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1 INTRODUCTION 

Lightweight concrete is characterized by the use of 
consists of natural porous lightweight aggregate or ar-
tificial ceramsite particles as coarse aggregates, natu-
ral (normal) sand or lightweight sand as fine aggre-
gates [1-2]. The dry density of lightweight aggregate 
concrete is typically less than 1950 kg/m3, of which 
the mechanical and thermal properties varies with its 
density. Due to the advantages of lightweight, good 
thermal insulation and durability, lightweight aggre-
gate concrete is widely used in high rise structures, 
marine structures and bridges [3-4]. Compared with 
ordinary concrete, lightweight aggregate concrete can 
reduce the self-weight of the structure by 20% - 40% 
while maintain the same moment capacity, which is 
beneficial to the performance of the structure, and es-
pecially to the seismic performance [5]. As one type 

of lightweight aggregate concretes, the coarse and fine ag-

gregates of All Light Concrete (ALC) are both light 
weight, so compared with ordinary lightweight aggregate 

concrete, the most outstanding advantage of ALC is lighter 

and better thermal insulation. However, there are disad-
vantages associated with ALC such as higher cost, 

poor working performance and high requirements for 
production of lightweight aggregate, which had seri-
ously limited its application in engineering structures 
[6-7]. 

LCSARP can be obtained through ALC by partly 
or completely replace lightweight sand by normal 
sand [8]. The natural sand is convenient to take raw 
material and cost-effective. Due to the high self-
weight of natural sand and interface friction caused 
by large contact area between natural sand of small 
particle size and lightweight aggregate, floating in 
construction and blocking in pumping for lightweight 
aggregate can be solved to some extent [9]. In addi-
tion, because of packing effect of natural sand, the 
compactness of LCSARP is enhanced significantly 
[10]. LCSARP can mitigate the problems with ALC 
in terms of mechanical properties, high cost and con-
struction issues. Therefore, it is necessary to carry out 
the further and systematic research on the preparation 
and performance of LCSARP [11-12]. 
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ABSTRACT: To study the basic mechanical properties of lightweight concrete incorporating shale aggregate 
replaced partially by nature sand (LCSARP), a variety of mixes were designed and the properties of the mixes 
were determined through a series of laboratory tests including compressive strength test, splitting tensile strength 
test, flextural strength test and tests to determine modulus of elasticity and poison’s ratio. The failure processes, 
failure modes and the influences of replacement rate of natural sand on essential mechanical properties of 
LCSARP were studied. The result show that the failure modes of LCSARP are different from ordinary Portland 
cement concrete. In General, the mechanical properties of LCSARP show an increasing trend with the incre-
mental replacement rate of natural sand, including fcu, fc, splitting tensile strength, flexural strength, fc/fcu, ten-
sion and compression’s ratio, and the ratio (defined as similar flexure and compression’s ratio (SFCR)) between 
flexural strength and the square root of cube compressive strength. With the incremental replacement rate of 
natural sand, the elastic modulus of LCSARP increases gradually, while the reverse is true for the Poisson’s 
ratio. In terms of LCSARP, a precise and applicable relationship for the mechanical property parameter as fcu, 
fc, splitting tensile strength, flexural strength, fc/fcu at different replacement rates of natural sand was individ-
ually established by the regression analysis. A parabolic function between tension-to-compression ratio and 
Poisson’s ratio for LCSARP was established that correlates well to the experimentally measured results. 
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2 STATE OF THE ART 

