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THE EFFECT OF AGGREGATE VOLUME RATIO
ON THE ELASTIC MODULUS AND COMPRES-
SIVE STRENGTH OF LIGHTWEIGHT CONCRETE

Chung-Chia Yang*, Yung-Shin Yang** and Ran Huang™***

Keywords: Water-cementratio, Lightweight aggregate, Elastic moduli,
Fine aggregate, S/A ratio.

ABSTRACT

In order to investigate the effect of aggregate volume ratio (S/
A, volume of sand/ volume of total aggregate) on the elastic
modulus of lightweight concrete, cylindrical specimens ( $10x200
mm) with different S/A ratios and various water-cement ratios were
cast and tested. Both single inclusion model and double inclusion
model were applied to predict the elastic moduli of two-phase and
three-phase cement-based composite materials, respectively. The
elastic modulus of lightweight aggregate was obtained based on
composite theory models. In this study, the aggregate volume
ratio significantly affects the elastic properties of lightweight
concrete. The elastic modulus and compressive strength of light-
weight concrete increase as S/A ratio increases.

INTRODUCTION

A composite can be defined as a combination
of at least two different materials. Usually the prop-
erties of multiphase composite have different pro-
perties of the original components. It is appropriate
to consider concrete as a cement-based composite
which consists of coarse aggregate embedded in a
matrix of hydrated mortar.

The elastic modulus of concrete is very difficult
to predict because the properties of concrete is influ-
enced by the properties and quantities of the compo-
nents. The extremely complex mechanical behavior
of concrete has forced the design engineers to assume
that it behaves as a homogeneous, isotropic, elastic
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material so that an average of elastic moduli and
Poisson’s ratios is taken. The overall mechanical
behavior of composite materials has been extensively
studied.

The overall elastic moduli of the concrete
composite materials are given as a function of proper-
ties and volume fraction of the matrix and inclusion.
The elastic properties of natural rock aggregate as
inclusion can roughly be estimated from general in-
formation about the rock or directly measured on the
bedrock itself; however, it is not as easy to obtain
information about the elastic properties of artificially
produced small particles such as lightweight aggre-
gate.

By considering concrete as a two-phase mate-
rial, Aitcin and Mehta [1], Baalbaki et al. [2] demon-
strated that the elastic modulus of concrete is influ-
enced by the elastic properties and volume fraction
of aggregates. Hirsch [3] derived an equation to
express the elastic modulus of concrete in terms of an
empirical constant, and also provided some experi-
mental results for the elastic modulus of concrete
with different aggregates.

Voigt’s [4] approximation yielded the upper
bound and the Reuss’s [5] approximation yielded
the lower bound of the average elastic moduli theo-
retically. Hashin and Shtrikman [6] proposed varia-
tional principle to find bounds on the average elastic
moduli of composite materials which were better than
the Voigt and Reuss bounds. Hansen [7] developed
mathematical models to predict the elastic moduli of
composite materials based on the individual elastic
modulus and volume fraction of the components.
Mori and Tanaka [8] applied the concept of average
field to analyze macroscopic properties of composite
materials. The average field concept considers that
inclusions are replaced by the matrix with eigenstrain
distribution. In addition, the shape effect of disper-
soids was introduced in Eshelby’s [9] method to as-
sess the properties of composite materials. The recent
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development of evaluating overall elastic modulus
and overall elastic-plastic behavior was reviewed

by Mura [10], Nemat-Nasser and Hori [11]. Yang
and Huang [12] proposed a double inclusion model
for approximating elastic modulus of concrete by
employing Mori-Tanaka Theory and Eshelby’s
Method.

~In this study, the elastic modulus of cement
paste, mortars and lightweight concrete were ob-
tained in the laboratory. Cement paste was consid-
ered as matrix. By considering mortar as a two-phase
material, single inclusion model [13] was used to
evaluate the equivalent elastic modulus of the fine
aggregate. By considering lightweight concrete as a
three-phase composite, the double inclusion model
was used to evaluate the elastic modulus of light-
weight coarse aggregate and the effect of S/A ratio on
the elastic behavior of lightweight concrete.

EXPERIMENTAL PROGRAM

In this study, mortar is considered as a com-
posite material in which sand particles are embedded
in a matrix of hardened cement paste and light-
weight concrete is a combination of cement paste,
fine ag-gregate, and lightweight coarse aggregate.
In the experimental program, lightweight concretes
were made with different cement pastes as matrixes.
The lightweight coarse aggregates were made of
90% fly ash and 10% portland cement (by weight).
All the specimens were cast and cured in the labora-
tory.

