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Abstract: Hollow cylindrical sandstone specimens filled with Al, Pb and polymethyl methacrylate (PMMA), as well as 
hollow and solid specimens were tested under monotonic unconfined compression. The discrepancies in the elastic 
modulus, unconfined compressive strength and failure pattern of the specimens were studied and then illustrated. The 
interaction stress threshold and localized failure stress threshold were identified by the strain gauges on the rock and 
filling rod. The results indicated that unobvious changes in the strength and elastic modulus were found between the solid 
and hollow specimens, while for the hollow specimens with infillings, the strength decreases with increasing the stiffness 
of the infilling material. The filling material with a higher stiffness leads to a high hoop stress, and hence a stronger 
interfacial force. The specimens coupled with filling rod are mainly fractured with tensile cracks, while the solid and 
hollow specimens are typically split into blocky fragments with dominated shear fractures. Finally, the equivalent inner 
pressure in the opening was theoretically derived. The findings suggested in the experiments can be well explained using 
the theoretical thick-walled cylinder model. 
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1 Introduction 
 

Conventional axisymmetric tests, such as the 
uniaxial and triaxial compression tests, on standard 
cylindrical specimens are one of the simplest and the 
most widely used methods to investigate the 
mechanical behaviors and properties of rock [1−5]. 
By conducting the conventional compression tests, 

one can obtain the mechanical parameters of rock 
[6−9], for instance, the compressive strength, elastic 
modulus and Poisson ratio. These parameters can be 
easily derived from the readings of the loading cell 
and strain gauges [10−12]. The test schemes, 
however, is somewhat inadequate to mimic the stress 
conditions encountered in situ, particularly in the 
rock surroundings in which excavated openings are 
existed [13, 14]. For example, the geo-stresses  
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around the opening are in fact distributed in a   
non-uniform manner, making the  deformation and 
failure of the surrounding rock extremely 
complicated [15−19]. Therefore, investigations on 
the mechanical behaviors of rock under non-uniform 
stresses are of great importance to underground 
engineering [20, 21]. 

In this regard, the form of hollow cylinder was 
used to reproduce complicated stress conditions in 
laboratory with an attempt to simulate the stress state 
in field [22−27]. Pioneering works have been 
initiated using the hollow cylinder specimens to 
study the deformation and fracture characteristics of 
underground openings since 1912 [28, 29]. With 
different combinations of the axial load, confining 
pressure and inner pressure, a wide variety of stress 
paths can be achieved, for example the true    
three-dimensional stresses [13] and true triaxial 
stresses with torsion force [30]. Testing on hollow 
cylinders has two prominent merits. One is that tests 
using hollow cylinders can better mimic the    
geo-stress conditions around deep well bores or 
openings in engineering practice [31, 32]. The other 
advantage is that tests using hollow cylinders can 
evaluate the mechanical behaviors of rock  
specimens, and perform physical simulation analysis 
at reduced scale for many rock engineering 
applications [13, 24, 25]. In this regard, extensive 
works were performed on hollow cylindrical 
specimens in the aim of understanding the 
mechanical behaviors and failure characteristics of 
rock. For instance, GAY [33] carried out a series of 
experiments using homogenous sandstone and 
anisotropic clay quartzite with pre-cut circular, 
elliptic and square holes. ALSAYED [13] performed 
various tests on samples of spring well sandstone 
subjected to various stress paths. YOU et al [34] 
investigated the effect of the hole size on the strength 
and failure modes of hollow cylinders. ZHANG et al 
[35] performed loading and unloading tests to study 
the mechanism of ring-like failure using relative 
larger hollow cylinders. LABIOUSE et al [36] 
investigated the effect of excavation on nuclear 
waste disposal using hollow cylinderical clay 
specimens. LI et al [37] developed hollow cylinder 
apparatuses to study the mechanical properties of 
rock under comprehensive stress paths. Additionally, 
YANG [24] investigated the effect of the hole 
diameter on the deformation, strength and cracking 
behaviors of the hollow sandstone specimens under 