Previous research results mainly focused on concrete 
that consists of lightweight coarse aggregate, natural 
sand or lightweight sand. On the preparation of light-
weight aggregate concrete, lightweight aggregate 
concrete has been prepared with high water cement 
ratio by Chen et al. [26], which significantly reduces 
the slump loss and the floatation level of light aggre-
gate, while ensures the high strength. Li et al. [14] 
based on the MFT (Packing and Mortar Film Thick-
ness) theory, proposed an effective mix proportion 
design method for self-compacting lightweight con-
crete. El-Hassan et al. [15] developed a dynamic cur-
ing system of carbon dioxide to significantly improve 
the early and late strength of lightweight aggregate 
concrete. The lightweight coal bottom ash aggregate 
concrete was prepared successfully by Kim et al. 
[16], and its 28d compressive strength reached 22.7-
27.8 MPa. Regarding mechanical properties of light-
weight aggregate concrete, dynamic constitutive 
model of alumina bubble-basalt fiber lightweight ag-
gregate concrete was constructed by Ye [17], and 
their stress-strain model relates well to that measured. 
Kockal et al. [18] studied the influence of aggregate 
type on the mechanical properties of lightweight con-
crete, the results showed that lightweight aggregate 
could reduce the strength of concrete, and an ideal 
slump and gas content could be achieved by adding a 
small amount of chemical admixtures. Oktay et al. 
[19] studied the mechanical properties of lightweight 
aggregate concrete mixed with pumice, expanded 
perlite and rubber particles, which reduced the com-
pressive strength of concrete, but still met the require-
ments of specification. Davraz et al. [20] measured 
the mechanical properties of artificial lightweight ag-
gregate concrete, including compressive strength, 
elastic modulus and Poisson’s ratio, and established 
the estimation model of elastic modulus and Pois-
son’s ratio.  

On the durability of lightweight aggregate con-
crete, Li et al. [21] showed that the durability of such 
concrete design could be improve significantly the 
durability of high performance lightweight aggregate 
concrete by adding moderate amount of fly ash, min-
eral powder or silica fume and other mineral admix-
tures. Kockal [22] studied the durability of fly ash 
lightweight aggregate concrete, the results showed 
that the resistance to water penetration and chloride 
ion penetration of fly ash lightweight aggregate con-
crete is slightly lower than ordinary concrete, but it 
had good anti-freeze-thaw cycle performance. 
Demirboga et al. [23] studied anti-freeze-thaw cycle 
performance of lightweight expanded perlite and 
pumice aggregate concrete with the addition of silica 
fume and fly ash and perlite at the same time, the re-
sults showed that the anti-freeze-thaw cycle 

performance of lightweight aggregate concrete could 
be increased by 1.30, 0.83, and 0.18 times, with add-
ing expanded perlite, fly ash and silica fume, respec-
tively. Rossignolo et al. [24] studied the durability of 
SBR (Styrene-butadiene Rubber Latex) modified 
lightweight aggregate concrete, the results showed 
that the water absorption was reduced and the corro-
sion resistance was improved significantly by SBR. 
On the theoretical model of lightweight aggregate 
concrete, Wang et al. [25] proposed a unified model 
to accurately predict the compressive strength and 
shrinkage of lightweight aggregate concrete as con-
sidering the volume ratio and water content of pre-
wet aggregate. Yaseen et al. [26] proposed a high pre-
cision ELM (Extreme Learning Machine) model to 
predict the compressive strength of lightweight foam 
concrete. 

It can be found from the current research that pre-
vious researches primarily focus on the preparation, 
static and dynamic performance, durability perfor-
mance and theoretical model of lightweight aggregate 
concrete, which played a role in further promoting the 
application and practice of lightweight aggregate 
concrete. However, the research is seldom reported 
on the mechanical properties of LCSARP so far. Qi-
ant al. [27] prepared the LCSARP with crushed stone, 
fly ash, shale pottery and river sand, an ideal light-
weight and high strength was achieved, and the ther-
mal insulation properties of LCSARP could be im-
proved significantly by mixing an appropriate 
amount of natural sand.  

Natural sand was employed to replace the shale 
pottery in all light concrete in this paper, its basic me-
chanical properties were tested, the failure process 
and failure mode of LCSARP were analyzed, the re-
lationship between mechanical properties indexes 
and natural sand replacement rate was proposed. Fi-
nally, the law between Poisson’s ratio and tension and 
compression’s ratio was studied. It is expected to pro-
vide reference for further research and engineering 
application of LCSARP. 

