
 Journal of Advanced Concrete Technology Vol. 6, No. 1, 77-90, February 2008 / Copyright © 2008 Japan Concrete Institute 77 

Scientific paper 

Investigations into Volumetric Stability of Aggregates and Shrinkage of  
Concrete as a Composite 
Shingo Asamoto1, Tetsuya Ishida2 and Koichi Maekawa3 

Received 26 June 2007, accepted 23 January 2008 

Abstract  
The authors aim to quantitatively understand the influence of various aggregate properties on concrete shrinkage behavior 
based on both experimental and numerical approaches. The multi-scale constitutive model reveals that differences in 
aggregate Young’s modulus cannot be solely responsible for the observed significant difference in corresponding 
shrinkage behavior of concrete. Hence, shrinkage of the aggregate itself is considered as a possibility and an aggregate 
shrinkage model that takes into account the surface area and the degree of aggregate saturation is proposed on the basis of 
earlier experimental results. The proposed model reasonably simulates the greatly varying different shrinkage behavior of 
concretes with various types of aggregates. 
 
 
1. Introduction 

It is well known that aggregate properties strongly affect 
the time-dependent mechanical properties of concrete, 
such as shrinkage and creep (Troxell et al. 1958; Snow-
don and Edwards 1962; Hansen and Nielsen 1965; Goto 
and Fujiwara 1979; Neville 1970, 1995; Arai et al. 1999, 
2000; Tatematsu et al. 2001; Imamoto et al. 2006). Re-
cently, it was reported that a prestressed reinforced con-
crete (PRC) bridge in Japan had suffered severe crack-
ing of RC member surfaces because shrinkage was 
much greater than predicted at the design stage. In this 
case, aggregate properties were considered as one of the 
reasons for the serious damage to the bridge (JSCE 
concrete committee 2005). Since high-quality aggregate 
is hardly ever used in practice, it is essential to take into 
account the influence of various types of aggregate on 
the mechanical behavior of concrete, including shrink-
age and creep, in order to ensure that concrete structures 
provide the intended performance. 

The effect of aggregate properties on concrete 
shrinkage was comprehensively studied by Goto and 
Fujiwara (1979). They experimentally investigated the 
shrinkage behavior of concretes with different aggre-
gates to understand the individual influence of each ag-
gregate property on shrinkage and concluded that 
shrinkage of the aggregate itself significantly increases 
concrete shrinkage. They indicated that the role of ag-
gregate in concrete is not only to confine volumetric 
change; it also contributes to concrete shrinkage by 

shrinking itself. Recently, Tatematsu et al. (2001) and 
Imamoto et al. (2006) also studied concrete shrinkage 
from the viewpoint of aggregate properties and reached 
the same conclusions as Goto and Fujiwara (1979). 

On the other hand, concrete shrinkage is also affected 
by other properties of the aggregate, such as elastic 
modulus and water absorption. It has been reported that 
the lower Young’s modulus of lightweight aggregate can 
lead to greater shrinkage in lightweight concrete as 
compared to that of normal-weight concrete (Neville 
1995; JSCE 2002). It is also possible that the abundance 
of moisture in porous aggregate partially compensates 
for the drying of concrete pores and reduces shrinkage 
of lightweight concrete (JSCE 2002). These diverse 
conclusions can be attributed to coupling of mecha-
nisms relating to various properties of aggregate. It is 
important to study the contribution of each aggregate 
property that affects concrete shrinkage and to develop a 
model that simulates the correlative phenomena com-
prehensively. 

In this paper, the authors aim to quantitatively clarify 
the contributions of aggregate properties such as water 
absorption, Young’s modulus and aggregate shrinkage to 
concrete shrinkage based on combined experimental and 
analytical approaches. The objective is to enhance a 
multi-scale constitutive model(Maekawa et al. 2003; 
Zhu et al. 2004; Asamoto et al. 2006) by idealizing ag-
gregate properties and behavior appropriately and to 
evaluate the shrinkage behavior of concrete for any mix 
proportion under arbitrary environmental conditions. 

