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Abstract—This paper presents mesoscale analysis on
mechanical properties of concrete that has different size by
two dimensional Rigid Body Spring Model (RBSM). The
specimens used in this analysis are cylinders with diameter
/height (mm): 50/50, 50/100, 50/150, 50/200, 100/100, 100/200,
100/300, 100/400, 150/150, 150/300, 150/450, and 150/600.
Nominal maximum sizes of aggregate were 9.5 mm, 25 mm,
and 30 mm with grain size distribution according to JSCE
Standard. The aggregate distributed randomly into the
analyzed models. The loading conducted with deformation
control with the increment of 0.005 mm for compression
analysis and 0.0005 mm for tension analysis. Compressive
strength, tensile strength and elastic modulus of all
specimens with the same of h/d, decrease with the increasing
of nominal maximum size of aggregate. For all specimens
with the same nominal maximum size of aggregate,
compressive strength, tensile strength and elastic modulus
decrease with increasing of concrete slenderness (h/d).

Index Terms—size effect, mesoscale, rigid body spring
method, maximum aggregate size, specimen slenderness,
mechanical properties of concrete

. INTRODUCTION

In recent years, research at the meso level from the
analytical point of view has begun, but has not been
conducted far enough yet. The analysis of compression
test in particular has hardly been carried out due to
complicated failure behavior involved [1]-[4]. At the
meso level, in which concrete is considered as composite
material with three phases: aggregate, mortar and
interface, Nagai et al., was successly simulated failure
mechanism and failure modes of mortar and concrete
specimens using both two and three dimensional method
[51, [6].

The study on size effect on mechanical properties was
conducted mainly by experimental approach [7]-[12]. In
this paper, the mesoscale analysis using two dimensional
Rigid Body Spring Model (RBSM) on the size effect on
mechanical properties of concrete is presented. The
analysis was conducted in both tension and compression.
The study parameters were the maximum size of
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aggregate and the slenderness ratio of the concrete
specimens. Twelve series of concrete cyclinder
specimens with different maximum aggregate size and
different specimens dimension were analyzed.

The objective of this study is to obtain the effect of
maximum aggregate size and slenderness ratio of
concrete specimens on tensile strength, compressive
strength and modulus of elasticity of concrete. The
formula to predict concrete strength in tension and
compression at different slenderness ratio is proposed as
a function of the specimen slenderness ratio based on the
data obtained in the analysis.
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Figure 1. Elements, spring and degress of freedom

crack

element 1 element 2

Figure 2. Crack in elements

Il. RIGID BODY SPRING MODEL

Rigid Body Spring Model (RBSM) is a discrete
numerical analysis method first developed by Kawai [13],
[14]. The analytical model is devided into polyhedron



International Journal of Structural and Civil Engineering Research Vol. 4, No. 3, August 2015

elements whose boundaries are interconnected by two

springs, called normal and shear spring as shown in Fig. 1.

Each element has two translational and one rotational
degrees of freedom at the center of gravity. Cracks
initiate and propagate along the boundary (Fig. 2). A
mesh arrangement of random geometry using Voronoi
diagram is used. [15]. A geometric computational
program developed by Sugihara is applied [16].

Normal and shear elastic moduli are calculated by
assuming a plane stress condition as follows [5].
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where k, and ks = elastis modulus of normal and shear
spring; E and v = elastic modulus and Poisson’s ratio of
element. Material constants (E, v) at the aggregate-mortar
interface are calculated as in Fig. 3 [17].
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Figure 3. Material constant at interface

I1l.  MESOSCALE CONSTITUTIVE MODEL

The mesoscale constritutive models developed by
Nagai et al. [5] and Ueda et al. [17] were used in this
study. Nagai et. al. assumed that no fracturing occurs in
compression dan the tensile strength of the mortar and it
interfaces has a normal distribution with the following
probability density function [5].
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where f, = element tensile strength, when f,< 0 then, ft=0;
L = average value of element tensile strength; and s =
standard deviation. The same distribution was assumed
for normal and shear spring.