3 MATERIALS AND METHOD 

3.1 Raw materials for the experiment 

The normal Portland cement (P·O 42.5 MPa) was 
sourced from Jiaozuo, China. The blending water was 
ordinary water. The physical properties of light-
weight aggregate produced by a company at Luo-
yang, China were listed as followed: lightweight 
coarse aggregate of grade 700 crushed shale cerams-
ite with particle size less than 15 mm, cylindrical 
compress strength of 4.5 MPa, and bulk density of 
660 kg/m3, lightweight fine aggregate of grade 900 
shale pottery with particle size less than 5 mm, bulk 
density of 880 kg/m3, and fineness modulus of 3.15. 
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The characteristics of river sand are the following 
measured properties: particle sizes of less than 5 mm, 
bulk density of 1472 kg/m3, fineness modulus of 2.85, 
and continuous grading. 

3.2 Mix proportion design 

With shale ceramsite as coarse aggregate and shale 
pottery replaced by natural sand in fine aggregate, 
five replacement rates of LCSARP specimens were 
prepared, in which all light concrete specimens with 
the replacement rate of 0% was taken as the reference 
specimen, and other four different volume contents of 
shale ceramsite were taken as a testing specimen, in-
cluding 25%, 50%, 75% and 100%. Before 

experiment, the materials were processed with the 
following procedure: (1) Presoaking the bagged 
ceramsite for 12 hours. (2) Taking out the ceramsite 
before stirring, and letting the water lost from the 
ceramsite until reaches a constant weight. (3) Mixing 
with other raw materials in accordance to the mixing 
proportion. Fly ash accounted for 33.7% of cement. 
The water reducing ratio of polycarboxylate super-
plasticizer was greater than 20%, and it accounted for 
1.0% of cementitious material dosage. Based on the 
mixing proportion of LC35 all light concrete strength, 
the LCSARP with different replacement rates were 
adjusted in according to the mixing proportions in Ta-
ble 1. 

Table 1. Mixing proportion of LCSARP (kg/m3) 

Number   /% Cement Water Ceramic granule Shale pottery Nature sand Fly ash Water reducer 

2-0 0 472 171 444 408 0 159 6.31 

2-1 25 472 171 444 306 170 159 6.31 

2-2 50 472 171 444 204 341 159 6.31 

2-3 75 472 171 444 102 512 159 6.31 

2-4 100 472 171 444 0 682 159 6.31 

Note:   is the replacement rate of natural sand; Numbers 2-0, 2-1, 2-2, 2-3 and 2-4 represent specimens with the natural sand 

replacement rate of 0 %, 25 %, 50 %, 75 % and 100 %, respectively. 

 

3.3 Test sample preparing and loading method 

The cube specimens of 150 mm × 150 mm × 150 mm 
and the prism specimens of 150 mm × 150 mm × 300 
mm and 150 mm × 150 mm × 550 mm were adopted. 
Each strength experiment was designed for 5 groups 
of 3 blocks in each group, with a total of 60 blocks. 
Following Chinese standard specification GB/T 
50080-2002 [28], the standard plastic moulds were 
adopted to mold concrete, which were removed after 
24 hours, and then the specimens were cured for 28d 
at room temperature before measuring the strength. 
The longitudinal and transverse strain gages were at-
tached to the side of the axial compression prism 
which were then graded and loaded to obtain the load-
longitudinal (transverse) strain curve. 

Testing was performed in accordance with the 
Chinese standard specification GB/T 50081-2002 
[29], the SYE-1000-type pressure testing machine 
with the maximum range of 1000 kN was used as 
loading device. 