 
2. Numerical simulation of concrete 
shrinkage by the existing model 

2.1 General scheme of multi-scale constitutive 
model 
The authors have developed thermodynamics-oriented 
models for the hydration reaction, pore structure forma-
tion, moisture transport/equilibrium and system dynam-
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ics and brought them together in the computer program 
known as DuCOM (Maekawa et al. 1999). Recently, a 
project to couple the microscopic thermo-physical in-
formation obtained from DuCOM with macroscopic 
structural information such as stress, strain, deformation, 
cracking and others as computed by a 3D FEM struc-
tural system named COM3 (Maekawa et al. 2003) has 
been in progress. One of the targets of this project is the 
development of a multi-scale constitutive model that 
can simulate concrete time-dependent behavior such as 
shrinkage and creep based on the hydration reaction, 
pore structure and moisture state in the pores (Maekawa 
et al. 2003; Zhu et al. 2004; Asamoto et al. 2006). In 
this section, the multi-scale constitutive model is de-
scribed in summary. Further details can be found in the 
literature (Maekawa et al. 2003; Zhu et al. 2004; 
Asamoto et al. 2006). 

In the model, concrete is idealized as a two-phase 
composite with aggregate and hardening cement paste. 
The aggregates are modeled as elastic particles with a 
stiffness determined by their density, while the harden-
ing of cement paste is expressed by the progressive 
formation of finite fictitious clusters as hydration pro-
ceeds based on solidification theory (Bazant and 
Prasannan 1989). The number of clusters is dependent 
on the degree of hydration as obtained from DuCOM. 
The stress in the hardening paste is given as the summa-
tion of stresses applied to all clusters. Both volumetric 

and deviatoric terms of stress and strain are computed, 
taking into account interactions between aggregate par-
ticles and the cement paste matrix. 

According to the model, the mechanical behavior of a 
fictitious cluster is associated with the thermodynamic 
state of moisture in micro-pores such as capillary pores, 
gel pores and interlayer pores. Recently, the authors 
divided moisture migration in gel pores into moisture 
transport through the internal pores of CSH gel grains 
and water in motion within the inter-particle spaces of 
hydrate micro-products (Asamoto et al. 2006). The mo-
tion of moisture in capillary and gel pores is idealized 
based on seepage theory, which describes moisture in 
pores migrating gradually under sustained stress. The 
rate of motion depends on pore size, so it takes longer 
for moisture in smaller pores to reach equilibrium. The 
moisture in interlayer pores is assumed to disperse only 
at high temperature and to give rise to the volumetric 
change due to the dispersion. The deformation of each 
component is expressed by an elastic spring, a dashpot 
and a slider whose parameters are determined by hard-
ening cement paste temperature, moisture saturation, 
pore size distribution and other factors. Figure 1 repre-
sents an overview of the model. 

In the model, the authors assume that the driving 
force behind volumetric change is related to capillary 
pressure and solid surface energy. These phenomena are 
computed in consideration of coupling with the ther-
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Fig. 1 Schematic representation of multi-scale constitutive model. 
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modynamic state of moisture in the micro-pores. The 
capillary force is calculated based on the Laplace equa-
tion, the Kelvin equation and the degree of saturation of 
capillary and gel pores subjected to pore pressure. The 
shrinkage under relatively high humidity drying condi-
tions is caused mainly by the capillary force in the 
model. On the other hand, in the case of relatively low 
humidity conditions, the increase in the solid surface 
energy of gel particles due to desorption of adsorbed 
water is idealized as the main mechanism of shrinkage. 
By coupling the above volumetric stress depending on 
moisture states in pores with the C-S-H skeleton stress, 
the equilibrium between skeleton stress and external 
loading can be satisfied. Thus, time-dependent deforma-
tion can be computed according to the boundary condi-
tions without conventional classifications such as auto-
genous/drying shrinkage and basic/drying creep. Cur-
rently, the model is able to reasonably simulate the 
time-dependent deformation of cementitious composites 
under arbitrary boundary conditions (Zhu et al. 2004; 
Asamoto et al. 2006). 

