor, which is installed on the surface of the specimen to obtain
the displacement of the measuring point directly. Osorio et al.
obtained the circumferential strain by arranging six LVDT sensors
around the specimen [11]. However, there are some errors in
expressing the circumferential deformation of the specimens by
the deformation of some points. The electrical method is to paste
longitudinal and transverse resistance strain gauges on the speci-
mens, and indirectly measure the circumferential deformation by
collecting micro-strains of the strain gauges. In the hydrostatic test
of sandstone cores, the circumferential deformation was measured
by strain gauges, and the effective stress coefficient was deduced
accordingly [12]. Hsieh et al. measured both axial and circumferen-
tial strains of specimens by cross-laying strain gauges [13]. How-
ever, the measurement error of this method is large because the
adhesion of strain gauges will increase the local stiffness of the
specimens. Moreover, the post-peak displacement cannot be mea-
sured. Finally, the operation of this method is inconvenient, and
the strain gauges are disposable. In the extensometer method, a
complete set of sensors is installed on the surface of the specimen,
and the strain data are acquired by secondary instruments. Aydan
et al. measured the circumferential deformation of the rock in
creep test using a chain extensometer, and determined the ISRM
suggested method of creep characteristics of the rock [14]. The
MTS (Material Testing System) had developed a method and
instrument for measuring the circumferential deformation based
on a chain extensometer, and this method has been widely used.
For example, Huang et al. obtained the circumferential deforma-
tion of soft rock in a triaxial unloading confining pressure test
and triaxial unloading creep test using an MTS chain extensometer
and studied the dilatancy and failure characteristics of the soft rock
[15]. Qiu et al. measured the circumferential deformation of mar-
ble pre-peak deformation using an MTS chain extensometer and
proposed a new model to describe the evolution characteristics
of the pre-peak unloading damage [16]. In addition, the grating
sensor was also used to measure the material transverse-vertical
deformation and Poisson’s ratio [17,18].

At present, the three methods widely used in circumferential
deformation measurements are the cantilever type, the MTS chain
type and the GDS LVDT extensometer (Fig. 1).

In conclusion, remarkable results have been achieved in the
development of circumferential deformation measuring system,
but there are still some problems such as high cost, large volume
and low accuracy. Moreover, due to the difficulty of monitoring
the circumferential deformation in the elastic stage, especially in
the post-peak plastic stage, there are few related studies, which
need to be further strengthened. Based on the existing methods
and techniques of circumferential deformation measurement, a
Cantilever type Chain type LVDT

Fig. 1. Common Circumferential Deformation Testing Device.
new method and system for geotechnical cylindrical specimens is
proposed based on angle measurement.
2. System composition and testing principle and method

2.1. System composition

This system consists of a chain-type rolling belt, a holding struc-
ture (including a fixed disk, preloaded spring, fixed pointer and
flexible pointer), angle sensor, DAQ data acquisition card and
acquisition program (Fig. 2).

The chain type rolling belt and holding structure are all made of
stainless steel. The angle sensor can be a conductive plastic poten-
tiometer or Hall angular displacement sensor, which can output a
0–5 V voltage signal from an angle change of 0–360 degrees, and
the data will be collected and recorded by acquisition system.
The conductive plastic potentiometer is rated to withstand
1000 V/min in terms of its insulation voltage value. The Hall angu-
lar displacement sensor is a non-contact magnetoelectronic effect
sensor and its working environment temperature is
�55 �C�125 �C. Both of them can work in a high pressure gas or
in hydraulic oil and can be used in a multiphase coupled loading
test.

2.2. Principle and method

During the test, the chain rolling belt is wound in the middle of
the standard cylindrical specimen. The fixed pointer and the flexi-
ble pointer are connected with the two ends of the chain rolling
belt, which is fixed by the pre-tightening spring. The other end of
the fixed pointer and the flexible pointer are respectively con-
nected with the fixed disk and the rotating shaft of the angle sen-
sor. When the circumferential deformation occurs, the distance
between the two ends of the chain rolling belt will change, result-
ing in the change of the angle between the two pointers. The angle
change value he is record by the angle sensor and is used to calcu-
late the circumferential deformation of the specimen. The principle
is shown in Fig. 3.