4 RESULTS AND DISCUSSION 

4.1 Failure process and failure mode 

Figure 1 shows the failure mode of each group speci-

men under cube compression. At the initial stage of 

loading, no cracks appeared on the surface of 

specimens. As the load increased, internal stress of 

LCSARP increased and the micro cracks appeared at 

the flank of specimens in the case of vertical compres-

sion and horizontal free expansion. As the load fur-

ther increased, specimens were destroyed when the 

adjacent cracks were connected and specimen’s flank 

was outer drums. The specimens produced a sharp 

crackle when failure was near, and 2-3 cracks devel-

oped rapidly, and the ceramsites were ejected from 

the concreting surface. The internal structure of 

LCSARP is different from the ordinary concrete, 

which results in different failure mode. It can be ob-

served from Figure 1 that the brittleness of LCSARP 

is more remarkable when the replacement rate of nat-

ural sand is less than or equal to 25% after the failure, 

and cracking and spalling of concrete are more seri-

ous in the specimen’ flank after the failure, especially 

the edge-sides of specimens. However, as the replace-

ment rate of natural sand is greater than 25 %, the fail-

ure mode of LCSARP is characterized by fracture and 

less obvious burst, and without scattering. Therefore, 

compared with the all light concrete, the brittleness of 

LCSARP decreases gradually as the replacement rate 

of natural sand increases, but its toughness increases 

in a contrary direction. 
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a) Cube compressive test    b) Axial compressive test 

 

c) Splitting tensile test 

 

d) Flexural strength test 

Figure 1. The failure modes of the samples 

 
Figure 1(b) shows the failure mode of each group 

specimen under axial compression. At the initial stage 
of loading, no cracks appeared on the surface of spec-
imens. When the load approached to the peak load, 
cracking of aggregate could be heard, and the axial 
compression of prism specimens appeared earlier 
than the cube specimens. It could be observed that the 
surface cracks of specimen expended rapidly, the 
concrete was spalled continuously at the specimens’ 
flank, and then the specimens damaged. From Figure 
1(b), it can be observed that the failure is character-
ized by longitudinal splitting, as the replacement rate 

of natural sand is less than or equal to 50%. The rea-
son for cracks is that lightweight aggregate don’t have 
enough strength to stop the increasing load in 
LCSARP. As the load increasing continuously, the 
adjacent cracks are penetrated, and the prism speci-
mens split into a number of separate small prisms, 
then the specimens are damaged due to inadequate 
bearing capacity in general. With the replacement rate 
increasing from 75% to 100%, specimen bearing ca-
pacity increases and prism specimens generate a 
wider main crack in the direction of 45º, the central 
concrete spalls, and the failure mode becomes the 
shear failure of oblique section. 

In general, the failure mode of LCSARP is basi-
cally similar to all light concrete under the experiment 
of splitting tensile. At the initial stage of loading, no 
cracks appeared on the surface of specimens. As the 
load increasing, the initial micro cracks generated at 
the specimens’ shear flank. When the ultimate tensile 
load was reached, cracks were penetrated quickly, the 
specimens were split into two parts and damaged with 
a bang. From Figure 1(c), it can be viewed that the 
failure sections of specimens are different from the 
ordinary concrete, the damage consists of three parts: 
(1) voids are split, (2) cement and mortar is split, (3) 
ceramisite and shale pottery are split, in which the (3) 
plays a major role. Its section structure is level and 
homogeneous for subjecting to splitting failure, and 
there is no separated phenomenon that ceramsite 
floats and cement mortar submerges in the failure sur-
face. The damage of the specimens can be attributed 
to brittle failure with obvious crack. 

At the initial stage of loading, it showed no obvi-
ous cracks in the specimen’s flank underb the flexural 
experiment. As the load further increased, stress in-
creased in concrete, which caused the initial micro 
cracks in the middle of tension surface, then cracks 
were widen and developed to the compression side. 
At last, a loud thump appeared and the specimens 
were split into two parts. The failure process devel-
oped rapidly from cracks to rupturing into two parts, 
which can be attributed to brittle failure. From Fig-
ure1(d), it is shown than there is no vertical develop-
ment for the main crack and no a standard for the 
crack development under different replacement rates. 
The main reason is that the fracture resistance of 
LCSARP is more sensitive to the crack of the tensile 
surface, there is no obvious law in the distribution for 
ceramsite and shale pottery in concrete, and the 
strength is lower than cement paste, namely, the 
strength of LCSARP is restricted by lightweight ag-
gregate with low strength. Therefore, once the load 
increases to a certain extent, lightweight aggregate 
will become a weak link of failure, and cracks will 
develop rapidly along the weak links. 
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4.2 Mechanical properties and influence factors 

The multi-stage loading were taken to obtain the up-

ward section curve for axial load-strain and the lateral 

load-strain in this experiment, the ratio of stress and 

strain is used as elastic modulus at the 0.4
cf  of up-

ward section of axial load-strain curve, Poisson’s ra-

tio is the average value of the ratio of lateral strain and 

axial strain. The mechanical performance indexes of 

LCSARP are listed in Table 2. It can be found from 

Table 2 that the cube compressive strength of all light 

concrete has reached 35.8 MPa, which meets the de-

sign requirements of LC35 grade. With the incremen-

tal replacement rate of natural sand, the compressive 

strength of LCSARP increases gradually, the strength 

grade of LCSARP with 100% nature sand is LC40 at 

least. 