 
2.2 Verification and sensitivity analysis for 
shrinkage of concrete with various types of 
aggregate 
The above model is used to study the cause of severe 
cracking found in the actual structure. The structure in 
question is a PRC bridge, located in Wakayama Prefec-
ture, central Japan. The bridge had been reported as be-
ing seriously damaged. A number of cracks were found 
on the surface of the RC members and vertical cracks 
were observed in the web even though it was horizontally 
prestressed. Only three years had passed after the con-
struction at the time of inspection. The JSCE (Japan 
Society of Civil Engineers) set up an emergency com-
mittee to investigate the reasons for the cracking damage, 
check the current structural performance of the bridge 
and determine suitable repair/strengthening measures to 
be taken. According to the committee, one of the reasons 
for this serious damage might have been excessive 
shrinkage of the concrete (JSCE concrete committee 
2005). Since such serious concrete shrinkage was 
thought to be associated with aggregate properties, the 
committee studied the influence of aggregate properties 
on concrete shrinkage. Shrinkage experiments using 
several concretes with different types of aggregates were 
conducted. Table 1 shows the mix proportions of these 
concretes. The aggregates for mix A were from the same 
source as used for the bridge concrete, while the aggre-
gates for mix B were standard ones extracted from a 
different site. The sand in mix C was standard but the 
gravel was the same as that in mix A. The specimen size 
for autogenous shrinkage and drying shrinkage testing 
was 10 x 10 x 40 cm. The specimens for autogenous 
shrinkage testing were sealed immediately after casting 
and stored at a constant temperature of 20°C. In the case 
of drying shrinkage tests, specimens were subjected to 
60% relative humidity at 20ºC after 7 days of moist 

curing. 
One of the aggregate properties thought to be possibly 

responsible for the large shrinkage of the bridge concrete 
was the relatively lower elastic modulus in comparison 
with normal aggregate, even though it was not measured 
(JSCE concrete committee 2005). Thus, the influence of 
aggregate Young’s modulus on concrete shrinkage was 
examined using our analytical model. In the two-phase 
composite model, the aggregate Young’s modulus is 
assumed to be the average of the values for sand and 
gravel. An empirical model of Young’s modulus based 
on the average density of sand and gravel is idealized as 
(Zhu et al. 2004), 

5(2.35 5.78) 10
2.46

ag ag

ag

E = ⋅ γ − ⋅
γ >    (1) 

where, Eag is the average Young’s modulus of sand and 
gravel [MPa] and γag is the average density of sand and 
gravel [g/cm3]. 

According to Eq. (1), the aggregate Young’s modulus 
of mix A is computed as 31.6 GPa. In the simulation, a 
10% lower value of estimated Young’s modulus, 28.4 
GPa, was adapted, considering that the aggregates for 
mix A may be softer than normal as described above. In 
the case of mix B, the Young’s modulus obtained from 
Eq. (1), 37.8 GPa, was used because the aggregates for 
mix B are standard ones. In the simulation, the transport 
of moisture in aggregate pores is taken into account by 
considering aggregate absorption in the model (Mix A: 
1.86%; Mix B: 1.09%). The moisture model for the ag-
gregate will be described in detail in Section 3. 

The experimental results and computed results of 
autogenous shrinkage and drying shrinkage are depicted 
in Fig. 2. In the case of the concrete with the normal 
aggregate, the model simulates shrinkage reasonably, 
although the computed results are slightly lower than 
the observed values. On the other hand, both the ob-
served autogenous shrinkage and drying shrinkage of 
the mix A concrete containing the same aggregate as the 
bridge concrete are much larger than those calculated by 
the model. This significant difference cannot be ex-
plained by experimental inaccuracies such as chamber 
control, or experimental scatter related to the variability 
of the material properties. 

Table 1 Mix proportions in committee test (kg/m3) (JSCE 
concrete committee 2005). 