different confining pressures. WU et al [25] studied 
the failure behaviors of hollow cylinder specimens 
under complex stress conditions, and examined the 
different failure mechanisms in detail. WANG et al 
[26] investigated the influence of the radial stress 
gradient, external confining stress and specimen 
length-to-diameter ratio on the triaxial compressive 
strength. The abovementioned previous works have 
greatly promoted the understanding of the relations 
of the stress paths with the mechanical properties and 
failure patterns of rock [38−40]. However, few 
focused on the relationship between the deformation 
and strength characteristics of the surrounding rock 
and the filling material. 

Tests on hollow cylinder specimens with 
fillings can conveniently obtain different internal 
pressures on the opening wall, but also are beneficial 
for studying the interaction of the rock with filling 
material because the deformation of the filling is 
compiled with that of the rock structure [41]. This 
paper aims to investigate the mechanical properties 
and failure behaviours of hollow cylindrical 
sandstones with different filling materials. The 
filling materials were made of aluminium (Al), lead 
(Pb) and polymethyl methacrylate (PMMA), 
respectively, which had different stiffnesses and 
strengths. The fillings-rock coupled specimens were 
loaded monotonically till failure. The derivations of 
the elastic modulus, unconfined compressive 
strength and failure mode have been analyzed. The 
hoop stress at the interface between the rock and the 
filling material was derived using strain gauge 
measurement. Finally, a theoretical model was 
established to illustrate experimental phenomena. 
 
2 Materials and methods 
 
2.1 Rock specimen collection 

The sandstone specimens for experimentation 
were sourced from a sandstone quarry in Changlong, 
Sichuan province of China. The rock blocks were 
extracted from the host rock by a machine cutting 
technique, so that the minimum artificial damage 
was induced to both the remaining rock mass and 
block, which was beneficial for experimental 
investigation. A visual inspection showed that the 
sandstone is consisted mainly of quartz and albite 
with no obvious “defects”, and the average grain size 
is approximately 1.0 mm. 

The sandstone cylinders with 74 mm in 
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diameter and 148 mm in height were first cored from 
the rock block. Then the solid cylinders were further 
processed into hollow cylinders having an inner 
diameter of 20 mm. Finally, a round rod with a 
diameter of 19 mm and height of 144 mm was filled 
into the hole, and was glued with the wall surface 
using an universal adhesive. Three kinds of rod 
materials having different stiffnesses, for example 
the aluminium, lead and PMMA were taken into 
account in this study. The rod was positioned at the 
centre of the inner hole so that both ends of the rod 
were approximately 2.0 mm shorter than the 
specimen end (Figure 1). Such a configuration 
ensures the filling rod did not directly contact with 
the loading platen. Therefore, the filling rod was 
exempt from the direct force by the platen, which is 
beneficial for investigating the interaction of the 
filling rod with the rock structure. It should be noted 
that the diameter of the sandstone cylinder is 74 mm, 
which is larger than that as recommended by the 
International Society for Rock Mechanics (ISRM) 
testing suggested method (i.e., 50 mm). Since the 
specimen tested in study is hollowed out and then 
will be infilled with other material so as to 
investigate the filling effect. A larger size of the 
specimen is beneficial to improve the support 
capacity of the filling material and to achieve 
favorable experimental results. Although the 
diameter of the specimen is larger than 50 mm, the 
height-to-diameter ratio is 2.0, which conforms to 
the ISRM testing suggested method. 
 

 
Figure 1 Test specimen with different filling materials 

 
The specimens were grouped into five sets 

according to their geometric configurations and the 
filling materials, i.e. solid cylinder (SC), hollow 
cylinder (HC), hollow cylinder filled with 
aluminium (HC-Al), hollow cylinder filled with lead 

(HC-Pb) and hollow cylinder filled with PMMA 
(HC-PMMA). The density of sandstone ranges from 
2268.7 to 2383.1 kg/m3 with a variation coefficient 
of 1.3%, and the P-wave velocity ranges from 2300.7 
to 2650.7 m/s having a variation coefficient of 3.9%. 
Both the variation coefficients are small and limited, 
indicating that the test specimens are relative 
homogeneous. The uniaxial compressive strength 
(UCS) of the sandstone is 71.0 MPa averaged from 
three solid specimens under uniaxial compression 
tests. The tensile strength of the sandstone is 
obtained to be 2.3 MPa based on the Brazilian disc 
test. 