Set the length of chain rolling belt as lc, the radius of ball bearing
as r, specimen radius before deformation as R, the circumferential
strain as e, and the specimen radius after deformation as R(1 + e).
The radius angle of the chain rolling belt after the deformation of
the specimen is a, and the chord length in Fig. 3 is lf. The length
of the chain rolling belt lc remains unchanged before and after
deformation. Then, we can get Eqs. (1) and (2).

lc ¼ R 1þ eð Þ þ r½ � ð1Þ

lf ¼ 2R 1þ eð Þ þ r½ � � sin
a
2

ð2Þ

The chord length lf can also be obtained from the measured
angle he:
Fig. 2. The composition of circumferential deformation measurement system.



Fig. 3. Testing principle.

Table 1
Main dimensions of some major components.

Items Specification parameters

Ball bearing Internal diameter: 3 mm, external diameter: 6 mm
Fixed pointer Length: 52 mm, Side length of cross section: 3 mm
Flexible pointer Length: 40 mm, Side length of cross section: 3 mm
Rotating shaft Length: 15 mm, cross section diameter: 6 mm
Angle sensor Thickness: 25 mm, cross section diameter: 36 mm
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lf ¼ a þ L sin he ð3Þ
We can obtain Eq. (4) from Eqs. (1)–(3):

aþ L sin he ¼ 2½R 1þ eð Þ þ r�sin lc
2½R 1 þ eð Þ þ r� ð4Þ

Because the length lc of the chain rolling belt, radius r of the ball
bearing and radius R of the specimen are known, the circumferen-
tial strain e of specimen can be obtained by substituting the mea-
sured angle value he into Eq. (4).

The measurement range of the circumferential strain is related
to the stiffness coefficient and the material quality of the pre-
tensioned spring. The spring used in this paper is 304 stainless
steel. The spring’s maximum tension force is 5 N and its stiffness
coefficient is 0.17 N/mm. The maximum circumferential deforma-
tion is 30 mm and it can meet the testing requirements for coal
and rock mass materials except for the accelerated creep deforma-
tion test of rock salt creep materials at the later stage [19]. To pre-
vent the device from being damaged due to excessive deformation,
a limit pin is set at the appropriate position on the straight line OB
with an angle 25 degrees from the normal. The straight line OB is
determined by the maximum deformation of the specimen. In
terms of the system test accuracy, because the resolution of the
conductive plastic potentiometer is infinitely smaller in theory,
the test accuracy depends on the accuracy of the DAQ data acqui-
sition controller. The accuracy of the angle sensor and data acqui-
sition card are both 0.1% F.S., and the angle resolution is Dh = 0.36
degrees, which is converted into the circumferential deformation
resolution P0 = Lsin(Dh) = 0.004 mm (L is the length of flexible poin-
ter and L = 39.5 mm).
3. Main dimensions and technical advantages

3.1. Main dimensions

The main dimensions of some major components are shown in
Table 1.
3.2. Technical advantages

Compared with the existing measuring instruments and meth-
ods, the circumferential deformation measuring method described
in this paper has the following technical advantages.
1) High accuracy. The strain gauge method will increase the
local stiffness of specimens in the process of strain gauge
pasting, and the measuring error is large and the post-peak
deformation can not be measured. The method in this paper
achieves high accuracy through ingenious structural design,
and the measuring accuracy can reach 0.004 mm.

2) Low cost. Compared with MTS chain extensometer, this
measuring system has similar measuring accuracy, but the
price is only about one tenth of MTS chain extensometer.

3) Small size. The existing extensometer measuring method
has a large cantilever volume and is not suitable for the test
of specimens under gas-solid coupling conditions. The com-
ponents of the method raised in this paper are all exquisite
micro-components. The maximum space occupied by the
whole system plus cylindrical specimens is about 500 cm3,
which is suitable for gas-solid coupling conditions.

4) High stability. The existing digital image method has high
cost, and its accuracy is affected by light, environment, oper-
ation and other factors, so the measurement results are
unstable. The method in this paper is simple to operate
and clear in principle. The following verification tests show
that it has very high stability.

4. Verification test and discussion

4.1. Test scheme

To verify the accuracy and feasibility of the system, uniaxial
compression tests were carried out using polyurethane cylindrical
standard specimens (U50 mm � 100 mm). The test pictures are
shown in Fig. 4. The polyurethane cylindrical standard specimens
are completely elastic and can be tested many times. The speci-
mens under the same load have the same deformation. It is conve-
nient to use other methods (MTS chain extensometer and close-
range photogrammetry) for comparative analysis.
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Fig. 4. Uniaxial compression test of polyurethane standard specimens.
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The test loading mode is displacement loading and the loading
rate is 0.3 mm/s. When the maximum loading stress reaches
2 MPa, the specimen is unloaded after 60 s, and the maximum axial
displacement is 12.6 mm.
4.2. Result and discussion

The circumferential deformation of polyurethane standard
specimens under different loading stresses was measured by pho-
togrammetry. The change of the middle diameter of the specimen
was identified by PHOTOINFOR in order to calculate the circumfer-
ential displacement. The test results are shown in Fig. 5. It can be
seen that the degree of coincidence between the two is high, which
verifies the reliability and accuracy of the system.