 Water Cement Sand 1 Sand 2 Gravel
Mix A 172 453 482 S1 119 S2 1053 G1
Mix B 172 453 1065 G2
Mix C 172 453 544 S3 61 S4 1053 G1
S1, S2: similar sand to that used in PRC bridge concrete 
S3, S4: normal sand 
G1: similar gravel to that used in PRC bridge concrete 
G2: normal gravel 
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Since the inference of this result is that the 10% re-
duction in aggregate Young’s modulus is insufficient to 
represent the large concrete shrinkage due to softer ag-
gregate, the stiffness value in the computation was fur-
ther reduced. As shown in Fig. 3, the numerical simula-
tion results almost matched the experiment ones when 
the aggregate Young’s modulus was decreased to 1.0 
GPa. Such an extremely low stiffness, however, is only 
likely to be found in special aggregate such as artificial 
lightweight aggregate. It is difficult to imagine that the 
aggregate used in the mix A concrete had such a low 
stiffness, since it satisfied the physical and chemical 
properties specified in Japanese industrial standard. 

Next, the possibility of low aggregate stiffness is dis-
cussed from the aspect of the Young’s modulus of con-
crete. The Young’s modulus of typical normal strength 
concrete in Japan can be estimated by its cylinder com-
pressive strength (Okamura 2000). 

1/ 38500c cE f= ⋅   (2) 

where, Ec is Young’s modulus of concrete [MPa] and fc 
is cylinder compressive strength [MPa]. Since the 
Young’s modulus of the aggregate for mix A was not 
measured and only the compressive strength was re-
ported(JSCE concrete committee 2005), the approxi-
mate estimation is carried out based on the above em-
pirical equation. 

Since the compressive strength of the concrete for 
mix A at 28 days of age is 68.3 MPa, its Young’s 
modulus is computed to be 34.7 GPa given by Eq. (2). 

Through the use of the two-phase composite model, the 
calculated concrete Young’s modulus at 28 days of age 
is 13.5 GPa when the aggregate Young’s modulus is set 
to 1.0 GPa, as shown in Fig. 4. Since this concrete 
Young's modulus is significantly different from the 
value estimated from the compressive strength, it is very 
unlikely that the Young’s modulus of the aggregate is so 
low. 

As discussed above, the assumption of low aggregate 
stiffness is not able to offer a consistent explanation of 
both concrete shrinkage and stiffness. A more detailed 
investigation of aggregate stiffness is provided in the 
next section from both experimental and analytical per-
spectives. The focus is on two points: the validity of the 
two-phase composite model for simulating concrete 

 

0

500

1000

1500

0 20 40 60 80 100
Age (Day)

Au
to

ge
ne

ou
s 

sh
rin

ka
ge

 (µ
) Cement paste

Young's modulus of aggregate=1.0GPa
Young's modulus of aggregate=3.16GPa
Young's modulus of aggregate=6.32GPa
Young's modulus of aggregate=9.48GPa
Young's modulus of aggregate=28.4GPa
Expt. (Mix A)

0

500

1000

1500

2000

0 20 40 60 80 100
Drying time (Day)

D
ry

in
jg

 s
hr

in
ka

ge
（
µ）

Cement paste
Young's modulus of aggregate=1.0GPa
Young's modulus of aggregate=3.16GPa
Young's modulus of aggregate=6.32GPa
Young's modulus of aggregate=9.48GPa
Young's modulus of aggregate=28.4GPa
Expt. (Mix A)

Fig. 3 Computed results of shrinkage with aggregates of 
varying Young’s modulus. 
 
 

0

10

20

30

40

0 10 20 30
Young's modulus of aggregate (GPa)

Yo
un

g'
s 

m
od

ul
us

 o
f c

on
cr

et
e

af
te

r 2
8 

da
ys

 m
oi

st
 c

ur
in

g 
[G

Pa
]

Analytical result

Estimated Young's modulus from
compressive strength
E c =8.5*f c

1/3　[Gpa]，f c =68.3[Mpa]

Fig. 4 Computed results of Young’s modulus of concrete 
with aggregates of varying Young’s modulus. 

