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Abstract

 

A two-step analytical procedure is proposed to evaluate the quantitative influence of the maximum aggregate size and aggregate gra-
dation on the effective Young’s modulus of concrete. In the first step, the effective Young’s modulus of a specified “basic element,” which
is composed of an aggregate coated with interfacial transition zone and again covered with cement paste, is obtained based on a proposed
four-phase sphere model. The theory of elasticity and Eshelby’s equivalent medium theory are used to achieve the goal. In the second
step, the rule of mixture method is used to estimate the effective Young’s modulus of concrete. Following the two-step procedure, the
maximum aggregate size and aggregate gradation are included in the formulations for the effective Young’s modulus of concrete. The cal-
culated results are compared with experimental results from the literature. The comparison results show a reasonable agreement when
isostrain is assumed for every basic element in the second step. Parameters influencing the effective Young’s modulus of concrete are dis-
cussed via calculated results © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

 

In recent years, concrete has been assumed to be a three-
phase composite material [1]. The influence of the Young’s
modulus and volume fraction of each phase—cement paste
phase, interfacial transition zone (ITZ), and aggregate phase
on the effective Young’s modulus of the three-phase concrete
is well established. Yang [2] has given an in-depth review
of the theoretical and experimental studies on the effective
Young’s modulus of concrete. It was found experimentally
that the effective Young’s modulus of concrete decreases as
the volume fraction of ITZ increases [3]. Because the vol-
ume fraction of ITZ is determined by the surface area of ag-
gregate, while the surface area of aggregate is dependent on
the maximum aggregate size and aggregate gradation, the vol-
ume fraction of ITZ and the corresponding effective Young’s
modulus of concrete should be closely related to the maxi-
mum aggregate size and aggregate gradation. Qualitatively,
experiments have shown that the effective Young’s modu-
lus of concrete increases as the maximum aggregate size in-
creases [4] and densely graded concrete has higher effective
Young’s modulus [5]. The same trend is also observed in
other types of particulate-filled composite materials [6,7].

However, very little is known about the quantitative influ-
ence of the maximum aggregate size and aggregate grada-
tion on the effective Young’s modulus of concrete. Theoret-
ical studies are thus aid in understanding the quantitative
influence.

For common particulate-filled composite materials, theo-
retical methods estimating the effective elastic moduli mainly
include the rule of mixture method and the method based on
the theory of elasticity. Each method can be subdivided into
several specified approaches. The merit of the rule of mixture
method is that it can deal with composite materials contain-
ing multiple phases, but it fails to involve the geometrical
parameters of each phase, such as the size of the particles.
In contrast, the merit of the method based on the theory of
elasticity is that it can consider the geometrical parameters
of each phase, but significant difficulties are involved when
tackling multiphase composite materials [8]. Therefore, it is
inferred that if the two methods were combined properly,
the effect of the maximum particle size and particle size dis-
tribution on the effective Young’s modulus of composite
materials could be considered.

According to the literature, concrete is usually assumed
to be a three-phase composite material. However, it is as-
sumed to be a special multiphase composite material in the
present paper in order to use the two methods mentioned
above. Taking an arbitrary size aggregate coated with ITZ
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and covered with cement paste as a “basic element” (shown
schematically in Fig. 1), concrete is thus made up of a large
number of such basic elements due to aggregate size distri-
butions. Assuming each basic element as a phase, then con-
crete is a special multiphase composite material. Based on
this treatment, the effective Young’s modulus estimation of
concrete is arranged as a two-step procedure in this paper.
In the first step, the effective Young’s modulus of a basic el-
ement with arbitrary size is obtained based on the theory of
elasticity and Eshelby’s equivalent medium theory. A four-
phase sphere model will be proposed to achieve this goal.
Following the first step, the aggregate size will be included
in the formulations of the effective Young’s modulus of the
basic element. In the second step, concrete is assumed to be
a special multiphase composite material composed of all the
basic elements. Because the effective Young’s modulus of a
basic element with arbitrary size is obtained in the first step,
the rule of mixture method can be used to estimate the ef-
fective Young’s modulus of concrete containing all basic el-
ements. This method uses an averaged summation proce-
dure with the volume fraction corresponding to every
specified basic element as its weighting factor. The volume
fraction with respect to every specified basic element is de-
termined according to the aggregate gradation. As a result,
the influence of the maximum aggregate size and aggregate
gradation on the effective Young’s modulus of concrete can
be considered.