Cement Paste

Cement paste specimens were made using
Type I cement and water with four different water-
cement ratios (w/c=0.4, 0.45, 0.5, and 0.55). The mix
design is given in Table 1. Cement paste cylinders (¢
100x200 mm) were cast and cured in water until the
time of testing. At the age of 28 days, the elastic
moduli and compressive strength of the specimens
were measured according to ASTM Test Method
for Static Modulus of Elasticity and Poisson’s Ratio
of Concrete in Compression (C-469-81) [14] and
ASTM Test Method for Compressive Strength of
Cylindrical Concrete Specimen (C-39-81) [15], re-
spectively. All cylinders were ground and polished
before testing to achieve smooth end surface. A
testing machine with 100 KN load capacity was used.
The elastic moduli and compressive strength of ce-
ment paste are shown in Table 1. All test results are.
obtained by taking the average of more than four
specimens.

Mortar and Concrete

Mortar specimens were made from Type I
cement, superplasticizer, water, and natural sand
with the same water-cement ratio as cement paste. In
addition to the matrix (cement paste), mortars with
a sand volume ratio of 60% were tested. The mix
design is given in Table 2. Type I cement, super-
plasticizer, water, natural sand and lightweight
coarse aggregate were used. Four water/binder ratios

Table 1. Mix proportions and properties of cement paste

Materials P40 P45 P50 P55
Water-cement ratio (W/C) 0.40 0.45 0.50 0.55
Water (kg/m®) 1372.90 1283.68 1204.95 1135.50
Cement (kg/m’) 549.16 577.49 602.48 624.52
Elastic modulus (GPa) 18.42 15.97 13.86 12.52
Compressive strength (MPa) 41.69 35.45 30.75 27.36
Table 2. Mix proportions and properties of mortars
Materials M40 M45 M50 M55
Water-cement ratio (W/C) 0.40 0.45 0.50 0.55
Water (kg/m?) 209.77 225.74 235.49 244.10
Cement (kg/m?) 537.86 501.65 470.97 443.82
Superplasticizer (kg/m?) 5.38 0 0 0
Fine aggregate (kg/m’) 1565.4 1565.4 1565.4 1565.4
*Elastic modulus (GPa) 27.34 25.92 24.33 22.85
**Compressive strength (MPa) 38.79 31.03 28.83 28.68

* average of four specimens
**average of seven specimens




and different volume ratios of coarse aggregate (S/
A=0.4, 0.5, 0.6, and 0.7) were considered in the

' mix proportions. In order to prevent absorption of

water by the artificial lightweight aggregate during
mix procedure such that the water-cement ratio
used in the mix can remain unchanged, the light-

‘weight coarse aggregate was immersed in water

for 30 minutes before mixing and then surface was

- dried with towels. The lightweight concrete mix

design is given in Table 3. Mortar and concrete
cylinders (¢ 100x200 mm) were cast and cured. At

- the age of 28 days, the elastic moduli and com-

pressive strength of the specimens were measured
according to ASTM C 469-81 and ASTM C 39-81,
respectively.

THEORETICAL BACKGROUND

In this study, mortar is considered as a two-
phase (cement paste and fine aggregate) composite
materials and concrete is considered as a three-
phase (cement paste, fine aggregate and coarse
aggregate) composite materials. The inclusions are
randomly embedded in an infinite matrix. The
calculation is divided into two stages. In the first
stage, the equivalent elastic moduli of fine aggregate
was calculated by single inclusion model for a
two-phase composite. The second, double inclusion
model for a three-phase composite was used to
calculate the elastic moduli of lightweight coarse
aggregate and concrete.
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Single Inclusion Model

Yang and Huang proposed a theoretical model
based on Mori-Tanaka theory and Eshelby’s method
in which the stress disturbance due to inhomogeneities
while the applied remote stress is compressive can
be simulated by the eigenstress caused by a fictitious
misfit strain. The fictitious misfit strain (eigenstrain)
was introduced to simulate the inhomogeneity effect.
This model can provide a more accurate evaluation
of average elastic relationships of cement-based
materials with spherical inhomogeneities. In the
pervious work, the overall average elastic moduli of
cement-based composite C was given by

T={T '+f{(1-F)(C-C)S-f(€-C")
+CY'THE-CHETY, (1

where C and C” are the elastic moduli tensor of matrix
and aggregate, respectively. fthe volume fraction of
aggregate, and$ isthe Eshelby’s tensor. The Eshelby
tensor is a function of the geometry of the inclusion
and Poisson’s ratio of the matrix (see Appendix A).

Double-Inclusion Method

The double-inclusion method is applied to
calculate the equivalent elastic modulus of light-
weight coarse aggregate. The overall elastic moduli
of concrete composite materials are investigated in
this study by employing the theory of micromechanics.