0

100

200

300

400

500

0 20 40 60 80 100
Age (Day)

A
ut

og
en

en
ou

s 
sh

rin
ka

ge
 (µ

Analysis (Mix A)
Analysis (Mix B)
Expt. (Mix A)
Expt. (Mix B)
Expt. (Mix C)

 

0

200

400

600

800

1000

0 20 40 60 80 100
Drying time (Day)

D
ry

in
g 

sh
rin

ka
ge

（
µ） Analysis (Mix A)

Analysis (Mix B)
Expt. (Mix A)
Expt. (Mix B)
Expt. (Mix C)

 
Fig. 2 Computed results and experimental results of 
autogenous shrinkage and drying shrinkage. 
 



 S. Asamoto, T. Ishida and K. Maekawa / Journal of Advanced Concrete Technology Vol. 6, No. 1, 77-90, 2008 81 

behavior in the case of concrete containing soft aggre-
gate and the need to consider other aggregate properties 
that might lead to increased concrete shrinkage, such as 
the possibility of aggregate shrinkage that has been 
pointed out in previous research. 

 
3. Effect of aggregate stiffness and 
porosity on moisture loss and shrinkage of 
concrete 

3.1 Aggregate properties to affect 
time-dependent behavior of concrete  
The influence of aggregate properties on concrete 
shrinkage has been a subject of study for decades. It has 
been reported that the shape, elastic modulus, and water 
absorption of aggregate, as well as the adherence of clay 
to its surface and other properties, affect the 
time-dependent deformation of concrete. The elastic 
property of aggregate seems to have a particularly large 
effect on concrete shrinkage and creep because of the 
restraining effect of the aggregate. The influence of ag-
gregate stiffness on the time-dependent deformation of 
concrete has been investigated comprehensively by ex-
perimental studies on the behavior of concrete containing 
extremely stiff or soft materials such as steel, glass and 
rubber in place of normal aggregate (Upendra 1964; 
Tazawa et al. 1992; Ono and Shimomura 2005). 

However, since the shape and density of steel, glass 
and rubber particles are quite different from those of 
sand and gravel particles, it is not clear that theories 
derived from shrinkage tests on concretes containing 
these alternative materials can be applied to concrete 
with normal aggregate. Further, the effect of moisture 
transport between aggregate and hardening cement paste 
on the time-dependent behavior of concrete needs to be 
given consideration. To fully study the varying shrink-
age behavior of concrete with different types of aggre-
gate, it is essential to clarify the influence of each indi-
vidual aggregate property on concrete shrinkage and to 
identify the combined effect of all the properties. In this 
section, moisture loss and shrinkage of concrete with a 
variety of aggregate computed by the multi-scale con-
stitutive model are compared with experimental results, 
with the focus on the contribution of aggregate absorp-
tion and stiffness, and then the model is verified quanti-
tatively. Throughout this discussion, normal weight ag-
gregate (natural aggregate as used in general-purpose 
concrete) is defined as normal aggregate (gravel or 
sand). 

 
3.2 Analytical model for moisture transfer and 
equilibrium in aggregate pores 
In the multi-scale constitutive model, the effect of 
moisture migration between aggregate and cement paste 
on concrete behavior as well as aggregate Young’s 
modulus can be taken into account by considering the 
average properties of sand and gravel, including density, 
particle size, volume ratio and absorption. In this section, 

the model for representing the moisture transfer and 
equilibrium in aggregate pores is summarized and com-
pared with previous experimental study on moisture loss 
of concrete containing lightweight aggregate. 

Moisture transport between aggregate and cement 
paste is idealized in DuCOM as follows (Maekawa et al. 
1999), 

, , ( )paste ag paste ag ag pasteR P Pα= −    (3) 

where, Rpaste,ag is the moisture exchange rate from ce-
ment paste to aggregate [Pa/m.s], αpaste,ag is the local 
mass transfer coefficient between cement paste and ag-
gregate [1/m.s], Pag is the aggregate pore pressure [Pa] 
and Ppaste is the cement paste pore pressure [Pa]. 