The physical properties of the filling materials 
are listed in Table 1. It is observed that the aluminium 
rod has the highest elastic modulus (i.e. stiffness), 
followed by the lead rod and then PMMA. The yield 
strength, however, is much different among the three 
filling materials. Specifically, the yield strength for 
PMMA reaches as high as 98 MPa, which is 
approximately 3 times of the aluminium and 40 
times of the lead. These different infilling materials 
with distinguishing mechanical parameters will 
exhibit various interactions with the rock, which is 
the aim of this study. 
 
Table 1 Basic physical and mechanical properties of rock 

and filling materials 

Material
Density/
(kgꞏm−3)

P-wave 
velocity/ 
(mꞏs−1) 

Elastic 
modulus/ 

GPa 

Poisson 
ratio

Yield 
strength/

MPa 

Sandstone 2354 2360 12.3 0.28 — 

Aluminium 2700 6300 70 0.3 30 

Lead 11343 2200 17 0.42 2.5 

PMMA 1190 1700 3 0.37 98 

 
2.2 Test methods 

Monotonic unconfined compression tests were 
conducted with the help of a servo-controlled 
RMT150-C system. The value of axial stress was 
obtained by the reading of loading cell, and the axial 
strain was the overall strain of the sample measured 
by a linear variable differential transformer (LVDT), 
which recorded the movement of the loading piston. 
Model DH3820 strain gauge system was used to 
record the local strains of the specimen and filling 
rod. Three strain gauges were stuck on the specimen: 
two (SG-1and SG-3, model BX120-3AA) were 
placed on the outer surface of the specimen to trace 
the axial and lateral strains, while the other one  
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(SG-2, model BX120-1AA) was positioned on the 
face of the filling rod to trace the lateral strain. A 
displacement control module was used to loading the 
specimen at a loading speed of 0.3 mm/min till 
failure. Figure 2 presents the configuration of the 
loading cell. 
 
3 Experimental results 
 
3.1 Stress−strain relations 

Figure 3 shows the stress−strain curves of the 
five groups of specimens having different infillings 
and geometric configurations. For each case, the 
specimen typically experiences four deformation   

 

 
Figure 2 Configuration of loading cell and specimen 

 

   

Figure 3 Stress−strain curves of specimens: 
(a) SC group; (b) HC group; (c) HC-Al 
group; (d) HC-Pb group; (e) HC-PMMA 
group
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stages, i.e. the compaction, elastic deformation, 
yielding and post peak stages in the process of 
uniaxial compression till failure. The maximum 
principal stress drops immediately at the onset of the 
specimen failure, indicating that the specimen 
exhibit obvious brittle manners, irrespective of the 
infillings. Alternatively, the overall deformation 
behaviors were not affected by the inner filling rods 
probably because the filling rod was not directly 
contacted with the loading platen, as 
abovementioned in Section 2.1. In this regard, the 
stresses applied on the filling rod were mainly 
induced by the interfacial friction and the radial 
expansion of the rock, which were much smaller than 
the loading stress. Therefore, the interaction between 
the filling rod and the rock is less pronounced than 
the mechanical behaviors of rock under compression. 