Table 2. Mechanical property test results of LCSARP 

Number   /% 
cuf / MPa 

cf / MPa 
tsf / MPa ff / MPa /c cuf f  /ts cuf f  /f cuf f  SFCR  cE /GPa   

2-0 0 35.8 24.7 3.13 6.10 0.69 0.087 0.170 1.02 22.06 0.28 

2-1 25 40.0 33.7 3.45 6.25 0.84 0.086 0.156 0.99 22.17 0.18 

2-2 50 42.1 35.9 3.76 6.75 0.85 0.089 0.160 1.04 26.59 0.13 

2-3 75 43.2 39.9 3.89 7.20 0.92 0.090 0.167 1.10 28.25 0.10 

2-4 100 44.8 42.4 4.52 7.75 0.95 0.100 0.173 1.16 28.70 0.09 

Note: 
cuf  is the cube compressive strength, 

cf  is axial compressive strength, 
tsf  is splitting tensile strength, 

ff  is flexural 

strength, /c cuf f  is the ratio of compressive strength and compressive strength, /ts cuf f  is tension compression’s ratio, namely the 

ratio of splitting tensile strength and compressive strength, /f cuf f  is the ratio of flexural strength and compressive strength, SFCR 

is the ratio of flexural strength and the square root of compressive strength, 
1

2/f cuSFCR f f ,
cE  is elastic modulus,   is Poisson’s 

ratio. 

 

It can be found from Table 2 that the cube com-
pressive strength of LCSARP increases with the in-
cremental replacement rate of natural sand. Com-
pared with all light concrete, the cube compressive 
strength increase by 11.7%, 17.6%, 20.7% and 
25.1%, with the replacement rate of 25%, 50%, 75%, 
and 100%, respectively. The experiment shows that 
the compressive strength of all light concrete can be 
improved with shale pottery partly or completely re-
placed by nature sand. The main reason is that the av-
erage particle size of shale pottery is larger than nat-
ural sand. The smaller the replacement rate of natural 
sand is, the looser the skeleton structure of cement 
mortar is, and the lower the strength of the specimen 
is. When the replacement rate of natural sand is 
larger, the smaller the average particle size of fine ag-
gregate is, the more the contact surface is, which can 
make a result that the cohesion between fine aggre-
gate and cement mortar is enhanced, especially for 
natural sand and cement mortar, and the small particle 
size of natural sand reduces the probability of cracks. 

Therefore, the compressive bearing capacity of 
LCSARP increases with the incremental replacement 
rate of natural sand. 

The dimensionless of cube compressive strength of 
LCSARP has a linear relationship with the replace-
ment rate   of natural sand. According to the prin-
ciple of least-squares method, the experimental data 
is fitted as followed: 

2

,0/ 0.24 1.03 0.91cu cuf f R            (1) 

where 
,0cuf  is the cube compressive strength of all 

light concrete. 
The axial compressive strength of LCSARP in-

creases with the incremental replacement rate of nat-
ural sand in Table 2. Compared with all light con-
crete, the axial compressive strength increase by 
36.4%, 45.3%, 61.5%, and 71.7%, with the replace-
ment rate of 25%, 50%, 75%, and 100%, respectively. 
The reason is the same as the cube compression. 

