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To study the influence of slenderness ratio effect on the mechanical behavior, acoustic emission properties, and energy evolution
of sandstone, the uniaxial compression tests coupled with acoustic emission technology are carried out at different slenderness
ratiosD (0.5, 1.0, 1.5, 2.0, 3.0)..e results show that a logarithmic function relationship is observed between the peak strength, the
peak strain, and the elastic modulus with slenderness ratio..e failure patterns of the tested sandstone varied significantly with the
increasing slenderness ratio. When the slenderness ratio, D, is lower than 1.5, complex failures and multiple shear planes are
formed, while simple failures and single shear planes are generated at D larger than 1.5. Besides, the AE ringing counts are more
obvious with a higher slenderness ratio,D, at the initial compression stage due to the greater body volume and more defects in the
sandstone. .e energy evolution curves and energy ratio distribution curves can be divided into four stages, corresponding to the
stress-strain curves.

1. Introduction

Most underground engineering, such as underground de-
posit mining, geothermal exploitation, nuclear waste stor-
age, oil boreholes, and tunnel excavation, is highly
dependent on proper knowledge of the strength and
deformability parameters of rocks [1–4]. .e design and
stability evolution of such structures requires a deep insight
into the strength and deformation behaviors of these rock
materials. However, the reliable characterization of such
rock parameters with an adequate level of confidence has still
remained a challenging issue for rock engineers and re-
searchers. .e challenge mainly originates from the highly
heterogeneous and discontinuum nature of a specific rock,
due to the existence of distributed discontinuities of various
sizes from nanometer to centimeter scale pores and cracks
and the mineral grains to meso- and macroscale features
existing in rocks; the differences in the amount, size, shape,
connectivity, and distribution of those characteristics in
rocks are closely related to the macrostrength [5]. As a result,

the mechanical properties of a rock mass are controlled by
both the rock types and the preexisting discontinuities
structure surface. In addition, the size of the engineering
structure usually far exceeds the size of the laboratory test
specimen size. .us, in view of the presence of disconti-
nuities of various nature and sizes, together with the non-
linear behavior of intact rock mass, the mechanical
properties of a specific rock is highly specimen geometry
dependent [6].

.e specimen geometry is one of the significant influence
factors in brittle, quasibrittle, and soft rock with the shape of
specimens varying, such as cylindrical, cubic column, tri-
angular column, and the slenderness ratio ranging from 1.0
to 3.0 [7–11]. Changes in strength due to the size effect are
significant in the range of about 20mm to 200mm in di-
ameter, and specimens smaller than about 50mm exhibit a
large deviation [6]. Many studies have explored the speci-
men geometry with regard to the uniaxial compression test
in different rock types [12, 13] due to the fact that the
uniaxial compression strength is often an indispensable
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parameter for the stability evaluation of underground en-
gineering. For example, in the field of mining engineering,
the relationship between strength and size, mainly for coal,
ore, and other surrounding rocks, is actively studied through
laboratory and in situ tests in response to the need for its
practical application in fields such as the underground ex-
cavation design of room and pillar [14]. Zhang et al. [4] used
a case study of an underground excavation to identify
structural domains, which are highly affected by specimen
geometry, and verified that the specimen geometry is an
important consideration in structure. One of the first works
to systematically study the relative strengths and stability of
coal pillars considering specimen geometry was the research
carried out by Steart in 1954 [15]. .e research shows that
the strengths per unit-area of coal pillars of constant width
vary in inverse ratio to height, while the strengths per unit-
area of coal pillars of constant height vary as the square root
of their widths, and the strengths per unit-area of coal pillars
of cube form vary in inverse ratio to the square root of their
dimensions. Moreover, the elastic modulus (E) at 50% and
70% of failure stresses shows a decreasing tendency as the
specimen size increases. Previous studies have shown that
the uniaxial compression strength of hard rock decreases as
specimen size increases [16]. Unlike the hard rocks, salif-
erous rocks are notable for a directly contrary manifestation
of the scale effect; that is, when the linear sizes of the sample
increase, the ultimate compression strength also increases
[17], and it is stabilized when the sample’s size is greater than
10 cm [18]. In addition, other researchers also find that the
specimen geometry on soft rock is generally not significant,
and the correlation of uniaxial compression strength values
in different diameters with estimations of specimen size
effect models was weak [19]. To sum up, the specimen ge-
ometry is manifested differently depending on the rock type
[20], and it needs further study considering different kinds of
rocks.