According to DuCOM, αpaste,ag is given by assuming 
that the aggregate consists of spheres of the same radius, 

( )
11/3

0
, 2

/ 13 1
2paste ag

ag ag paste

G GG
r K K

−
⎛ ⎞−β
⎜ ⎟α = +⎜ ⎟
⎝ ⎠

  (4) 

where β is the apparent effectiveness of moisture trans-
fer across the actual area of contact, G is the volumetric 
concentration of aggregate [m3/m3], G0 is the limit fill-
ing capacity of aggregate [m3/m3], rag is the average 
aggregate radius [m], Kag is the permeability of aggre-
gate pores [m/s] and Kpaste is the permeability of cement 
paste [m/s]. 

Here, β denotes a parameter representing the apparent 
effectiveness of moisture transfer across the contact 
areas between the paste and aggregate. When moisture 
migration between cement paste and aggregate is ideal, 
β becomes 1.0, while it is 0.0 when there is no moisture 
transport from or into the aggregate. Using the ap-
proximation that Kpaste << Kag, αpaste,ag is given as, 

( ){ }, 1/ 32
0

3

/ 1
paste

paste ag

ag

GK

r G G

β
α =

−
    (5) 

In order to determine unknown parameter β, paramet-
ric studies were conducted using the above moisture 
transport model between cement paste and aggregate. 
Since the sensitivity of parameter β has not been clearly 
investigated yet, in this analysis, the authors tried to 
identify an approximate value of β by matching to ex-
perimental data of a previous study (Kokubu et al. 
1969). 

Moisture migration in aggregate pores depends on the 
aggregate isotherm that represents the relationship be-
tween pore humidity and moisture saturation. Here, the 
isotherm of normal aggregate proposed by Nakarai and 
Ishida (2003) based on experiments with normal sand 
was adapted. In the case of concrete with normal sand 
and lightweight gravel, it is supposed that the light-
weight gravel is almost fully dried of moisture at rela-
tively high levels of humidity due to the large pores so 
the average saturation of the aggregate depends on the 
sand saturation at relatively lower humidity levels. The 
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proposed isotherm is shown in Fig. 5. 
The experimental conditions adopted in the investiga-

tion of parameter β are summarized in Table 2 (Kokubu 
et al. 1969). The parametric numerical results of mois-
ture loss obtained by varying parameter β are shown in 
Fig. 6. With a larger value of β, the model is able to 
simulate moisture loss at the beginning of drying more 
reasonably, even though it is a slight improvement. 
Figure 7 shows the variations in cement paste and ag-
gregate pore humidity in the model for cases where β is 
more than 0.01. When β is more than 0.1, moisture 
moves rapidly between cement paste and aggregate and 
the pore humidity of the cement paste almost corre-
sponds to that of the aggregate during drying. Currently, 
the authors do not have a clear microscopic understand-
ing of the possibility of this phenomenon under actual 

Table 2 Mix proportion of lightweight concrete and normal weight concrete and experimental outline (Kokubu et al. 1969).

Specimen Unit water content 
(kg/m3) 

Sand Gravel 

  Type  Absorption 
(%) 

Density 
(g/cm3) Type  Absorption 

(%) 
Density 
(g/cm3)

NN 158 River sand (N) 1.9 2.63 River gravel (N) 1.1 2.66 

ON 159 River sand (N) 1.9 2.63 Artificial lightweight 
gravel (O) 10.5 1.50 

XN 162 River sand (N) 1.9 2.63 Artificial lightweight 
gravel (X) 16.1 1.46 

Water-cement ratio: 0.45; sand volume ratio: 0.4 
Specimen size: 10 x 10 x 42 cm prism 
Drying conditions: specimen exposed to RH=60% at 21°C after 7 days of moist curing 
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Fig. 6 Parametric study of parameter β. 
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Fig. 5 Isotherm between pore humidity and aggregate 
saturation (Nakarai and Ishida 2003). 
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drying conditions. Thus, β was specified simply as 1.0 
because the computed results with this value for mois-
ture loss have better agreement with experiment. 

 
3.3 Summary of experimental program 
The experimental results shown in Fig. 2 suggest that 
gravel properties can significantly affect concrete 
shrinkage, since the different gravel types in specimens 
of mix B and of mix C lead to a large difference in 
shrinkage, while the shrinkage of the mix A and mix C 
specimens made with the same gravel but different 
sands is small. Given these results, the shrinkage be-
havior of concretes made with different gravels (normal 
weight aggregate and artificial lightweight aggregate) 
was studied for the purpose of examining the effect of 
stiffness and water migration. The lightweight gravel had 
significantly lower Young’s modulus and higher water 
absorption than the normal gravel.  