The dimensionless of axial compressive strength of 
LCSARP has a linear relationship with the replace-
ment rate   of natural sand. According to the prin-
ciple of least-squares method, the experimental data 
is fitted as followed: 

2

,0/ 0.68 1.09 0.91c cf f R  
        

(2)
 

where 
,0cf  is the axial compressive strength of all 

light concrete. 
The splitting tensile strength of LCSARP increases 

with the incremental the replacement rate of natural 
sand in Table 2. Compared with all light concrete, the 
splitting tensile strength increase by 10.2%, 20.1%, 
24.3%, and 44.4%, with the replacement rate of 25%, 
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50%, 75%, and 100%, respectively. There are many 
factors affecting the tensile splitting failure of 
LCSARP, such as the aggregate strength and void in 
the LCSARP. When replacement rate of natural sand 
is smaller, the ceramsite and shale pottery of lower 
strength account for a large percentage, which has a 
negative effect on the splitting tensile strength of 
LCSARP. With the incremental replacement rate of 
natural sand, the gaps between mortar and ceramsite 
can be more filled by nature sand, the compactness in 
the specimens is enhanced significantly, which can 
increase the splitting tensile strength of LCSARP 
gradually. 

The dimensionless of tensile splitting strength of 
LCSARP has a linear relationship with the replace-
ment rate   of natural sand. According to the prin-
ciple of least-squares method, the experimental data 
is fitted as followed: 

2

,0/ 0.41 0.99 0.94ts tsf f R          (3) 

where 
,0tsf  is the tensile splitting strength of the all 

light concrete. 
It can be found from Table 2 that the flexural 

strength of LCSARP increases with the incremental 
replacement rate of natural sand. Compared with all 
light concrete, the flexural strength of LCSARP in-
crease by 2.5%, 10.7%, 18%, and 27%, with the re-
placement rate of 25%, 50%, 75%, and 100%, respec-
tively. The experiment shows that the flexural 
strength of all light concrete can be improved with 
shale pottery partly or completely replaced by nature 
sand. The main reason is that there are large gripping 
power between the natural sand of high strength and 
cement mortar, after the cementing force and me-
chanical interlocking in tension surface are well put 
to good use, the development of cracks is decreased. 
Natural sand and cement mortar complement each 
other, which is an effective way to improve the flex-
ural strength of LCSARP. 

The dimensionless of flexural strength of LCSARP 
has a linear relationship with the replacement rate   
of natural sand. According to the principle of least-
squares method, the experimental data is fitted as fol-
lowed: 

2

,0/ 0.28 0.98 0.96f ff f R           (4) 

where 
,0ff  is the flexural strength of the all light 

concrete. 

4.3 Strength index conversion 

Based on the results in the Table 2, it can be con-

cluded that compared with the all light concrete, the 

/c cuf f  increase 21.7%, 23.2%, 33.3%, and 37.7%, 

with the replacement rate of 25%, 50%, 75%, and 

100%, respectively. 

It is shown in Figure 2 that the /c cuf f  of 

LCSARP has a linear relationship with the replace-

ment rate of natural sand  . According to the princi-

ple of least-squares method, the experimental data is 

fitted as followed: 

2/ 0.23 0.73 0.90c cuf f R           (5) 

 

Figure 2. The relationship curve between 
/c cuf f

 and   

 
The tension and compression’s ratio is one of the 

main indicators to reflect the brittleness of concrete. 
For concrete, the greater the tension and compres-
sion’s ratio is, the smaller the brittleness is, and the 
greater the toughness is. In this experiment, the ten-
sile and compression’ ratio of LCSARP varied from 
0.086 to 0.100, and increased generally with the in-
cremental replacement rate of natural sand. Com-
pared with all light concrete, the ratio of tensile and 
compression decreases little for the replacement rate 
at 25%, and increases by 2.3%, 3.4%, and 14.9%, 
with the replacement rate of 50 %, 75%, and 100%, 
respectively. When the replacement rate of natural 
sand is less than or equal to 50%, the cube compres-
sive strength of LCSARP has grown at a much faster 
rate than splitting tensile strength. Therefore, tension 
and compression’ ratio increases a little, which indi-
cates the characteristics of large brittleness and little 
toughness for LCSARP. As the replacement rate of 
natural sand is greater than 50%, the tensile and com-
pression’ ratio has grown at a much faster rate, which 
indicates the characteristics of little brittleness and 
large toughness for LCSARP. A conclusion can be 
draw that shale pottery is replaced by a certain 
amount of natural sand, which can improve the brit-
tleness of all light concrete, with the result that the 
LCSARP has the characteristics of large deformation 
capacity. 