Although the specimen geometry influences the magni-
tude of strength, the specimen geometry can be estimated
from the ratio of strength in the case of specimens with the
same samples. In general, two types of specimen geometry
effect are considered to be relevant, namely, size effect and
shape effect. Size effect basically refers to the influence of the
absolute size (i.e., side length and diameter) of the rock
specimen, which has a constant slenderness rate while the
shape effect mainly contains the influence of the slenderness
ratio of the rock specimen on strength behavior [21]. As a rule,
the length-to-diameter ratio (D� length/diameter) for a cy-
lindrical specimen or the height-to-width ratio for a plane
strain specimen is regarded as slenderness ratio [22], and the
analytical methods for shape effect can be divided into three
categories: statistical theories based on Weibull theories,
empirical and semiempirical models, and theories based on
fracture mechanics [23]. Much of the research has been based
on specimens of nonstandard dimensions and shapes and
over a limited size range as summarized by Liang et al. [24].
Masooumi et al. [12] proposed a multiaxial failure criterion
for intact rock incorporating shape effect and found some
parameters in the criterion are shape-dependent. Zhang et al.
[3] validate the capability of the combined finite-discrete

element method code to accurately represent in situ pillar
behavior and to evaluate the relationship between micro-
parameters calibrated at the laboratory-scale and the field-
scale. In a word, the results from previous laboratory studies
showed that the rock strength generally decreased as the
slenderness ratio increased, and the strength would become a
constant value when the slenderness ratio increased to a
threshold [25–28]. In addition, a series of models between
sample size of rock and strength have been proposed through
statistical analysis and theoretical analysis [6]. In order to
obtain the reliable laboratory test results of the rock strength,
the shape of rock specimens was required by different au-
thorities [29, 30] with a slenderness ratio of 2.0 to 3.0.
However, the damage evolution of rock at the mechanical
tests with different slenderness ratios is still unclear. .us, to
better understand the mechanical behaviors of rocks and
apply to the design of larger rock structures, laboratory ex-
perimental investigations considering shape effect are still
necessarily needed to further study, and it is worth estimating
the strength characteristics of actual intact rock with the shape
effect models.

In this study, a series of uniaxial compression tests
coupled with acoustic emission technology have been
designed and performed at different slenderness ratios D
(D� 0.5, 1.0, 1.5, 2.0, 3.0 with the constant diameter of about
50mm) to explore the mechanical behavior and energy
evolution of sandstone considering slenderness ratio effect.
.e changes and the relationship between peak strength, the
peak stain, the elastic modulus, and the slenderness ratio
were documented and analyzed. .e failure patterns and the
energy characteristics were investigated in detail. .is study
provided new insights into the mechanical behavior and
energy evolution of sandstone with different slenderness
ratios, and it has the potential to obtain reliable rock pa-
rameters for the underground engineering design and
construction.

2. Test Materials and Equipment

Sandstone sampled from Zigong, Sichuan province of
China, was used. .e mercury intrusion porosimetry test
showed that porosity is 5.8%..e P- and S-wave velocities of
the sandstone are 2950m/s and 2072 m/s, respectively,
which indicated the sandstone significant anisotropy in-
ducing the different mechanical characteristics. .e X-ray
diffraction analysis implied that the mineral components
mainly consist of quartz (58%), feldspar (15), and clay (11%),
and the content of brittle minerals is more than half. .e
microscopic structure of the tested sandstone based on
scanning electron microscopic (SEM) is shown in Figure 1,
showing that the grains are randomly distributed; micro-
pores andmicrocracks are observed among the grains, which
may lead to less strength under the uniaxial compression
tests. In addition, the trace of slip is discovered in Figure 1,
suggesting that shear failure occurred. All of the tested
specimens were drilled perpendicular to the same side of the
same sandstone block with a diameter of 52mm drilling tube
and drilled into the cylinder shapes with a constant diameter
of about 50mm. .en, cut the drilled specimens into the
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different height-diameter ratios D (0.5, 1.0, 1.5, 2.0, 3.0) and
group and label them into five sets. To ensure the specimen is
not subjected to biased axial pressure, the two ends of the
specimen were parallel to each other for testing. .e un-
evenness of both ends of all the specimens and the height of
the same sets of specimens are less than 0.02mm and
0.2mm, respectively.