The Poisson’s ratio of the same polyurethane specimen was
tested 3 times by both the method presented in this paper and
the MTS chain method. The final results are shown in Table 2.
The Poisson’s ratios of the polyurethane specimens measured by
this method and MTS method are 0.473 and 0.472, respectively.
The error is less than 0.22%, and it is consistent with the Poisson’s
ratios of polyurethane materials.
Fig. 5. Comparisons with photogrammetric measurements.

Table 2
Poisson’s ratio of polyurethane specimen.

Test scheme Poisson’s ratio

1

Method of this paper 0.472
MTS chain extensometer 0.471
5. System application

5.1. Test material

According to the proportioning and characteristics of similar
materials for gas-bearing coal developed by Wang Hanpeng et al.,
standard briquette samples whose uniaxial compressive strength
were 1 MPa were prepared by adjusting the concentration of the
cementing agent[20]. (pulverized coal with a particle size ratio of
0–1 mm: 1–3 mm = 0.76:0.24 is used as an aggregate, sodium
humate solution is used as a cementing agent, and it is pressed
under a press with 15 MPa.) The physical and mechanical parame-
ters are shown in Table 3.

5.2. Test apparatus

The circumferential deformation test system and a self-
developed visual constant-volume gas-solid coupling test system
(VCGCTS) is used in the test[21], and its schematic diagram and
photo are shown in Fig. 6. Combined with the servo press and flex-
ible chambers, the coupling loading chamber is able to keep a con-
stant volume and eliminate load errors due to the inner pressure
change of the chamber during the pressure loading process. More-
over, equipped with visual windows, the system can achieve real-
time visualization monitoring of the coal fracture development and
degradation law during the whole process. It is worth mentioning
here that in order to ensure the sealing performance of the lead of
the circumferential deformation test system, the sealing channel of
the lead is opened on the bottom board, and the lead wire is drawn
from it. Enamelled wire and epoxy resin sealant were used for seal-
ing, and the apparatus has good sealing performance after testing.

5.3. Test scheme

Briquette samples with the same strength were used and were
first inflated with a specific amount of CO2 and then inflated with
He to increase the adsorption pressure. The stress-strain and defor-
mation failure parameters were monitored in the loading process.
The test parameter variables are shown in Table 4. When the coal
2 3 Average value

0.474 0.473 0.473
0.473 0.472 0.472



Table 3
Physical and mechanical parameters of standard briquette samples.

Precast
strength
(MPa)

Particle size
distribution 0–1 mm:
1–3mm

Concentration of
sodium humate (%)

Molding
pressure
(MPa)

Density
(N cm�3)

Measured
strength
(MPa)

Elastic
modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Internal
friction angle
(�)

1 0.76:0.24 3.25 15 12.78 1.014 0.187 0.314 0.092 29

Fig. 6. The gas-solid coupling test system.

Table 4
Test key parameters.

Group number Specimen number Precast strength (MPa) CO2 pressure (MPa) Total pressure (MPa) Temperature (�C) Adsorption time (h)

1 1 1.0 0.3 0.3 25 24
2 1.0 0.3 0.6 25 24
3 1.0 0.3 0.9 25 24

2 4 1.0 0.6 0.6 25 24
5 1.0 0.6 0.9 25 24
6 1.0 0.6 1.2 25 24

3 7 1.0 0.9 0.9 25 24
8 1.0 0.9 1.2 25 24
9 1.0 0.9 1.5 25 24

Fig. 7. Stress loading path.
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body was fully adsorbed, the specimen was loaded axially using
the displacement control mode of the axial loading module, and
the loading rate is 1 mm/min[22]. The coal strength, axial-
circumferential deformation and fracture development were
recorded and observed during the test. The stress loading path of
the coal body is shown in Fig. 7.