Table 3. Mix proportions of lightweight concrete

designation water cement SP fine coarse
*w/b (kg/m?3) (kg/m?) (kg/m?) aggregate aggregate S/A

(kg/m’) (kg/m?)
C340 1095.8 291.6 0.7
C440 0.40 209.77 537.86 5.38 939.2 388.8 0.6
C540 782.7 486.0 0.5
C640 626.2 583.2 04
C345 1095.8 291.6 0.7
C445 0.45 225.74 501.65 0 939.2 388.8 0.6
C545 782.7 486.0 0.5
C645 626.2 583.2 0.4
C350 1095.8 291.6 0.7
C450 0.50 235.49 470.97 0 939.2 388.8 0.6
C550 782.7 486.0 0.5
C650 626.2 583.2 04
C355 1095.8 291.6 0.7
C455 0.55 244.10 443.82 0 939.2 388.8 0.6
C555 782.7 486.0 0.5
C655 626.2 583.2 0.4

*water/binder
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The inclusions are divided into two groups: fine sive strength of cement paste with various water-
aggregate and lightweight coarse aggregate. The cement ratios, respectively. It appears that the elastic
overall elastic moduli of the concrete composite modulus of cement paste decreases as water-cement
materials are given as a function of properties and ratio increases and the compressive strength of ce-
volume fraction of the following three components: ment paste decreases as water-cement ratio increases.
fine aggregate, coarse aggregate, and cement paste. Considering mortar as a two-phase composite
In the pervious work, a composite material is simu- materials, i.e., cement paste is considered as matrix
lated by a homogeneous material with uniform and fine aggregate is consideréd as inclusion. Figure
stiffness C and distributing eigenstrains £]in the 3 is the elastic moduli vs. water-cement ratio regres-

domain of fine aggregate and £ in the domain of
coarse aggregate, respectively. The distributing
eigenstrains £]and £ are calculated as

&

(g) =0, 2

(&2)=B2°. (3)

'S
o

aand Bare shown in the Appendix B. 09 is an applied
uniform remote stress. The average elastic moduli
tensor of concrete composite materials, C , for three-
phase is given by

T=(C '+ fia+f,B)7 ", (4)

where f and f, are the volume fraction of fine aggre-
gate and coarse aggregate, respectively.

Compressive Strength (MPa)

RESULTS AND DISCUSSIONS 25 —
0.4 0.45

—
0.5 0.
Figures 1 and 2 show the regression lines and Water Cement Ratio (W/C)
experimental results of elastic modulus and compres-

Fig. 2. Water-cement ratio vs. compressive strength for cement paste.
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Fig. 1. Water-cement ratio vs. elastic modulus for cement paste. Fig. 3. Water-cement ratio vs. elastic modulus for mortar.
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sion curve and testing results for the mortar with a

 fine aggregate volume ratio of 0.6. The results show

that the elastic modulus of mortar decreases as water-
cement ratio increases.

The Poison’s ratio of the cement paste and mor-
tar was assumed to be 0.2 for the computation of the
elastic modulus tensor of the matrix and the mortar
according to the experimental results. Equation (1)
was used to calculate the elastic modulus of the fine
aggregate based on single inclusion model. Table 4
shows the elastic modulus of the fine aggregate ob-
tained from the single inclusion model. The average
elastic modulus of fine aggregate is 36.63 GPa. The
regression line and experimental results for mortar
are shown in Fig. 4. In this figure also shows that
the compressive strength of mortar decreases as wa-
ter-cement ratio increases.

A three-phase composite with spherical in-
clusions was considered in the theoretical approach.
The elastic moduli of cement paste and fine aggregate
are shown in Table 4. The elastic moduli of light-

weight concrete are experimentally obtained and
listed in Table 5. The Poisson ratio of cement
paste, fine aggregate, and lightweight coarse aggre-
gate are assumed to be 0.2. The volume ratios of
fine aggregate and lightweight coarse aggregate
are calculated from Table 3. The elastic modulus
of lightweight coarse aggregate is computed from
Eqn (4) based on the elastic moduli, Poisson ratios,
and volume ratios of the components such as cement
paste, fine aggregate, and lightweight concrete.
Table 6 displays the elas-tic moduli of light-
weight coarse aggregates. The average elastic
modulus of lightweight coarse aggregate is about
5.82 GPa.

The regression lines and experimental results
for lightweight concretes elastic modulus and strength
are shown in Figs. 5 and 6. Figure 5 illustrates the
relationships between elastic moduli of lightweight
concrete and S/A ratio (fine aggregate volume/total
aggregate volume) for specimens with various
water-cement ratios. It appears elastic modulus of
lightweight concrete increases as S/A ratio in-