.e uniaxial compression test of the sandstone speci-
mens was conducted on the electrohydraulic servo rock
mechanics test system RMT-150b independently developed
by Wuhan Geotechnical Institute, Chinese Academy of
Sciences. .is testing system is mainly composed of the axial
pressure loading system, confining pressure system, lateral
pressure system, controller, and an automatic data acqui-
sition system. .e uniaxial compression, triaxial compres-
sion, direct tension, and direct shearing can be conducted
using this system with the maximum axial pressure, lateral
pressure, and shear loading being 1000 kN, 50MPa, and
500 kN, respectively. All the uniaxial compression tests were
carried out with the RMT-150b system using axial dis-
placement control with the loading rate of 0.01mm/s and
coupled with the acoustic emission system.

To identify the damage evolution of the specimen with
different slenderness ratios, the AE signals were collected
with DS5-8B acoustic emission signal analyzer with 8
channels produced by Beijing Soft Island during the uniaxial
compression strength testing. In the strength test, the AE
detection threshold value was set at 40 dB and the frequency
was set at 140 kHz. To ensure successful signal detection and
obtaining, two sensors were installed in the lateral position
in the middle of the cylindrical specimen with a rubber band
fixing, and the AE signals were collected as the sample was
stressed.

3. Results and Discussion

3.1. Stress-Strain Behavior. For each set of uniaxial com-
pression tests, three specimens were performed. .e stress-
strain curves obtained from those sandstone specimens with

different slenderness ratios are shown in Figure 2. It is
important to point out that the stress-strain curves of
specimens in the same set exhibit a similar trend during the
whole loading process, which indicates that the dispersion is
relativity low and the data is reliable. As shown in Figure 2,
the stress-strain curve of all specimens can be divided into
four stages: the initial compression stage, the elastic stage,
the yield stage, and the postpeak residual stage.

Take the specimen with the slenderness ratio, D� 0.5, as
an example (Figure 2). In the initial compression stage, the
stress-strain curve presents initially concave up, which is
possibly due to the closure of the pore-fracture system such
as pores, preexisting microcracks, and defects in the spec-
imens. As the loading increases to the elastic stage, re-
markable elastic deformation is formed and the slope of this
stage is approximating constant; that is, the stress is pro-
portional to the stain, and the strain can get full recovery
after unloading. Passing this elastic stage, the stress-strain
curves enter the yield stage. At this stage, the curves become
deviate from linear response gradually, which indicates the
increasing rate of the strain is greater than that of stress and
microcracks generate more and more. .is stage is a sign
that the destruction of rock has begun, and the nonlinear
stress-strain behavior becomes convex up until the peak
stress with loading, which is contrary to that of the initial
compression state. After reaching the peak stress, the curves
drop rapidly to the residual stress level, resulting in sig-
nificant strain softening, which is the postpeak residual
stage. At this stage, microcracks are interconnected and
failure becomes nonstable.