From Table 2, it can be found that the SFCR  of 

LCSARP increases with the incremental replacement 

0.00 0.25 0.50 0.75 1.00
0.65

0.70

0.75

0.80

0.85

0.90

0.95  Measured values

 Fitting curve



f c
/f

c
u

f
c
/f

cu
= 0.24 + 0.73           R

2
 = 0.85



         Electronic Journal of Structural Engineering 17(1) 2017 

91 

 

rate of natural sand on the whole, and shows more ob-

vious regularity compared with the /ts cuf f . Com-

pared with all light concrete, the SFCR  of LCSARP 

with 25% nature sand decreases little. As the replace-

ment rate of natural sand is greater than 25%, the 

growth rate of flexural strength increases more rap-

idly than cube compressive strength, with the result 

that the SFCR  increases with the incremental re-

placement rate. Compared with all light concrete, 

SFCR  increases by 2.0%, 7.8%, and 13.7%, with re-

placement rate of 50%, 75%, and 100%, respectively. 
It can be found that SFCR  of LCSARP has a non-

linear relationship with the replacement rate   in 
Figure 3. According to the principle of least-squares 
method, the experimental data is fitted as followed: 

2 20.22 0.061 1.01 0.93SFCR R         (6) 

 

Figure 3. The relationship curve between SFCR  and   

4.4 Deformation properties 

The load-strain curve was plotted in Figure 4, in 
which the Figures 4(a) and 4(b) presented the com-
pressive strain in the axial direction and the tensile 
strain in the lateral direction, respectively. 

  

a) Load-axial strain curve 

 

b) Load-lateral strain curve 

Figure 4. The relationship curve of load versus strain 

 

From Figure 4, with the incremental replacement 
rate of natural sand, the slope increases gradually in 
the upward section of axial load-strain curve, which 
indicates the elastic modulus of LCSARP increases 
gradually. Due to the factor that lightweight aggre-
gate distributed uniformly in specimen with has large 
elasticity modulus and rigidity in the initial elastic 
stage, which restrained strongly for the strain capacity 
of matrix, so both lateral deformation and axial defor-
mation have a approximately linear relationship with 
the bearing capacity of specimen. As the axial strain 
further increased, the continuous formation of micro 
cracks caused lateral expansion gradually, so the lat-
eral strain increased at a faster pace. As the load fur-
ther increased, the lateral deformation exceeded the 
utmost tensile deformation of LCSARP, the adjacent 
cracks were penetrated, then the prism specimen split 
into a number of separate small prisms, which caused 
serious stress concentration and accelerated the fail-
ure of LCSARP. 

From Table 2, it can be found that the elastic mod-
ulus of LCSARP increases gradually with the incre-
mental replacement rate of natural sand. Compared 
with all light concrete, the elastic modulus of 
LCSARP increases by 0.5%, 20.5%, 28.1%, and 
30.1%, with the replacement rate of 25%, 50%, 75%, 
and 100%, respectively. The main reason is that the 
elastic modulus of natural sand is larger than cerams-
ite and shale pottery, in which the elastic modulus is 
(0.50-3.00) ×104 MPa for ceramsite and shale pottery, 
but generally (2.79-4.76)×104 MPa for nature sand. 
Therefore, the elastic modulus of cement mortar in 
LCSARP has been improved with the increase pro-
portion of natural sand in specimen, and the overall 
elastic modulus of LCSARP increases. 

Based on the results in the Table 2, it can be found 
that the Poisson’ ratio of LCSARP changes from 0.09 
to 0.28 in this experiment, and decreases gradually 
with the incremental replacement of natural sand. 
Compared with all light concrete, the Poisson’s ratio 
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of LCSARP decreases by 35.7%, 53.6%, 64.3%, and 
67.9%, with replacement rate of 25%, 50%, 75%, and 
100%, respectively. 