The material properties of the normal aggregate and 
lightweight aggregate used in the test are shown in Ta-
ble 3. The lightweight gravel coated with epoxy resin on 
the surface was also used in one of the test sets in order 
to prevent moisture migration from the gravel. Table 4 
represents the mix proportions used in this experimental 
program. The type of sand and the volume ratio of ag-
gregate were the same in every mix proportion. The 
specimens cast using normal gravel are referred to as OG 
(Ordinary Gravel), the ones containing lightweight 
gravel are named LG (Lightweight Gravel) and speci-
mens with epoxy-coated lightweight gravel are identified 
as ELG (Epoxy-coated Lightweight Gravel). For ex-

ample, OG30 stands for a specimen with W/C=30% 
made with normal aggregate. In the case of low wa-
ter-cement ratio, a superplasticizer was added to avoid 
the problem of insufficient compaction. The lightweight 
gravel for LG specimens was submerged in water and 
then used in saturated surface-dry condition, while the 
gravel surface for ELG specimens was manually ep-

Table 3 Aggregate properties. 

 Density (g/cm3)* Absorption (%)
Sand (crushed 

sandstone) 2.59 1.55 

Gravel (crushed 
sandstone) 2.66 0.45 

Artificial light-
weight gravel 0.45 27.5 

(*) Density of artificial lightweight gravel is in oven-dry 
condition. Density of other aggregates is in saturated sur-
face-dry condition. 

 
Table 4 Mix proportion (kg/m3). 

Specimen W/C Water Cement Sand Gravel SP
OG30 30 160 533 686 1039 3.73
LG30 30 160 533 686 176 3.73
OG50 50 201 403 686 1039 - 
LG50 50 201 403 686 176 - 

Mix proportions of specimens ELG30 and ELG50 are the 
same as specimens LG30 and LG50, respectively. 
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Fig. 7 Pore humidity with varying parameter β. 
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oxy-coated after oven-drying. Photo in Fig. 8 shows the 
epoxy-coated gravel used in the ELG specimens. When 
prepared epoxy-coated gravel was immersed in water, 
the weight increase was limited to around 3% in spite of 
the high absorption of the uncoated gravel (27.5%). This 
test demonstrates that epoxy coating is an effective way 
of preventing moisture migration into the gravel. The 
gravel for ELG specimens was mixed manually to avoid 
damaging the epoxy-coated surface, while OG and LG 
concretes were mixed in a twin shaft mixer. In order to 
exclude the influence of these different mixing methods 
on shrinkage behavior, the mortar for ELG specimens 
was first mixed in the twin shaft mixer and then the 
gravel was manually distributed in the mortar. 

Prismatic specimens measuring 10 x 10 x 40 cm were 
used in the experiment. The form was removed one day 
after casting and then the specimens were cured in water 
at 20±2°C for six days. After this period of moist-curing, 
specimens were exposed to 60±5% relative humidity at 
20±2ºC. Strains were measured with contact gauges 
having 5µ resolution. All the results in drying shrinkage 
tests were obtained from the average of two specimens 
per each experimental condition. 

The objective of the experiment was to evaluate the 
influence of aggregate stiffness on concrete shrinkage 
while eliminating variations in pore humidity and ag-
gregate shrinkage by epoxy coating the lightweight ag-
gregate. It was expected that the epoxy coating would 
prevent moisture transport between aggregate and 
hardening cement paste while maintaining the same 
gravel stiffness. It was, however, necessary to investigate 
whether the epoxy-coated interface between gravel and 
cement paste affects shrinkage behavior. To study the 
effect of the epoxy coating, shrinkage tests were con-
ducted using normal gravel and epoxy-coated normal 
gravel. The influence of the epoxy interface on shrinkage 
was directly examined in this test because there is very 
little water migration with non-epoxy-coated normal 
gravel due to its low water absorption, as shown in Table 
3. 