Comparing the experiments’ date of five sets, the greater
the slenderness ratio, the smaller the peak strength (UCS),
the peak strain (the peak strain, ε, was defined as the strain
value at the peak stress), and the residual strength, and the
lager the elastic modulus (E). On the other hand, the steep
postpeak slopes of the stress-strain curves suggest that all
sandstone specimens exhibit brittle characteristics, which
correspond to the brittle minerals it contains. In addition, it
illustrates that the residual strength of greater slenderness

(a) (b)

Figure 1: SEM images of sandstone with a magnification of 100 times.
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ratio is significantly lower than that of smaller slenderness
ratio implying that the failure of such specimens can be
potentially invalid. On the other hand, specimens with a
smaller slenderness ratio can maintain their strength and
even exhibit strain hardening behavior after initial yielding.
In terms of strain, Figure 2 shows that the specimens with a
greater slenderness ratio may lose their load capacity at a
lower axial strain. It is important to point out the phe-
nomenon of brittleness is more pronounced with the in-
crease of the slenderness ratio, which indicates that the
brittleness characterizes are also related to the shape of the
specimen. Based on the observations and analyses in this
section, the appropriate shape of the pillar and the timely
support should be considered in the actual pillar design and
application of mining.

3.2. Effect of Slenderness Ratio on theMechanical Properties of
Sandstone. From all the tests, Table 1 lists the peak strength,
the peak strain, and the elastic modulus for the tests con-
sidering different slenderness ratios. For each set of slen-
derness ratio uniaxial compression tests, the mean value of
peak strength, the peak strain, and the elastic modulus were
calculated from each set of three tests.

For each slenderness ratio set specimens, the average
values of UCS are 74.18, 65.47, 60.14, 54.13, and 47.04MPa at
slenderness ratio of 0.5, 1.0, 1.5, 2.0, and 3.0, respectively.
.e measured data show that specimens with D� 0.5 are
approximately 94% higher and exhibit a lower postpeak
strength reduction compared to that with D� 3.0. .e
strength results show that the effect of slenderness ratio on
the strength should not be ignored, and it also supports the
importance of accurate measure the strength of specimen
and monitors the pillar with the larger slenderness ratio in
real engineering. Besides, these strength data and Figure 3
show that a higher slenderness ratio leads to lower peak

strength, which indicates that the slenderness ratio has a
weak effect on sandstone. A similar phenomenon on peak
strength was seen by other researchers [15, 20, 21, 31]; they
reported that the mechanical properties of a rock mass are
controlled by both the behavior of preexisting discontinu-
ities and the stress-fracture behavior of intact blocks making
up the rock bridges between discontinuities. On the other
hand, the nature of the shape effect is that real solid bodies
always containing internal defects such as vacancies, dis-
locations, cracks, and inclusions of microvolumes of dif-
ferent strength randomly distributed within the volume.
.erefore, the greater the body’s volume is, the more the
defects are and the less the strength it has [20]. Besides,
discontinuity characteristics, such as orientation, trace
length, and spacing, significantly vary across different areas
of a rockmass, resulting in different physical andmechanical
properties [32]. .e fact that the scale effect exists in rocks is
explained by various internal defects that concentrate stress,
which is manifested in decreasing strength indicators and
increasing sizes of samples.

In order to reveal the effect of slenderness ratio on the
mechanical properties of tested sandstone, it is useful to
qualitatively and quantitatively analyze the relationship
between the slenderness ratio and the mechanical
parameters.

.rough the regression analysis, the relationship be-
tween peak strength (UCS) and the slenderness ratio, D, is
shown in Figure 3; the UCS as a function of D in a UCS-In
(D) plot with R2 � 0.91 is shown in

UCS � a + b
∗ ln(D), (1)

where a and b are tested sandstone constants which were,
respectively, equal to 64.73 and −15.09 for the tested
sandstone in this study. .ese values are for UCS and D,
respectively, in the units of MPa and MPa.

.e fitting results indicate that the empirical model
(equation (1)) is in good agreement with the measured
values. It is also worth noting that the slope of equation (1)
becomes gentle with the increase in slenderness ratio. For a
specimen with an infinitely small slenderness ratio, the
strength of this specimen has an infinitely great value, while
for the infinitely great slenderness ratio specimen, the
strength may be a negative value. However, the idea of
infinity is hard to be established in theory and reality.
Obviously, the strength could not be a negative value no
matter what the slenderness ratio is, which suggests that the
empirical model has a certain scope of application. In ad-
dition, the largest limit slenderness ratio value can be derived
by (1) in reality supposing the strength value equal to zero,
and the largest limit slenderness ratio Dm � 148.40 in tested
sandstone; namely, when the slenderness ratio reaches close
to Dm, the strength of tested sandstone would get smaller
and smaller until it loses its loading capacity.