The elasto-plastic and fracture behavior was adopted
for normal spring. When the normal spring of mortar or
interface elements reaches its tensile strength, the
elements get fracture, then the normal stress decreses
linierly with increasing crack width. The maximum crack
width at which the tensile stress can be transferred has a
distribution depending on the tensile strength and
corresponding crack width. In compression, the spring

ff)=
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always behave elastically. The unloading and reloading
path does not pass through the origin, but has some
plasticity. The plasticity increases and the stiffness
decreases as the strain at the unloading point increases. A
linear unloading-reloading path that follows the envelope
stress-strain curve in compression at a strain of &, is
adopted as shown in Fig. 4 [17].
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Figure 4. Unloading-reloading path

The elasto-plastic model was adopted for shear spring
[5]. Shear stress is proportional to shear strain until it
reaches a maximum value (7n.x) and then remains
constant at 7. as shear strain increases further. The .
criteria developed by Ueda et. al. [17] and Tailor and
Brom and Kosaka et al. [18], [19] were used for mortar
and interface respectively as follows:

For mortar:

Tmer = 2(f, + 01172 (=0 + £,)"%) (4)
For interface:
Tmex = T(—otand + ¢ (5)

The aggregate elements are assumed to behave
elastically without fracturing [5].

IV. ANALITICAL METHOD

A. Analitical Model

Twelve series of analitical model were used. The
analized models were concrete cylinder specimens with
different maximum aggregate size, which are 12,5 mm,
25 mm and 30 mm. The diameter of cylinder specimens
for maximum aggregate size of 12,5 mm, 25 mm and 30
mm were 50 mm, 100 mm and 150 mm, respectively. The
specimen with 50 mm dimeter has the height of 50 mm,
100 mm, 150 mm and 200 mm. The specimen with 100
mm dimeter has the height of 200 mm, 200 mm, 300 mm
and 400 mm. The specimen with 150 mm dimeter has the
height of 150 mm, 300 mm, 450 mm and 600 mm.

The aggregate was distributed randomly in the model.
The grain size distribution of aggregate was based on
JSCE Standard [20]. The circular aggregate was used in
the analytical model. The aggregate distributed into the
model in the following ways (see Fig. 5):

e Set the maximum size of aggregate first into the
model, followed by the smaller one, etc.

e Centroid of the aggregate is located in the model
randomly. Aggregate can be drawn by inserting its
radius.
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e To locate the next aggregate centroid, check that
the distance between that centroid and the already
stored centroids should satisfy the condition in the
Fig. 5.

dip—(itr)zk

di,Z — (I'i I 7'2) = /C
diza—(ritra) =k

k = positive constant

Figure 5. Set up aggregate into the model

B. Element Meshing

Element meshing was conducted by Voronoi diagram.
Voronoi points were distributed randomly in the analyzed
model. Distribution of Voronoi points is conducted in
such a way to have almost uniform size of polygon.
Width and height of analyzed model were divided into
some square elements. Each element contains one
Voronoi point and poligons were able to construct. In this
study the number of elements was limited to 2400.

C. Analytical Process

The program developed by Nagai et al. was used in the
analysis [5]. The stiffness matrix was constructed based
on the principal of virtual work [14]. The modified
Newton-Raphson method was used as the convergence
algorithm. In the convergence process, displacement
canceling the unbalanced forces of elements was added to
the elements. The displacements were calculated using
the stiffness matrix. Convergence of the model was
judged when the ratio of the summed squares of
unbalanced forces to the summed squares of applied
forces fall below 107°. Displacement of loading boundary
was controlled. The deformation increment of 0.005 mm
and 0,0005 mm was set for compression and tension
analysis, respectively. The input material properties as
shown in Table | was used.

TABLE I.  INPUT MATERIAL PROPERTIES
Parameters Mortar Aggregate Interface
f.” (MPa) 4,0 NAD 18
E (GPa) 25,0 50,0 -
v 0,18 0,25 -
¢ (MPa) - - 3,0
4 ) - - 35

DIt is assumed that the aggregate does not facture

V. ANALITICAL RESULTS

A. Compression Analysis Results

The mechanical properties for all specimens under
compression are summarized in Table Il. The values in

© 2015 Int. J. Struct. Civ. Eng. Res.

267

Table Il are the average value of 3 specimens conducted
in the analysis for each series.

TABLE Il. MECHANICAL PROPERTIES OF CONCRETE UNDER
COMPRESSION
Maximum Cylinder Compressive | Modulus of
Series Aggregate Size, d/h Strength Elasticity
Size (mm) (mm) (MPa) (GPa)
1 9,5 50/50 45.8 22.6
2 9,5 50/100 40.9 22.0
3 9,5 50/150 36.0 20.0
4 9,5 50/200 30.2 16.5
5 25 100/100 41.6 20.5
6 25 100/200 37.9 19.0
7 25 100/300 32.0 18.8
8 25 100/400 26.0 14.7
9 30 150/150 37.9 18.0
10 30 150/300 32.8 16.5
11 30 150/450 27.3 14.2
12 30 150/600 22.4 12.6