Figure 4 presents the changes in unconfined 
compressive strength (UCS) for the five groups of 
specimens. It can be observed that the UCS of the 
solid specimen is approximately equal to that of the 
hollow specimen. This phenomenon is in agreement 
with the result in Ref. [42]. However, the strength of 
the specimens with infillings significantly varies 
with one another, depending on the stiffness of the 
filling rods. For instance, as for the hollow specimen 
filled with aluminium, the average UCS reduces to    
57.5 MPa, which is 17.9% lower than of the hollow 
specimen without infilling. Similarly, the average 
UCS of the Pb-filled specimen is 8.9% lower than 
that of the hollow specimen. Nevertheless, the 
average UCS of the PMMA-filled specimen is   
73.1 MPa, which is 4.4% higher than the UCS of 
hollow specimen. This phenomenon indicates that 
the strength of the filled cylinder decreases with the 
increase in the stiffness of the filling material. 

Figure 5 presents the changes in elastic modulus 
 

 
Figure 4 Changes in UCS for specimens 

 

 
Figure 5 Changes in elastic modulus for specimens 

 
for the five groups of specimens with different 
infillings. It can be observed that the HC-PMMA 
specimen has the highest elastic modulus, whereas 
the HC-Al specimen has the lowest elastic modulus. 
The elastic modulus of the SC specimen is nearly the 
same as the elastic modulus of the HC specimen, 
indicating that the empty hole does not significantly 
influence the deformation of the hollowed sandstone. 
However, with filled materials, the hollowed 
specimens exhibit obvious distinct elastic modulus 
depending on the stiffness and strength of the 
infillings. The HC specimen with filling material 
having a higher stiffness exhibits a lower elastic 
modulus. Such a phenomenon occurs because of the 
interaction of the sandstone and the infilling  
material. 

The elastic modulus variation trend shown in 
Figure 5 is similar to the changes in the strength as 
observed in Figure 4. However, the differences in 
elastic modulus among the five groups of specimens 
are minor. For instance, the gap between the highest 
and the lowest elastic modulus is only 2.1 GPa, 
indicating that the elastic modulus of the hollow 
specimen with infillings is affected by the filling 
stiffness similar to the strength but to a less extent. 
 
3.2 Deformation behaviors 

To illustrate the deformation behaviors of the 
rock and filling rod and their interactions, Figure 6 
presents the curves of axial stress and SG readings 
against loading time for the specimen HC-Al-2 
(Figure 6(a)), HC-Pb-3 (Figure 6(b)) and       
HC-PMMA-3 (Figure 6(c)). The reading of SG-1 
denotes the lateral strain on the outer surface of the 
specimen, and the reading of SG-2 represents the 
lateral strain on the filling rod. Figure 7 shows the 
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curves of SG-1 reading versus loading time of the 
specimens. Since the SG-2 was sandwiched between 
the surfaces of the filling rod and inner wall of rock, 
the evolution of SG-2 clearly reflected the 
interaction of the filling rod with the rock structure. 
As shown in Figure 6, the typical curves exhibit 
similar trend in demonstrating the deformation 
behaviors of the rock and filling rod. The values on 
the green arrow line denote the strain reading of SG-
2 at the selected moments. For instances, the lateral 
strain reading recorded by SG-1 increases 
slowly at the primary loading stage, and then speeds 
 

  
Figure 6 Typical curves of axial stress and SG readings 

against time for specimens HC-Al-2 (a), HC-Pb-3 (b) and 

HC-PMMA-3(c) 

 

 
Figure 7 Typical curves of SG-1 reading for specimens 

 
up in a non-linear manner till failure (also see  
Figure 7), which is in good accordance to the overall 
deformation process of the rock. The peak strain on 
the SG-1 reading curve shows a coherent variation 
trend with those indicated in Figures 4 and 5. 
Particularly, a reduction of the lateral peak strain 
with increasing the stiffness of the filling rod can be 
observed. 