Like the peak strength, the regression analysis results of
the peak strain and the elastic modulus are shown
in Figures 4 and 5. As shown in the figures, a logarithmic
function is also observed between the peak strain and the
slenderness ratio, as well as the elastic modulus and the
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Figure 2: .e stress-strain curves of sandstone considering slen-
derness ratio (D).
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slenderness ratio, which can be closely represented by the
following equations, respectively:

ε � c + d
∗In(D), (2)

E � e + f
∗In(D), (3)

where c, d, e, and f are tested sandstone constants which
were, respectively, equal to 2.19, 1.17, 55.15, and −17.85 for
the tested sandstone in this study. .ese values are for ε, E,
and D, respectively, in the units of %, %, GPa, and GPa.

Combining the regression analysis results of the rela-
tionship between the slenderness ratio and mechanical
parameters, a general formula can be drawn as follows:

Y � A + B
∗In(D), (4)

where Y represents themechanical parameter, UCS, ε, and E.
A and B are tested sandstone constants.

Failure patterns of the tested specimens under uniaxial
compression tests at different slenderness ratios are shown
in Figure 6 (taking the typical failure patterns as an ex-
ample). When the slenderness ratio, D, is lower than 1.5,
complex failures are formed, and the fracture planes come
across the whole specimen and reach the end face showing
multiple-plane shear phenomenon, resulting in complex
fracture networks. Some fracture planes even come across
the end face of the specimens (Figures 6(a)–6(c)) with visible
sandstone local fall-blocks at the side of specimens, which

Table 1: Uniaxial compression tests parameters and mean results.

Test number Slenderness ratio Peak strain (%) Peak strength (MPa) Elastic modulus (GPa)
0.5-1 0.5 3.26 73.86 37.85
0.5-2 0.5 3.24 73.14 36.92
0.5-3 0.5 3.33 75.55 35.96
0.5-mean 0.5 3.28 74.18 36.91
1-1 1 1.92 68.92 63.78
1-2 1 1.91 62.59 60.99
1-3 1 1.98 64.89 61.61
1-mean 1 1.94 65.47 62.13
1.5-1 1.5 1.42 57.97 64.01
1.5-2 1.5 1.36 61.69 69.24
1.5-3 1.5 1.29 60.76 72.20
1.5-mean 1.5 1.36 60.14 68.48
2-1 2 1.48 53.32 65.31
2-2 2 1.48 52.23 61.41
2-3 2 1.51 56.84 65.58
2-mean 2 1.49 54.13 64.10
3-1 3 1.11 48.64 64.58
3-2 3 1.20 51.46 77.16
3-3 3 1.12 41.02 71.14
3-mean 3 1.14 47.04 70.96

Date
Mean
Fitting curve

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Slenderness ratio

40

50

60

70

80

Pe
ak

 st
re

ng
th

 (M
Pa

)

Figure 3: .e peak strength versus the slenderness ratio (D).
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Figure 5: .e elastic modulus versus the slenderness ratio (D).
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Figure 6: .e failure characteristics versus the slenderness ratio (the red regions represent the location of fall-blocks, the angles made up of
two black lines represent the angle between those two failed zones and horizontal axis). (a) D� 0.5. (b) D� 1.0. (c) D� 1.5. (d) D� 2.0. (e)
D� 2.0.
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indicates those fractures are caused by the tensile stress due
to the splitting effect. In addition, the angle between the
failure surface and horizontal axis is about 90°, and the
number of fracture planes and fracture morphology seems to
decrease with the slenderness ratio increasing. With the
slenderness ratio increasing, the fracture planes are pre-
senting a tendency of inclining and the fracture morphology
becomes simple (Figures 6(d) and 6(e)) showing single-
plane shear phenomenon, and two failed zones are generated
forming two distinct breakouts on the sides of the speci-
mens. .e angle between those two failed zones and hori-
zontal axis becomes lower with the slenderness ratio
increasing which indicates the failure slip along the fracture
plane.