It should be noted that under constant temperature, the gas
pressure can be equivalent to the average impact force of gas mole-
cules on the solid surface per unit area. In the same temperature-
pressure environment, any gas of the same volume contains the
same number of molecules, according to Avogadro’s hypothesis.
The volume of gas refers to the space occupied by the molecule.
Usually, the average distance between the molecules of gas is
approximately 10 times the diameter of the molecule. Therefore,
when the number of molecules in the gas is constant, the volume
of the gas mainly depends on the average distance between the



Table 5
Test data.

Group
number

Specimen
number

Measured strength
(MPa)

CO2 pressure
(MPa)

Total pressure
(MPa)

Strength after adsorption
(MPa)

Strengths mean after adsorption
(MPa)

1 1 1.014 0.3 0.3 0.866 0.861
2 1.014 0.6 0.862
3 1.014 0.9 0.857

2 4 1.014 0.6 0.6 0.783 0.781
5 1.014 0.9 0.779
6 1.014 1.2 0.78

3 7 1.014 0.9 0.9 0.724 0.724
8 1.014 1.5 0.719
9 1.014 2.1 0.73

Fig. 9. Volume strain contrast curve.
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molecules rather than the size of the molecule itself. When the vol-
ume of the test system and the temperature is constant, the gas
pressure is only related to the quantity of the gas substance
according to Clapeyron equation, which is shown in Eq. (5).
Whether it is CO2 or He, the average distance between gas mole-
cules is much larger than the diameter of the molecules, so it can
be regarded as the same kind of particles. Therefore, the test
method is feasible and there is no order requirement for gas
inflation.

PV ¼ nRT ð5Þ
where, P is the gas pressure, V is the gas volume, n is the amount of
substance, T is the absolute temperature, and R is the gas constant.

5.4. Results

The experimental data obtained in the test is shown in Table 5.
The full stress-strain curve and volume strain curve of the coal
body are shown in Fig. 8 and Fig. 9. The characteristics of coal frac-
ture development during the loading process were obtained by a
high-speed monitoring camera (Fig. 10). Each group of tests was
designated by ‘‘CO2 pressure – total pressure”. For example, ‘‘0.3–
0.6” represented that the sample was first inflated by 0.3 MPa of
CO2, then inflated by 0.3 MPa of He, and the final adsorption pres-
sure was 0.6 MPa.

5.5. Discussion

From the stress-strain and volume-strain curves, the following
can be concluded. 1) As an inert gas, He has no adsorption on coal.
2) The strength reduction in coal after adsorption is only related to
Fig. 8. Stress-strain contrast curve.
the unit volume content of the adsorptive gases but not to the total
pressure of the mixed gases. 3) The higher the carbon dioxide pres-
sure is, the smaller the slope of stress-strain curve is at the initial
loading stage. 4) With the increase in the content of the adsorptive
gas, the node for the volume strain of coal advances continuously
from negative to positive, and the coal body reaches peak strength
and enters the failure stage earlier.

It can be seen from Fig. 10 that with the increase in the content
of adsorptive gas, the coal body cracks at the same stress stage
develop more abundantly and the crack lines become more com-
plex. When the pressure of CO2 is 0.3 MPa, the coal body mainly
develops along 1–2 macro-cracks, and ultimately destabilizes.
When the pressure of CO2 is 0.9 MPa, the main cracks of coal body
are no longer obvious, and a large number of net cracks are pro-
duced. The destabilizing failure mode is also changed from typical
shear or tensile failure to a ‘‘fish scale” expansion and fragmenta-
tion mode.

6. Conclusions

1) A new method and system for testing the circumferential
deformation of geotechnical cylindrical specimens based
on angle measurement was developed. It can be used to
measure the Poisson’s ratio of standard cylindrical speci-
mens and the circumferential deformation in post-peak
mechanical behaviour in geotechnical tests. It can be used
in conventional triaxial and gas-solid coupling tests.

2) The reliability and accuracy of the test system are verified by
an MTS chain extensometer and through close-range pho-
togrammetry using polyurethane cylindrical standard speci-
mens. It was applied to the coal adsorption deformation test,



Fig. 10. Monitoring of coal circumferential deformation under different adsorption pressure.
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and the circumferential deformation and total stress-strain
curves of coal during gas-solid coupling loading were
obtained. Moreover, the law describing the influence of the
gas adsorption quantity on the volume strain and degrada-
tion rate of the coal body was obtained.

3) The principle of this test method is clear, and a modular
design concept is adopted in the test system. It can achieve
rapid synchronous acquisition with the axial LVDT displace-
ment meter. It is of great significance to enrich the rock
mechanics test method and to upgrade the old testing
machine.
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