On the other hand, it can be observed that the 
SG-2 reading remains zero during the early loading 
stage, indicating that the filling rod has not yet 
interacted with the rock structure at such a stress 
level. When the axial stress reaches to a certain level, 
for example 43% UCS of the specimen HC-Al-2, 
34.7% UCS of the specimen HC-Pb-3 and 39% UCS 
of the specimen HC-PMMA-3 (see Figures 6(a)− 
(c)), the SG-2 reading starts to increase rapidly. At 
this stress level, the filling rod begins to interact with 
the rock structure, and exerts influence on the 
mechanical behaviors of the rock. This stress 
threshold is identified to be the stress-to-interact  
(σite). With further increasing the loading stress, the 
SG-2 reading shows a dramatic increase at 75.7 % of 
the peak stress for specimen HC-Al-2, 76.4% of the 
peak stress for specimen HC-Pb-3 and 74.3% of the 
peak stress for specimen HC-PMMA-3, respectively. 
The significant change in SG-2 reading indicates that 
a localized failure has been induced at the    
infilling-rock interface. It is seen that such a stress 
level is close to the yielding stress threshold, and 
therefore it is denoted as the localized failure stress 
σloc. At the yielding stage, the change tendency of the 
SG-2 reading goes up and down several times prior 
to the overall failure of the specimen. 

To further illustrate the interaction of the filling 
rod and rock, Table 2 summarizes the interaction    
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Table 2 Thresholds of interaction stress and localized failure stress 

Specimen σpeak/MPa σite/MPa (σite/σpeak)/% σloc/MPa (σloc/σpeak)/% SG-2 reading at σloc/με

HC-Al-1 58.9 18.8 31.9 41.2 69.9 127 

HC-Al-2 59.3 25.5 43.0 44.9 75.7 110 

HC-Al-3 54.1 20.9 38.6 42.4 78.3 150 

HC-Pb-1 63.5 25.6 40.3 49.1 77.3 87 

HC-Pb-2 64.7 23.1 35.7 40.9 67.9 99 

HC-Pb-3 63.1 21.9 34.7 48.2 76.4 72 

HC-PMMA-1 71.4 19.4 30.0 45.5 69.3 35 

HC-PMMA-2 73.4 26.6 36.2 58.8 78.7 17 

HC-PMMA-3 74.6 29.1 39.0 55.4 74.3 27.5 

Note: σite denotes the stress-to-interact; σloc denotes localized failure stress; σpeak denotes the peak stress. 

 

stress threshold σite and the localized failure stress 
threshold σloc, and their proportions to the peak stress 
for all the hollow specimens with infillings. The 
value of the SG-2 reading at the onset of the yielding 
is also included in Table 2. We can observe that the 
interaction stress threshold (i.e., σite) ranges 
approximately between 30.0% and 43.0% of the 
peak stress, and the localized failure stress threshold 
(σloc) is generally in the range 67.9% to 78.3% of the 
peak stress. The interaction of the filling rod with the 
rock structure initiated at an early stage of elastic 
deformation (i.e., 0.3 times the UCS according to 
Ref. [43] and the localized failure occurred at the end 
of the elastic deformation (0.7 times the UCS). This 
can be illustrated in Figure 4 that the curve of SG-2 
reading changes smoothly prior to the localized 
failure stress threshold, while it fluctuates fiercely at 
the yielding stage. 

Table 2 also shows that the SG-2 reading of 
PMMA infilling is much lower than those of lead and 
aluminium infillings, which indicates that the 
deformation of PMMA is comparatively smaller 
from the onset of the filling-rock interaction to the 
yielding point. In contrast, the aluminium filling rod 
experienced the largest deformation, indicating that 
larger stress was probably induced between the 
infilling-rock interface. To verify this phenomenon, 
the hoop stress of the filling rod was obtained via 
multiplying SG-2 value by elastic modulus of the 
filling material. The approach to calculate the hoop 
stress can be justified owing to the fact that the filling 
material is homogeneous and has the same elastic 
modulus in all directions. Figure 8 shows the curves 
of hoop stress against loading time for the specimens 
HC-Al-2, HC-Pb-3 and HC-PMMA-3. We can 
observe that the hoop stress of the aluminium rod  

 

 
Figure 8 Typical curves of hoop stress against time 

 
reaches 8.2 MPa prior to the onset of localized  
failure, whereas the hoop stress of the PMMA rod is 
merely 0.33 MPa. It is indicated that much higher 
hoop stress could be induced in the filling material 
with higher elastic modulus, and hence leads to a 
stronger interfacial stress. Under this case, the 
specimen is prone to be damaged due to the excess 
inner stress. This finding explains the phenomenon 
that a higher stiffness of the infilling leads to lower 
UCS and elastic modulus of the filled hollow 
specimen, as shown in Figures 4 and 5. 