3.3. Effect of Slenderness Ratio onAcoustic EmissionProperties
of Sandstone. In the aspect of damage monitoring of the
rock mass failure, AE technology was widely applied.
Notably, the AE technology could detect the damage inside
the rock mass. For a better understanding of the slen-
derness effect on the sandstone, the characteristics of AE
signals were analyzed in this study. In view of the slen-
derness effect, the relationship between AE ringing count,
the cumulative AE ringing count (AE), and stress with
time is shown in Figure 7 (taking the typical failure patterns
as an example).

.e relationship between the AE ringing count, the
cumulative AE ringing count, and stress with time is shown
in Figure 7. .e AE sensor was not installed and AE pa-
rameters were not detected at the specimen with slenderness
ratio D� 0.5 due to difficulty in the sensor installing. When
the slenderness ratio D� 1.0, a small number of AE ringing
counts begin to appear at the initial compression stage, and
the AE signals with low ringing count level are mainly
caused by the compaction between minerals structure and
the original defects of the tested specimen (Figure 7(a)).
.en, the AE ringing counts are kept relatively stable at a low
level with continuous axial loading at the elastic stage.
During the yield stage, the stress of the specimen is redis-
tributed, and the microcracks generated in the specimen
extend up and down into macrocracks, the AE ringing
counts are maintained at a high level. During the stress
reaching the peak stress, the AE ringing count suddenly
increases and reaches the maximum value, those macro-
cracks become increasingly wide and long, and the specimen
loses its bearing capacity. .en, the AE ringing count slows
down to a low level at the postpeak residual stage; there are
almost no signals detected. For the cumulative AE ringing
count (AE), the AE raised gradually before the stress
reaches the peak strength, which indicates the damage oc-
curs in the whole process. When the stress reaches the peak
strength, the leaping growth occurs, which suggests the
specimen is destroyed. As for the acoustic emission prop-
erties of sandstone at the slenderness ratios D� 1.5 and
D� 2.0, they show a similar trend (Figures 7(b) and 7(c)).
.e AE ringing counts are more than that of D� 1.0 at the
initial compression stage; this phenomenon is more sig-
nificant at the slenderness ratio D� 3.0 (Figure 7(d)), which

is because the greater the body’s volume is, the more defects
and the less strength it has [20]. Due to the more defects at
the specimens with higher slenderness ratio, the larger
destruction displacement is required, that is, more time is
needed in the test with higher slenderness ratio under the
same loading rate. While there is less AE ringing counts
occur at the near of peak stress, which indicates less fracture
generation corresponding to the failure pattern in Figure 6.
During the whole process, the AE increases rapidly at the
beginning with the higher slenderness ratio, then creeping
up linearly at a roughly constant increasing rate
(Figures 7(b)–7(d)).

3.4. Effect of Slenderness Ratio on Energy Accumulation and
Dissipationof Sandstone. It is emphasized that the failure and
damage of the sandstone are processes, in which energy
accumulation, release, and dissipation occur simultaneously.
Assuming there is no heat exchange between the physical
process and the external environment during the uniaxial
compression test. It can be considered that all the external
force work is transformed into energy storage, the strain
energy released during loading plays a vital role in the de-
struction of rock and the energy dissipation produce damage
and irreversible deformation inside the rock and makes the
rock eventually fail; namely, rock failure and damage are
processes of energy accumulation and dissipation.

.e total strain energy, U, the recovery elastic strain
energy, Ue, and the dissipated energy, Ud, of rocks can be
expressed as follows in the uniaxial compression test [32]:

U � U
e

+ U
d
, (5)

where the values are for U, Ue, and Ud all in the units of kJ/
m3.