The objective of this paper is (1) to establish a four-phase
sphere model to estimate the effective Young’s modulus of
a basic element with an arbitrary size, (2) to use the rule of
mixture method to estimate the effective Young’s modulus

of concrete, and (3) to compare the calculated results with
experimental results in the literature and discuss the influen-
tial parameters.

 

2. Formulation development

 

2.1. Four-phase sphere model

 

Based on the theory of elasticity and Eshelby’s equiva-
lent medium theory, Christensen and Lo [9] developed a
three-phase sphere model to estimate the effective shear
modulus of a particulate-filled two-phase composite mate-
rial. This model was formed by embedding a matrix-coated
spherical particle into an infinite equivalent composite me-
dium. A merit of this model is that it considers the stress and
strain field interactions between the inclusion and the sur-
rounding equivalent composite medium. In other words,
when solving for the effective Young’s modulus of the in-
clusion, this model does not treat the inclusion indepen-
dently. Instead, the inclusion is constrained by the infinite
surrounding equivalent composite medium so that the inclu-
sion is in a stress condition similar to reality. By overall
evaluations, Christensen [10] concluded that this three-
phase sphere model was more reasonable and reliable than
other generally used models, such as the differential scheme
and the Mori-Tanaka model [11]. Following Christensen
and Lo’s procedure for two-phase composite materials, a
four-phase sphere model is proposed by embedding a basic
element with an arbitrary size into an infinite equivalent
concrete medium, shown in Fig. 2. For simplicity, the speci-
fied basic element in Fig. 2 is assumed to be a three-layer
sphere. The assumption of a spherical inclusion was also
used in Christensen and Lo’s model. This four-phase sphere
model is used in this paper to estimate the effective Young’s
modulus of the specified basic element.

In Fig. 2, letter 
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 denotes the radius of the aggregate, 

 

b–a

 

the thickness of ITZ layer, and 

 

c–b

 

 the thickness of cement
paste layer. 
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 is the radial boundary stress at infinite applied
as an external force; 
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radial stress at 
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the spherical polar coordinate. 
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 are radial dis-
placements of the equivalent concrete medium and cement
paste at the interface 
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, respectively. 
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radial displacements of the cement paste and ITZ at the in-
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 are the radial dis-
placements of the ITZ and aggregate at the interface of 
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respectively. For elastic parameters, denoting 
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1, 2, 3) are the Young’s modulus and Poisson’s ratio of the
cement paste (
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 1), ITZ (
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 2), and aggregate (
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3), re-
spectively. 
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) and 
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0
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) are the effective Young’s modu-
lus and Poisson’s ratio of the equivalent concrete medium,
respectively. It is noted that 
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0
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) and 
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0
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a

 

) are not con-
stants; instead, they are dependent on the basic element.
When the basic element is changed, 
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0

 

(

 

a

 

) and 
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0

 

(

 

a

 

) will
change accordingly.Fig. 1. A basic element.



 

G. Li et al. / Cement and Concrete Research 29 (1999) 1455–1462

 

1457

 

2.2. Effective Young’s modulus estimation of a specified 
basic element

 

In addition to general assumptions for elastic bodies (iso-
tropic, linear elasticity, etc.), assuming continuous contact
at the interface of 
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5
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5
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, and 
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5

 

 

 

c

 

, and taking 

 

p

 

 as
uniformly distributed, Fig. 2 describes a spherical symmetry
problem. Using the theory of elasticity [12], the displace-
ments at the interface 

 

r 

 

5

 

 

 

a

 

, 
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5

 

 

 

b

 

, and 
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5

 

 

 

c

 

 are obtained
[see Eq. (1), Eq. (2), Eq. (3), Eq. (4), Eq. (5), and Eq. (6)]

(1)

(2)

(3)

(4)

(5)