 
3.3 Failure modes 

Figure 9 presents typical failure modes of the 
specimens under uniaxial compression. The solid 
and hollow specimens were fractured into small 
blocks with mixed fracture-tensile planes. 
Meanwhile, shear fracture mainly dominates the 
failure pattern and minor local tensile failures can be 
also observed on the specimen. However, the failure 
modes between the solid and hollow specimens show 
unclear discrepancies, which is probably due to the    
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small inner diameter. As indicated by YOU et al [34] 
and GOU et al [42], a small ratio of the inner 
diameter to outer diameter for hollow specimen 
resulted in a tiny effect on the mechanical behavior. 
In terms of the hollow specimens with different 
infillings, the failure patterns exhibit clear 
derivations. For instance, the specimen coupled with 
a filling rod is typically fractured with tensile cracks 
as can be observed on the surface, and few shear 
cracks can be also inspected. Furthermore, the 
specimens were not split into blocky fragments 

compared with the solid and hollow specimens. The 
reason for such a phenomenon may be attributed to 
the function of the filling rod. The carrying-capacity 
of the specimen was reinforced by the filling rod 
which provided not only a radial constraint but also 
an axial friction force to the rock structure. 
 
4 Theoretical analyses and discussion 
 

In this paper, to understand how the filling 
material influences the mechanical and failure 

Figure 9 Failure modes of specimens: 
(a) SC-1 and SC-2; (b) HC-1 and HC-2; 
(c) HC-Al-1 and HC-Al-2; (d) HC-Pb-1 
and HC-Pb-2; (e) HC-PMMA-1 and 
HC-PMMA-2
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behaviors of hollow specimen, we conducted 
monotonic unconfined compression tests on hollow 
cylinder specimens with varying infillings. The 
results indicated that the filling material has little 
effect on the elastic modulus of the specimen, while 
it plays a significant role in changing the strength of 
the specimen. With the increase in the stiffness of the 
filling rod, the unconfined compressive strength 
clearly decreases. The results in Figure 8 also 
indicate that the filling rod with a higher stiffness 
induces a higher hoop stress between the interface of 
the rock and infilling. Therefore, the mechanical 
behaviors of hollow specimen with infillings are 
much related to the interaction of the rock structure 
with the filling materials, as also illustrated by WU  
et al [44]. 

The interaction initiated at the axial stress level 
of approximately 30% to 43% UCS, and was 
disturbed by localized failure at the inner wall at the 
stress level of 67.9% to 78.3% UCS. This 
phenomenon generally occurred at the elastic 
deformation stage of the specimen, in which the 
interfacial stresses were generated during the 
deformation of the rock and filling rod. To illustrate 
this problem, a thick-walled cylinder model was 
established as presented in Figure 10. The force 
generated at the interface between the rock and 
filling rod could be divided into two parts, i.e., a 
friction force (f ) along the axial direction and an 
inner pressure vertically oriented to the wall. 
Because the filling rod was not directly subjected to 
the axial stress by loading platen, the friction force 

was small and could be ignored in this case. This 
simplification could be also justified due to the fact 
that the relative movement of the rock and filling rod 
was extremely small prior to the rock failure, which 
contributes to a very small friction force between 
their interfaces. Therefore, according to the theory of 
elastic mechanics, the stresses in the hollow cylinder 
could be expressed as follows [45]:  
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where σθ and σr are the hoop stress and radial stress, 
respectively; σz is the axial stress; r1 and r2 are the 
inner radius of rock and the outer radius of rock, 
respectively; r is the distance of the observed point 
to the opening center; Pi is the generated equivalent 
inner pressure; and Pz is the axial stress generated 
from the loading platen; θ is the angle of the 
observed line between the horizontal line. It is worth 
noting that positive value of stress is denoted as 
compressive stress, while negative one is tensile 
stress. 