Fig. 6 and Fig. 7 show the relationship of compressive
strength, modulus of elasticity and the maximum
aggregate size. From those figures, it can be seen that the
compressive strength and modulus of elasticity decrease
with the increase in the maximum aggregate size. This is
similar with experimental finding [11].
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Figure 6. Relationship between compressive strength and maximum
aggregate size
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Figure 7. Relationship between modulus of elasticity in compression
and maximum aggregate size

The relationship between compressive strength,
modulus of elasticity and specimen slenderness (h/d) are
shown in Fig. 8 and Fig. 9. From those figure, it can be
seen that compressive strength and modulus of elasticity
decrease with the increase in specimen slenderness. This
is also similar with experimental finding [11]. The
relationship between compressive strength and specimen
slenderness is almost linear.
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Figure 8. Relationship between compressive strength and specimen
slenderness (h/d)
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Figure 9. Relationship between modulus of elasticity in compression
and specimen slenderness

B. Tension Analysis Results

The mechanical properties for all specimens under
tension are summarized in Table Ill. The values in Table
I11 are the average value of 3 specimens conducted in the
analysis for each series.

TABLE Il1l. MECHANICAL PROPERTIES OF CONCRETE UNDER TENSION

Maximum Cylinder Tensile Modulus of
Series Aggregate Size, d/h Strength Elasticity
Size (mm) (mm) (MPa) (GPa)
1 9,5 50/50 4.4 206
2 9,5 50/100 4.0 28.2
3 9,5 50/150 3.7 24.7
4 9,5 50/200 3.2 21.4
5 25 100/100 3.9 24.3
6 25 100/200 3.7 23.2
7 25 100/300 31 221
8 25 100/400 2.9 19.3
9 30 150/150 3.7 20.1
10 30 150/300 33 19.0
11 30 150/450 2.8 18.6
12 30 150/600 2.7 171

Fig. 10 and Fig. 11 show the relationship of tensile
strength, modulus of elasticity and the maximum
aggregate size. From those figures, it can be seen that the
tensile strength and modulus of elasticity decrease with
the increase in the maximum aggregate size. This is
similar with experimental finding [11].

The relationship between tensile strength, modulus of
elasticity and specimen slenderness (h/d) are shown in
Fig. 12 and Fig. 13. From those figure, it can be seen that
tensile strength and modulus of elasticity decrease with
the increase in specimen slenderness. This is also similar
with experimental finding [11].
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Figure 10. Relationship between tensile strength and maximum
aggregate size
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Figure 11. Relationship between modulus of elasticity in tension and
maximum aggregate size
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Figure 12. Relationship between tensile strength and specimen
slenderness

40,0
T
o
o 30,0
=y
1
w 200 ‘\“A\‘
k]
W
3 =4=—Dmax = 9,5 mm
=
'g 10,0 ~@=Dmax = 25 mm
= =#—Dmax =30 mm

0,0
0 1 2 3 4 5

hid

Figure 13. Relationship between modulus of elasticity in tension and
specimen slenderness

C. Specimen Size Effect on Concrete Strength

To see the specimen size effect on concrete strength,
the tensile strength and compressive strength of concrete
obtained in this analysis are normalized with the tensile
strength and compressive strength for specimen with
slenderness ratio (h/d) of 2,0 for which usually use in the
test for determining concrete strength. The result is
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shown in Fig. 14. The same trendline for different
specimen diameter both in tension and compression was
found. By using linear regression analysis, the
slenderness effect on the strength of concrete can be

written as follows:
h
-] - 012
d
where @ = concrete strength at any specimen slenderness;

9,, = concrete strength at h/d = 2,0; h = the height of
specimen; and d = the diameter of specimen.
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Figure 14. The specimen size effect on concrete strength

D. Relationship between Modulus of Elasticity, Tensile
Strength and Compressive Strength

The relationship between modulus of elasticity and
compressive strength, modulus of elasticity and tensile
strength, tensile strength and compressive strength are
shown in Fig. 15, Fig. 16, and Fig. 17 respectively.
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Figure 15. Relationship between modulus of elasticity and compressive
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Figure 16. Relationship between modulus of elasticity and tensile
strength
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Figure 17. Relationship between tensile strength and compressive
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VI. CONCLUSIONS

Mesoscale analysis on concrete cylinder specimens
under tension and compression with different specimen
size and different maximum aggregate size was carried
out. The following conclusions are drawn from this
research:

Compressive strength, tensile strength and
modulus of elasticity decrease with the increase in
maximum aggregate size

Compressive strength, tensile strength and
modulus of elasticity decrease with the increase in
slenderness of specimen

The strength of concrete at any specimen

slenderness was proposed to have a linear
relationship with the specimen slenderness.
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