(6)

where [see Eq. (7)]

u0c A0c B1 p B2 p0–( )=

u1c A1c B3 p0 B4 p1–( )=

u1b A1b B5 p0 B6 p1–( )=

u2b A2b B7 p1 B8 p2–( )=

u2a A2a B9 p1 B10 p2–( )=

u3a A3ap2=

A0

1 ν0 a( )+

E0 a( )
-----------------------  A1

1 ν1+

E1
--------------  A2

1 ν2+

E2
--------------  A3

1 2ν3–

E3
-----------------=;=;=;=

B1 0.5 ξ+  B2 0.5

B3
0.5n δ+

1 n–
--------------------  B4

0.5 δ+

n 1– 1–
----------------  B5

0.5 δ+
1 n–

----------------=;=;=

;=;=

B6
0.5n 1– δ+

n 1– 1–
------------------------  B7

0.5k η+
1 k–

--------------------

B8
0.5 η+

k 1–
21

-----------------  B9
0.5 η+
1 k–

-----------------  B10
0.5k 1– η+

k 1– 1–
-------------------------=;=;=

;=;=

(7)

According to the continuous conditions at the interfaces
that the radial displacements are equal, the relations shown
in Eq. (8), Eq. (9), and Eq. (10) hold.

(8)

(9)

(10)

Simultaneously solving Eqs. (1) through (10), the inter-
facial radial stresses are obtained as shown in Eq. (11), Eq.
(12), and Eq. (13):

(11)

(12)

(13)

where [see Eq. (14)]

(14)

To determine the effective Young’s modulus of the spec-
ified basic element in Fig. 2, Eshelby’s equivalent medium
theory is used. According to Eshelby [13], the strain energy,
U, for a homogeneous medium containing an inclusion un-
der applied traction conditions is determined by Eq. (15)

(15)

where Si is the surface of the inclusion, U0 is the strain en-
ergy in the same medium when it contains no inclusion, si

0

and ui
0 are the tractions and displacements in the same me-

dium when it contains no inclusion and si and ui are the cor-
responding quantities at the same point in the medium when
it does contain the inclusion.

Christensen and Lo [9] proved that [see Eq. (16)]

(16)

Substituting Eq. (16) into Eq. (15), we have Eq. (17)

(17)

For the problem described in Fig. 2, the inclusion refers
to the basic element, the inclusion surface Si is a spherical
surface with radius of r 5 c, and the infinite equivalent con-
crete medium is the corresponding homogeneous medium.
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Fig. 2. Four-phase sphere model.
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According to the definition of si and ui in Eq. (15), they are
expressed as shown in Eq. (18) and Eq. (19)

(18)

(19)

where p0 and u0c are shown in Eqs. (13) and (1), respec-
tively.

According to the definition of si
0 and ui

0 in Eq. (15), the
space occupied by the basic element in Fig. 2 should be re-
placed by the same volume-equivalent concrete medium.
Therefore, the effective Young’s modulus and Poisson’s ra-
tio in the space of r , c is the same as that in the space of
r . c. This means that when the basic element is treated as
an equivalent homogeneous material, its effective Young’s
modulus and Poisson’s ratio are equal to the effective
Young’s modulus and Poisson’s ratio of the surrounding
equivalent concrete medium, i.e., E0(a) and n0(a), respec-
tively. Using the theory of elasticity, si

0 and ui
0 are obtained

as shown in Eq. (20) and Eq. (21)

(20)

(21)

Substituting Eqs. (18) through (21), (13), and (1) into Eq.
(17), the effective Young’s modulus of the basic element,
E0(a), and Poisson’s ratio, n0(a), are correlated by Eq. (22)

(22)

where [see Eq. (23)]

(23)

in which [see Eq. (24)]

(24)

It is noted in Eq. (22) that the effective Young’s modulus
and Poisson’s ratio are coupled. The Poisson’s ratio will be
estimated by using the rule of mixture method in the next
section.

It can be seen from Eq. (22) that the effective Young’s
modulus of the basic element depends not only on the elas-
tic properties of the aggregate, ITZ, and cement paste, but
also on the aggregate size, a, ITZ layer thickness, b–a, and
cement paste layer thickness, c–b. For a given concrete, the
elastic properties of each phase, the maximum aggregate
size, and the aggregate gradation are known, which means
Ei and ni (i 5 1, 2, 3) and a are known parameters. How-

σi p0=
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C2 A2B7 A1B6+( ) A3 A2B10+( ) A2
2B8B9

C3 A1
2B4B5– A3 A2B10+( )=

–=

=

ever, it is necessary to determine the parameters, b and c,
before Eq. (22) can be used to estimate the effective
Young’s modulus of the basic element.