.e total strain energy, U, and the recovery elastic strain
energy, Ue, in the rock under uniaxial conditions are
expressed as the following equations, respectively, in the
uniaxial compression test [33]:

U � 

σ1dε1 � 

n

i�1

1
2

ε1i+1 − ε1i(  σ1i+1 + σ1i( , (6)

U
e

�
1
2
σ1ε

e
1 �

σ21
2E

, (7)

where σ1 and ε1 are the stresses and strain, respectively, at
any position on the stress-strain curves, E is the average
value of unloading elastic modulus, which is often replaced
by the initial elastic modulus (E) for the convenience of
calculation, i refers to the number of incremental segments,
n is the total number of incremental trapezoids, ε1i+1 and ε1i

are coordinate points of the trapezoid in the axial strain
direction, and σ1i+1 and σ1i are coordinate points in the axial
stress direction. For better knowledge about the equation,
the relationship between the total strain energy, the dissi-
pated energy, and the elastic energy of the rock element is
shown in Figure 8 [34–36].

Converting equation (5), the dissipated energy, Ud, can
be expressed as follows:
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U
d

� U − U
e
. (8)

For the tested sandstone, based on the equations de-
scribed above, energy components U, Ue, and Ud can be
calculated directly from the stress-strain of uniaxial

compression tests (Figure 2). Figure 9 shows U, Ue, and Ud

for the different slenderness ratios and it can be seen that
energy evolution curves at different slenderness ratios
present similar tendency, while the value of each parameter
is obviously different, which indicates the slenderness ratio
has a significant effect on the energy evolution of the
specimen. .e U curves increase slowly first, fast afterwards,
and very sharply at the peak stress point and then become
smooth and steady at last. Ue hardly increases first and fast
afterwards, drops sharply at the peak stress point, and then
drops down to near zero while Ud increases slowly first and
fast afterwards, drops before the yield point, and then in-
creases sharply at last.

For better understanding the energy evolution of the
tested sandstone, the energy evolution curves can be divided
into four stages corresponding to the stress-strain curves in
Figure 2. As shown in Figure 9(a), taking D� 0.5 for ex-
ample, see the following:

Stage 1: It is the initial compression stage of the stress-
strain curve (Figures 2 and 9(a)). Energy components U, Ud,
and Ue all increase at the low level slowly, of which Ue is
smaller than Ud, which is possibly because of the closure of
preexisting microcracks and internal defects in the
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Figure 7: Variation of AE ringing count, the cumulative AE ringing count, and stress with time at different slenderness ratios (D). (a)
D� 1.0. (b) D� 1.5. (c) D� 2.0. (d) D� 3.0.
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Figure 9: Energy evolution curves under stress at different slenderness ratios. (a) D� 0.5. (b) D� 1.0. (c) D� 1.5. (d) D� 2.0. (e) D� 2.0.
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specimen. At this stage, only an extremely small amount of
energy was converted into elastic energy for storage.

Stage 2: It is elastic stage of the stress-strain curve
(Figures 2 and 9(a)). Energy components U, Ud, and Ue all
present the nonlinear growth pattern due to the stable elastic
deformation being generated in the specimen, of which the
increasing rate ofU andUe is larger than that ofUd; however,
a turning point occurs in Ud at the middle of this stage, and
Ud presents concave down. .is turning point implies that
damage and irreversible deformation inside sandstone
mainly occur at the beginning of this stage. .e dissipated
energy Ud only accounts for a small part of energy and most
of the total absorbed energy U is used to convert to the
recoverable elastic strain energy Ue. .e results reflect that
most of the energy is stored in the specimen in the form of
recoverable elastic strain energy.

Stage 3: It is the yield stage of the stress-strain curve
(Figures 2 and 9(a)). Energy components U, Ud, and Ue all
increasing at a high growth rate. As the specimen defor-
mation increases, the energy transforms from linear elas-
ticity into nonlinear elasticity, which is the stable extension
of microracks. With those microcracks developing and
expanding, Ud suddenly increases until the specimen peak
strain is reached and macroscopic damage begins. It is worth
noting that the Ue curve is still creeping up until it reaches
the limit value at the peak stress, which indicates that the
energy is still stored in the specimen due to its overall in-
tegrity and loading capacity.