From Figure 5, it can be observed that the Pois-

son’s ratio of LCSARP with low replacement rate of 

natural sand is almost equal to all light concrete when 

the stress ratio / cf  is small. For all light concrete, 

the Poisson’s ratio increases in the order of magnitude 

1:1 when the stress ratio is less than 0.2, and has 

larger variation when stress ratio is greater than 0.2. 

Meanwhile, an obvious law can be observed that no 

matter which stage of the stress ratio is, the Poisson’s 

ratio of all light concrete is the largest among the five 

groups. Compared with all light concrete, the 

/ cf   curve of LCSARP becomes steeper for the 

replacement rate at 25%. For replacement rate at 50 

%, when the stress ratio is greater than 0.2, the 

/ cf   curve soars suddenly, and ν does not 

change with the increase of stress ratio. The 

/ cf   curves are approximately equal for the re-

placement rate of 75% and 100%, and v keeps a linear 

increase with the increase of / cf , but it changes lit-

tle after reaching 0.6 cf . 

Sun shows that the tension and compression’s ratio 
of concrete is only determined by the Poisson’s ratio 
under certain conditions, and the tension and compres-
sion’s ratio of concrete indirectly reflects the distribu-
tion ratio between working energy and deformation 
energy under the compression state [30]. However, 
the Sun model is based on ordinary concrete. For fur-
ther understanding and applying the law between ten-
sion and compression’ ratio and Poisson's ratio for 
LCSARP, the Sun model was multiplied by a coeffi-
cient  , and the expression was written as followed: 

2

2

2

1 2

ts

cu

f

f








                          (7) 

 

Figure 5. The curve of stress ratio versus Poisson’s ratio 

 

In this experience, the measured Poisson’s ratio 
and tension and compression’s ratio were substituted 
into formula (7) to obtain the value of   under the 
replacement rate of 0 %, 25%, 50%, 75%, and 100%, 
which were 0.64, 1.41, 2.72, 4.59, and 6.27 respec-
tively. The relationship was analyzed and fitted be-
tween the replacement rate   as the independent 
variable and the parameter   as the dependent var-
iable, as shown in Figure 4. The relevant data was fit-
ted as followed: 

25.78 0.47 0.99R                   (8) 

As seen in Figure 6, the value of α could be ob-

tained by substituting the   of 0%, 25%, 50%, 75%, 

and 100% into formula (8), and subsequently by the 

formula (7), the /ts cuf f  could be achieved.  

 

Figure 6. The comparison curves for /ts cuf f  versus   

 

The calculation curve of /ts cuf f   was com-

pared with the measured curve in Figure 6. It is found 

that the calculated curve for tension and compres-

sion’s ratio correlates well to the experimentally 

measured result. 

 

5  CONCLUSIONS 

In this paper, sixty LCSARP test specimens were car-
ried out experiment and analysis for strength and de-
formation performance, the conclusions are listed as 
followed:   

(1) The failure mode of LCSARP is different from 
the ordinary concrete, and the LCSARP mainly 
shows cracking of lightweight aggregate. With the in-
cremental replacement rate of natural sand, the failure 
mode is various under different experiment, such as 
fracture gradually, but without scattering under cube 
compressive, the failure changes from longitudinal 
failure to oblique shear failure under axial compres-
sive, brittle failure occurs under splitting tensile, and 
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there is no vertical development and a standard mode 
for the main crack under flexural experiment. 

(2) With the incremental replacement rate of natu-

ral sand, the mechanical properties of LCSARP show 

an increasing trend in performance in general, includ-

ing cube compressive strength, axial compressive 

strength, splitting tensile strength, flexural strength, 

/c cuf f , SFCR , and elastic modulus, while the re-

verse is true for the Poisson’s ratio. In terms of 

LCSARP, the precise and applicable relationships for 

the mechanical property parameter as 
cuf , 

cf , split-

ting tensile strength, flexural strength, /c cuf f , and 

SFCR  at different replacement rates of natural sand 

are individually established by the regression analy-

sis. 
(3) Based on the introduced parameter in associa-

tion with the replacement rate of natural sand, the 
curve equations between tension and compression’s 
ratio and Poisson’s ratio for LCSARP are established, 
and the calculated curve for tension and compres-
sion’s ratio correlate well to the experimentally meas-
ured one. 
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