It has been shown that in a typical concrete, although the
thickness of the ITZ layer depends on factors such as the
water/cement ratio, it seems to be independent of the size of
the inclusion [14]. Therefore, it is reasonable to assume the
thickness of the ITZ layer (b–a) to be constant, regardless of
the size distribution of aggregates. Based on this assump-
tion, the following relationship can be derived [see Eq.
(25)]:

(25)

where ri (i 5 1, 2, . . ., N 2 1) is the average size of the No.
i sieve and No. (i 1 1) sieve when aggregates are divided
into N grades by sieving; Ki the residue of aggregates on
No. (i 1 1) sieve; f2 and f3 are the volume fractions of the
ITZ and aggregate, respectively.

In determining the parameter c, Christensen and Lo’s as-
sumption is used. According to Christensen and Lo [9], the
following relationship holds [see Eq. (26)]:

(26)

Before Eq. (25) and Eq. (26) can be used to determine b
and c, f2 and f3 should be determined. For a given concrete,
f3 and (f2 1 f1) are known, where f1 is the volume fraction of
the cement paste, and the following relation holds [see Eq.
(27)]:

(27)

According to experimental results, the average thickness
of the ITZ layer in a typical concrete is about 0.05 mm
[14,15], thus the term b 2 a in Eq. (25) is about 0.05 mm.
For a given concrete, the aggregate gradation is also known;
thus the volume fraction of the ITZ is obtained from Eq.
(25) as shown in Eq. (28):

(28)

Once the volume fraction of ITZ, f2, is determined from
Eq. (28), the volume fraction of the cement paste, f1, can be
derived from Eq. (27).

Based on the above formulations, Eq. (22) can be used to
estimate the effective Young’s modulus of the basic ele-
ment. As expected, the effective Young’s modulus of the
basic element is related to the aggregate size, a.

2.3. Estimation of the effective Young’s modulus of concrete

It is found from Eq. (22) that E0(a) and n0(a) are coupled.
To get E0(a) from Eq. (22), n0(a) should be determined first.
Compared with the effective Young’s modulus, the Pois-
son’s ratio of concrete varies slightly. For simplicity, as-
suming that the Poisson’s ratio for every basic element is

b a f 2 3 f 3

Ki
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-----
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∑
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equal to the effective Poisson’s ratio of concrete; that is,
n0(a) is equal to n, the effective Poisson’s ratio of concrete.
Thus n0(a) is independent of aggregate size, a.

In order to estimate the effective Poisson’s ratio of con-
crete, assumptions are needed. Assuming that concrete is
composed of three phases—cement paste, ITZ, and aggre-
gate. These three phases are assumed to be either isostrain
or isostress in axial direction. Using the volume fraction of
each phase as the weighting factor, the effective Poisson’s
ratio can be estimated as follows.

Using isostrain assumption, Li et al. [16] developed the
following expression [see Eq. (29)]

(29)

Under isostress assumption, Ahmed and Jones [6] pro-
posed the expression seen in Eq. (30).

(30)

Because concrete is assumed to be a special multiphase
composite material with each basic element as a phase,
there is no easy way of determining the stress or strain rela-
tions between each phase, such as the mixed isostrain and
isostress relations used by Zhou et al. [17]. For simplicity,
the isostrain or isostress relation between every phase is as-
sumed in the present paper. Their applicability will be deter-
mined by a comparison with experimental results found in
the literature. Based on these assumptions, the effective
Young’s modulus of concrete can be obtained as follows.

With isostrain assumption [see Eq. (31)]

(31)

where amin and amax are the minimum and maximum aggre-
gate sizes, respectively. S(a) is the aggregate gradation.

For densely graded aggregates, S(a) can take the form
shown in Eq. (32):

(32)

where m is an exponent determining the shape of the grada-
tion curve. When amax 5 20 mm and amim 5 0.02 mm, two
aggregate gradations are shown in Fig. 3 with respect to m 5
0.4 and m 5 0.5, respectively.

With isostress assumption [see Eq. (33)]

(33)

Integrating Eq. (31) and Eq. (33) is very complicated.
For simplicity, the integration can be replaced by a summa-
tion as follows.