It is indicated that the radial stress is 
compressive, which is zero at r=r2 and equals Pi at 
r=r1. On the contrary, the hoop stress is in tensile 
fashion in the specimen, and the values at r=r1 and 
r=r2 are given by: 

 

 
Figure 10 Mechanical model of hollow specimen with filling rod: (a) Hollow cylinder; (b) Filling rod   
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Figure 11 illustrates the distributions of the 

hoop stress and radial stress along the radial 
orientation. The tensile stress at the inner wall is the 
largest and decreases as r increases. The smallest 
tensile stress is generated at the outer surface of the 
specimen. Owing to this phenomenon, failure always 
begins at the inner wall as observed in Figures 7 and 
8. With the increase in the axial stress, the interaction 
between the filling rod and rock becomes more 
intensive, and hence resulting in higher inner 
pressure larger displacement. The radial 
displacements for the filling rod and rock are given 
by KANJ et al [46]. 
 

 
Figure 11 Distributions of hoop stress and radial stress 
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where ur1 and ur2 are the radial displacements of the 
filling rod and the rock cylinder, respectively; E1 and 
E2 are the elastic moduli of the filling rod and the 
rock, respectively; and μ1 and μ2 are the Poisson ratio 
of the filling rod and the rock, respectively. It is 
worth noting that because the filling rod is stuck to 
the inner wall, the displacement continuity condition 
should be satisfied, as is written by: 

1 1
1 2r rr r r r

u u
 
                               (8) 

 
Substituting Eqs. (6) and (7), it gives  

2
2

2 2
1 2 1

( 1)

(1 )( 1) (1 ) (1 )
z

i
k P

P
e k k


  




     
         (9) 

 
where e is the ratio of E2 to E1, e=E2/E1; and k is the 
ratio of outer radius to inner radius, k=r2/r1. 

Based on Eq. (9), the inner pressure can be 
theoretically calculated, which is not only related to 
the physical mechanical parameters of the filling rod 
and rock, such as the elastic modulus and Poisson 
ratio, but also affected by the geometry of the hollow 
cylinder (i.e., the inner radius and outer radius). 
When the parameters of the filling material and the 
rock are known, the inner pressure has a positive 
linear association with the axial stress. Thus, the 
normalized inner pressure Pi is expressed as: 

 
2

2
2 2

1 2 1

( 1)

(1 )( 1) (1 ) (1 )
i

i
z

P k
P

P e k k


  


 

     
    (10) 

 
To understand the factors that influence the 

normalized inner pressure, Figure 12 shows the 
 
 

  
Figure 12 Changes in normalized inner pressure against 

μ1 and e: (a) Relationship between iP   and μ1;         

(b) Relationship between iP  and e 
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changes in normalized inner pressure against varying 
physical parameters. Based on the parameters of the 
test specimen, the ratio of outer radius to inner radius 
is obtained as 3.7, and the Poisson ratio for the test 
sandstone is 0.25. Figure 12 indicates that for a 
constant value of μ1, iP  decreases in an exponential 
manner with the increase of e, and the decreasing rate 
is large at first and then slows down as e increases. 
However, for a constant value of e, the change in iP  
against μ1 is complicated. Specifically, when e is as 
low as 0.1, iP   decreases exponentially with the 
increase in μ1. When e becomes larger, for instance 
0.5 or higher, iP   decreases in an approximately 
linear manner with increasing μ1. The results indicate 
that the change in iP   is more sensitive to the 
parameter e than μ1. Therefore, a higher iP  will be 
induced in the filling rod with a higher elastic 
modulus and higher Poisson ratio. 