Stage 4: It is the postpeak residual stage of the stress-
strain curve (Figures 2 and 9(a)). After passing the peak
stress, the growth rate of the U is decreased at the specimen
with the lower slenderness ratio, and the majority of energy
is consumed for the specimen destruction. Additionally, due
to the residual strength of the specimen, there exists a certain
amount of elastic energy in this stage, which is different from
that with the higher slenderness ratio.

Choosing the typical location of the stress-strain curve,
the relationship between slenderness ratio and energy
evolution is shown in Figure 10. It can be seen that U, Ud,
and Ue are closely related to the slenderness ratio, and the
values of U and Ue are much larger than that of Ud at the
peak stress. In addition, the logarithmic relationship can be
found between U, Ud, and Ue with slenderness ratio, cor-
responding to the relationship between the mechanical
parameters and slenderness ratio, implying that a certain
relationship between the mechanical parameters and U, Ud,
and Ue may exist.

To facilitate the analysis of the energy mechanism of
tested specimens deformation and failure at different slen-
derness ratios, the ratio of the dissipated energy and the
recovery elastic strain energy to the total strain energy at any
time during the specimens loading process, which is called
the dissipated energy ratio, λ, and the elastic energy ratio, φ,
respectively, is

λ �
U

d

U
, (9)

φ �
U

e

U
. (10)

.e energy distribution curves and stress-strain curves of
tested sandstone at different slenderness ratios are illustrated
in Figure 11. In the initial compression stage, the energy
absorbed by the rock is mainly converted into dissipated
energy and reaches the first peak value due to the micro-
cracks and defects compression. As the stress continues, the
energy dissipated ratio gradually decreases, and the elastic
energy ratio continuously increases. .e elastic energy ratio
of tested sandstone in the elastic stage maintains stable
growth when the proportion of elastic energy reaches the
maximum value while the tested sandstone enters the yield
point and the yield stage. In this stage, the increasing rate of
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the elastic energy decreases, and the dissipated energy in-
creases; that is, the dissipate ratio increases and the elastic
energy ratio decreases. When the stress reaches the peak
value, the energy converted into elastic energy also reaches
the peak value (Figures 9 and 11)..en, the tested sandstone
starts to undergo overall destruction and the dissipate energy

and dissipate energy ratio increase suddenly when the stress
passes the peak value, while the elastic energy and elastic
energy ratio show opposite change (Figures 9 and 11). In
summary, the energy ratio distribution curve is in agreement
with the results of stress-strain curves and energy evolution
curves.
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Figure 11: Energy ratio distribution curves and stress-strain curves of sandstone at different slenderness ratios. (a) D� 0.5. (b) D� 1.0, (c)
D� 1.5, (d) D� 2.0, (e) D� 3.0.
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4. Conclusions

To obtain the reliable rock parameters for the underground
engineering design and construction, mechanical behavior,
acoustic emission properties, and energy evolution of
sandstone under uniaxial compression tests considering
slenderness ratio effect were quantified. .e following are
the main conclusions derived from the study:

(1) .e greater the slenderness ratio, the smaller the
peak strength and the peak strain, and the larger the
elastic modulus of sandstone. A logarithmic function
relationship is observed between the peak strength,
the peak strain, and the elastic modulus with slen-
derness ratio in the tests. Besides, the sandstone
would lose its load capacity without loading when
the limit slenderness ratio is Dm � 148.40.

(2) .e failure patterns of the tested sandstone varied
significantly with the increasing slenderness ratio.
When the slenderness ratio, D, is lower than 1.5,
complex failures and multiple shear planes are
formed, while simple failures and single shear planes
are generated at D larger than 1.5.

(3) .e AE ringing counts are more obvious with a
higher slenderness ratio,D, at the initial compression
stage due to the greater body volume and more
defects in the sandstone.

(4) .e energy evolution curves and energy ratio dis-
tribution curves can be divided into four stages,
corresponding to the stress-strain curves.
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