With isostrain assumption [see Eq. (34)]

(34)

ν0 a( ) ν ν1 f 1 ν2 f 2 ν3 f 3+ += =
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ν1 f 1E1 ν2 f 2E2 ν3 f 3E3+ +

f 1E1 f 2E2 f 3E3+ +
------------------------------------------------------------------= =

E E0 a( )dS a( )
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S a( )
a amin–

amax amin–
-------------------------- 

  m

=

1
E
---

1
E0 a( )
--------------dS a( )

amin

amax

∫=

E E0 a( )Ki
i 1=

N

∑=

With isostress assumption [see Eq. (35)]

(35)

where Ki is the same as in Eq. (25).
Eq. (34) and Eq. (35) are used to calculate the effective

Young’s modulus of concrete in the present paper, where
the step length for the aggregate radius, Da, is assumed as
Da 5 0.001 amax.

3. Results and discussions

3.1. Comparison with experimental results

In order to compare the calculated results with the exper-
imental results in a comparatively wide range, the test re-
sults by Stock et al. [18] are used, except for the Poisson’s
ratio and Young’s modulus of the ITZ. In order to compare
the test results with the predicted results by the present
model, these parameters should be assumed. According to
Simeonov and Ahmad [3], the Poisson’s ratio for each
phase is taken as n1 5 0.25, n2 5 0.3, and n3 5 0.15. Ac-
cording to the results calculated by Lutz et al. [19], the
Young’s modulus of the ITZ is assumed as E2 5 0.4E1,
where E1 is the Young’s modulus of the cement paste.

Fig. 4 illustrates the test results by Stock et al. [18], the
predicted results by Eq. (34) and Eq. (35), and the predicted
results by Li et al. [16]. It is found from Fig. 4 that when the
aggregate content is in the range of a typical concrete (f3 5
0.6–0.8), the predicted results from Eq. (34) are close to the
test results, while the predicted results form Eq. (35) show a
significant divergence from the test data. This means the
isostrain assumption for Eq. (34) is more suitable than the
isostress assumption for Eq. (35). The only exception is
when f3 5 0.4. The test datum shows a large difference from
that by Eq. (34) and also a lower value than that by Eq. (35).
This may be caused by different external and internal con-

1
E
---

Ki

E0 a( )
--------------

i 1=

N

∑=

Fig. 3. Aggregate gradations.
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straints between the model and the test. First, the boundary
condition or the external constrain is different. The com-
pression specimen used by Stock et al. is in a one-dimen-
sional stress condition, while the four-phase sphere model
in Fig. 2 is in a three-dimensional stress condition because a
hydraulic pressure p is applied as the boundary stress. The
uniaxial compressive test leads to higher deformation than
that when lateral constraints are applied, such as in the pro-
posed model. Consequently, the higher deformation in the
test results in lower effective Young’s modulus. Second, the
internal constraint is different. A specified basic element is
constrained by an infinite number of other basic elements in
the proposed model, while only a limited number of basic
elements interact with a specified basic element in the test
due to the limited size of the specimens. The difference be-
comes larger when f3 is lower because a specified basic ele-
ment is constrained by a reduced number of other basic ele-
ments in the test. As a result, the difference between the test
results and the predicted results by Eq. (34) is small when f3

is comparatively large (f3 > 0.6) and becomes large when f3

is comparatively small (f3 5 0.4).
In a previous study, the authors [16] have obtained the

effective bulk modulus of concrete based on the formula-
tions by Christensen and Lo. A key step in this previous
study is to transform a four-phase sphere model to an equiv-
alent three-phase sphere model and an equivalent two-phase
sphere model. This current study is a refined study com-
pared to the previous one. The effective Young’s modulus is
obtained directly based on the proposed concepts of a basic
element and a special multiphase composite material. In
Fig. 4, it is seen that Eq. (34) is closer to the test results than
our previous study when the aggregate concentration is
within the commonly used range (f3 5 0.6–0.8). This sug-
gests that the current model is more suitable than the previ-
ous one. However, the current formulations are more com-

plicated than those in the previous study. Therefore, as an
initial estimation, the previous study is still valuable.

3.2. Parameters influencing the effective Young’s modulus 
of concrete

To evaluate the parameters influencing the effective
Young’s modulus of concrete, the values used in the calcu-
lations are specified as follow: E1 5 15 GPa, E2 5 7.5 GPa,
E3 5 70 GPa, f3 5 0.6, n1 5 0.25, n2 5 0.3, n3 5 0.15, amax 5
20 mm, and amin 5 0.02 mm. Gradation 1 in Fig. 3 is used as
the aggregate gradation. The ITZ thickness is taken as 0.05
mm. Eq. (34) is used in calculations.