45
Table 5. Elastic moduli of lightweight concrete, (GPa)
) | Volume Ratio of Aggregate =0.6 d::f: 1 5 3 4 Average
%40 2 C340 1958 21.63 1899 21.15  20.34
ﬁ A c440 1829 18.81 1822 17.81  18.28
a Ccs540 17.12 1677 1586 1620  16.49
§ 35 C640 1426 1457 1496 1448  14.57
Cg ] Cc345 1891 18.41 1823 1891  18.62
2 Cc445 1680 1679 1749 17.64  17.18
A Ccs545 15.19 1501 1466 1577  15.16
& 30.] o C645 1415 1371 1323 1423 1383
g | 2 Cc350 18.04 17.45 18.05 17.40  17.73
3 e Cc450 15.62 1542 1528 1561 1548
Cc550 1332 15.03 1428 1419 1421
o5t —————— c650 1338 1325 1253 12.84  13.25
0.4 0.45 0.5 0.55 Cc355 1721 17.01 17.09 16.56  16.97
Water Cement Ratio (W/C) Cc455 1451 1425 1491 1481  14.62
555 1374 12.85 1296 1346  13.25
Cc655 10.14 1121 1358 11.80  11.68

Fig. 4. Water-cement ratio vs. compressive strength for mortar.

Table 4. Elastic modulus of cement paste, mortar, and fine aggregate, (GPa)

Cement paste Mortar Fine aggregate
(matrix) (two-phase composite) (inclusion)
18.41 27.34 36.15
15.97 25.92 36.91
13.85 24.33 37.22
12.52 22.85 36.25

Average=36.63
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Table 6. Elastic moduli of lightweight coarse aggregate

Cement Fine Coarse Elastic modulus
Design- paste ' aggregate aggretate of
ation (Phase 1) (Phase 2) (Phase 3) coarse aggregate
Jo i f2 (GPa)
C340 0.40 0.42 0.18 6.2
C440 0.40 0.36 0.24 5.9
C540 0.40 0.30 0.30 5.9
C640 0.40 0.24 0.36 5.5
C345 0.40 0.42 0.18 5.5
C445 0.40 0.36 0.24 6.3
C545 0.40 0.30 0.30 5.6
C645 0.40 0.24 0.36 59
C350 0.40 0.42 0.18 6.4
C450 0.40 0.36 0.24 53
C550 0.40 0.30 0.30 5.8
C650 0.40 0.24 0.36 6.5
C355 0.40 0.42 0.18 6.6
C455 0.40 0.36 0.24 5.2
C555 0.40 0.30 0.30 5.5
C655 0.40 0.24 0.36 5.0
Average= 5.82
25 35
] @ W/C=0.40
= 30
PR B W/C=0.45 %
& °  W/C=0.50 So5
E:; A W/C=0.55 '1‘5;;,
= g 20§
2 &
= £ 157 A W/C=0.40
P @ 1 —
§ glO—: ® W/C=0.45
= g 1 ¢ W/C=0.50
S 5 © ‘'W/C=0.55
10 4 Ot
04 045 05 055 06 065 0.7 04 045 05 055 06 065 0.7
S/A S/A
Fig. 5. Elastic modulus of lightweight concrete as a function of S/A Fig. 6. compressive strength of lightweight concrete as a function of §/
- with various W/C. A with various W/C.
creases. Figure 5 also shows that the elastic modulus CONCLUSIONS

of lightweight concrete decreases as water-cement
ratio increases. The compressive strength vs. S/A
ratio for lightweight concretes with various water-
cement ratios are shown in Fig. 6. The compressive
strength of lightweight concrete increases as S/A
ratio increases and the compressive strength of
lightweight concrete decreases water-cement ratio
increases as shown in Fig. 6.

In this study, cement paste is considered as
matrix. The elastic modulus and compressive strength
of cement paste decreases with an increases in water-
cement ratio. The elastic modulus and compressive
strength of mortar are influenced by the elastic prop-
erties and the volume ratio of the matrix (cement
paste) and fine aggregate (inclusion). Based on the
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single inclusion model, the average elastic modulus
of fine aggregate can be derived from the testing
results. In this study, the average elastic modulus of
fine aggregate is 36.63 GPa.

The volume ratio of aggregate significantly af-
fects the elastic modulus and compressive strength of
lightweight concrete. In addition, from the double
inclusion model, the estimated elastic modulus of the
lightweight aggregate is about 5.82 GPa.
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APPENDIX A

The Eshelby’s tensor § for sphere inclusion is
listed below [10].

= = = = = __Sv—-1
S1120=52233=83311=5135=5 211=53322= 3 .

51212=52323=S3131=% .

APPENDIX B
The calculation of parameters a and b
A=[(1-f)C+ G US-1)-C S
B=[(1-£)C+£,GUS-1)-C S
M=(CI-C)(S-1)
N=(G-C)($S-1)

(E)=—(I-f1 f2A"*MB™'N) ' [ f,MB™!
(GC-D)+(CC-1)]°=a0®

(=B ' {fAiNU-fifrbA"'MB"'N) ' A"}
[f2MB™ (G C-D)-(CC-1)]
+(GC-1)}0°=B0°
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