In terms of the filling materials used in this 
study, the values of iP  can be obtained based on the 
parameters given in Table 1 and Eq. (10). Figure 13 
presents the values of iP  and the relationship of Pi 
with Pz for the three filling materials. It indicates that 
more intensive inner pressure is generated in the 
inner wall of the hollow cylinder filled with Al. This 
can be the reason that the UCS of HC-Al is much 
lower than that of HC-Pb and HC-PMMA as shown 
in Figure 4. An interesting phenomenon a observed 
in Figure 4 is that the UCS of HC-PMMA is subtly 
greater than that of the solid specimen. As indicated 
in Figure 13, the inner pressure for HC-PMMA is 
merely 0.0616 times the axial stress. This finding 
indicates that a small inner pressure in the hollow 
specimen helps to promote the overall strength, 
while a larger inner pressure results in lower strength 
 

 
Figure 13 Relationships of Pi with Pz for three filling 

materials 

of the specimen (for instance HC-Al and HC-Pb). 
This can be further justified from the results obtained 
by WANG et al [26], in which it is found that a 
moderate internal pressure clearly improves the 
bearing capacity of the hollow cylinder, while a high 
internal pressure induces local failure at the inner 
wall and hence weakening the bearing capacity of the 
rock specimen. 
 
5 Conclusions 
 

In this study, unconfined compression tests 
were conducted on hollow specimens with filling 
materials (i.e., HC-AL, HC-Pb, HC-PMMA), as well 
as hollow cylindrical (HC) and solid cylindrical (SC) 
specimens. The influences of the infillings on the 
UCS, elastic modulus and failure pattern of the 
hollow specimens with infillings was investigated. 
The interactions of the filling rod and rock were 
studied by strain gauge measurements and 
theoretical analyses. The results indicated that the 
UCS and elastic modulus for the solid and hollow 
specimens are similar, and the centre hole exerts 
insignificant effects of changing the mechanical 
behaviors of solid and hollow specimens. However, 
both the UCS and elastic modulus of the filled 
hollow specimen decrease with increasing the 
stiffness of the filling material. The interaction of the 
filling rod with the rock structure initiates at the early 
stage of elastic deformation (30% UCS) and the 
localized failure occurs at the end of the elastic 
deformation (70% UCS). In addition, a higher hoop 
stress will be induced in the filling material with a 
higher stiffness, hence leading to a higher interfacial 
stress. Finally, the theoretical analyses suggest that a 
higher equivalent inner pressure will be induced in 
the inner wall with a higher elastic modulus and 
higher Poisson ratio of the filling material. A small 
inner pressure in the hollow cylinder helps to 
promote the overall strength of the specimen, while 
a larger inner pressure results in lower strength of the 
specimen. 
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中文导读 
 

单轴压缩下不同刚度充填物对厚壁圆筒砂岩力学及断裂响应的影响 
 
摘要：为了研究不同刚度充填物对厚壁圆筒砂岩力学及断裂响应的影响，对充填铝棒、铅棒以及有机

玻璃棒的厚壁圆筒砂岩试样进行单轴压缩试验，同时对完整砂岩试样及厚壁圆筒试样也进行单轴压缩

试验作为参照。对比研究各组试样的强度、变形及破坏特征，并通过岩石和充填棒上的环向应变值特

征分析了影响应力阈值及局部破坏应力阈值的变化情况。研究结果表明，完整试样和厚壁圆筒试样的

强度及弹性模量没有明显的差别，而充填试样的强度随着充填物刚度的增加而减小。刚度较大的充填

物导致试样产生较大的环向应力，进而产生较大的界面力。充填试样以拉伸破坏为主，而完整试样及

厚壁圆筒试样主要为剪切破坏。最后通过理论力学模型研究孔洞内壁的等效内压力，发现理论模型能

够很好地解释试验结果。本文研究结果将为非均匀应力状态下岩体及支护结构的稳定性提供有意义参

考。 
 
关键词：力学特征；厚壁圆筒；充填物；环形应力；单轴压缩 