In Fig. 5, two aggregate gradations shown in Fig. 3 are
used. It is found from Fig. 5 that the effective Young’s mod-
ulus of concrete increases as the maximum aggregate size
increases. The effect is large when the maximum aggregate
size is comparatively small and becomes small when the
maximum aggregate size is comparatively large. This trend
is qualitatively supported experimentally [4]. The possible
reason for this result is that the total aggregate surface area
decreases as the coarser aggregates increase, which will re-
duce the volume fraction of the ITZ. Because the Young’s
modulus of the ITZ is low, the decrease of the volume frac-
tion of the ITZ makes the effective Young’s modulus of
concrete increase. From Fig. 3, gradation 2 contains a larger
amount of coarser aggregates than gradation 1; thus con-
crete with gradation 2 should have a higher effective
Young’s modulus than that with gradation 1. The result in
Fig. 5 is in agreement with this analysis.

In Fig. 6, the effective Young’s modulus of concrete in-
creases as the Young’s modulus of each phase increases.
However, their influence on the effective Young’s modulus
of concrete is phase-dependent. It is found from Fig. 6 that
the cement paste phase has a significant effect, while the ef-
fect of the ITZ and aggregate is comparatively small. This is

Fig. 4. Comparison of test results with predicted data.
Fig. 5. Effect of maximum aggregate size and aggregate gradation on the
effective Young’s modulus of concrete.
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understandable because the cement paste acts as a continu-
ous phase or matrix in concrete. This result means that in-
creasing the Young’s modulus of the cement paste through
measures such as reducing the water/cement ratio is the
most efficient way of increasing the effective Young’s mod-
ulus of concrete.

Fig. 7 shows the effect of the aggregate concentration
and ITZ thickness on the effective Young’s modulus of con-
crete. Two types of aggregates are considered: one is a com-
mon aggregate with E3 5 70 GPa, and the other is a light-
weight aggregate with E3 5 10 GPa. For concrete composed
of common aggregates, the effective Young’s modulus of
the concrete increases as either the volume fraction of the
aggregate increases or the ITZ thickness decreases. This re-
sult means that using a densely graded aggregate or reduc-
ing the ITZ thickness through measures such as decreasing
the water/cement ratio or incorporating silica fume are effi-
cient ways of increasing the effective Young’s modulus of
concrete. For concrete composed of lightweight aggregates,
the effect of the aggregate concentration is the opposite of
when common aggregates are used. The effective Young’s
modulus of the concrete decreases as the volume fraction of
the aggregate increases.

4. Conclusions

A way of considering the effect of the maximum aggre-
gate size and aggregate gradation on the effective Young’s
modulus of concrete is proposed through a two-step analyti-
cal procedure. In the first step, a four-phase sphere model is
established to predict the effective Young’s modulus of a
basic element with an arbitrary size. The theory of elasticity
and Eshelby’s equivalent medium theory are used to de-
velop the formulations. In the second step, the rule of mix-
ture method is used to estimate the effective Young’s modu-
lus and Poisson’s ratio of concrete. In this step, concrete is
assumed to be a special multiphase composite material con-

taining all the basic elements. The calculated results are
compared to those found in the literature. A reasonable
agreement is found between the experimental results and
the predicted results from Eq. (34). The parameters influ-
encing the effective Young’s modulus of concrete are eval-
uated. Based on the calculated results, the following prelim-
inary conclusions are reached:

1. Increasing the maximum aggregate size within a cer-
tain extent or using densely graded aggregate leads to
increased effective Young’s modulus of concrete.

2. Increasing the Young’s modulus of the cement paste
through measures such as reducing the water/cement
ratio is the most efficient way of increasing the effec-
tive Young’s modulus of concrete. Increasing the
Young’s modulus of the ITZ or aggregate is not as ef-
ficient as increasing the Young’s modulus of the ce-
ment paste.

3. Increasing the volume fraction of the aggregates or
reducing the ITZ thickness through measures such as
using densely graded aggregate, incorporating silica
fume, and reducing the water/cement ratio are effi-
cient ways of increasing the effective Young’s modu-
lus of concrete. For concrete composed of lightweight
aggregates, the effective Young’s modulus of the con-
crete decreases as more aggregates are used.

4. Although the predicted results are confirmed by an
experimental study found in the literature, further ex-
perimental studies are needed to evaluate systemati-
cally the maximum aggregate size and aggregate gra-
dation on the effective Young’s modulus of concrete.
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