In the test, a specimen with a mix proportion of 
OG30 was used, since the influence on autogenous 
shrinkage can also be investigated with a low wa-
ter-cement ratio. Cylindrical specimens measuring φ10 
x 20 cm were sealed after casting and autogenous 
shrinkage was measured at 20±2ºC until 14 days of age. 
After 14 days, the surface sealing was removed and the 
specimens were dried at 60±5% relative humidity and 
20±2ºC. Strain was measured using a mold gauge. Fig-
ure 8 shows the results. The difference between the 
specimen with normal gravel and the specimen made 
with epoxy-coated normal gravel in autogenous shrink-

age was around 30µ at 14 days of age. Even after being 
subjected to drying conditions, this difference increased 
by just 5µ (for a total shrinkage differential of around 
35µ). According to this experimental result, the epoxy 
coating on the gravel surface has no significant effect on 
concrete shrinkage. 

The compressive strength and Young’s modulus of 
each specimen at 7 days of age are shown in Table 5. 
The mechanical properties of specimens ELG and LG 
were rather similar. The test results indicate that the 
epoxy coating on the gravel surface does not signifi-
cantly affect bonding between gravel and hardened ce-
ment paste. It is concluded that coating the gravel sur-
face with epoxy resin is an effective method of elimi-
nating moisture migration in the gravel, yet maintaining 
other gravel properties such as stiffness and bonding 
with the cement paste. 

 
3.4 Influence of aggregate properties on con-
crete shrinkage 
Figures 9 and 10 show the computed results and ex-
perimental results for drying shrinkage of concretes 
with different aggregates. In the simulation, the absorp-
tion of epoxy-coated gravel was assumed to be 0.0%, 
while the absorption values shown in Table 3 were in-

Table 5 Results of compressive test at 7 days of age. 

 OG30 LG30 ELG30 OG50 LG50 ELG50 
Compressive strength (MPa) 62.8 18.8 18.1 23.7 7.5 12.9 

Young’s modulus (GPa) 34.3 14.0 15.5 23.4 9.6 8.8 
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put for the case of other aggregates. As explained in 
Section 2, the Young’s modulus of the aggregate is ide-
alized as an average value of density for sand and gravel. 
In the case of OG specimens, the Young’s modulus of 
the aggregate is computed to be 40.8 GPa from Eq. (1). 
Since the average density of the sand and lightweight 
gravel for LG and ELG specimens is out of range for Eq. 
(1), the Young’s modulus of the aggregate was deter-
mined to be 2.0 GPa based on experimental values of 
concrete Young’s modulus. The Young’s modulus of 
hardening cement paste is calculated according to the 
water-cement ratio and degree of hydration(Zhu et al. 
2004). Figure 11 shows the experimental results and 
computed results for concrete Young’s modulus. The 
two-phase composite model is able to simulate the dif-
ferent elastic stiffnesses of concretes with different ag-
gregate elasticities reasonably well for both low and 
high water-cement ratios. 

Firstly, the influence of moisture in gravel pores on 
concrete shrinkage is discussed. The water in the gravel 
pores of LG specimens is gradually transferred into the 
cement paste matrix and then diffused outside. Since the 
pore humidity in the concrete of LG specimens is larger 
than that of ELG specimens due to the diffusion of 
moisture from the gravel into cement paste at the begin-
ning of drying, the drying shrinkage of LG specimens 
should be smaller than that of ELG specimens. In the 
case of high water-cement ratios, this speculation can be 
verified because both the computed result and the ex-
perimental result indicate larger shrinkage of ELG 

specimens than LG specimens. On the other hand, for 
low water-cement ratios, the experiment and analysis 
give different results. In the numerical simulation, mois-
ture from the aggregate takes a longer time to migrate to 
the outside through the cement paste matrix due to the 
dense pore distribution in comparison with high wa-
ter-cement ratios. Since moisture supplied from porous 
aggregate remains in the paste matrix and therefore 
maintains pore humidity, the difference in shrinkage 
between LG specimens and ELG specimens with low 
water-cement ratios is larger than that at high wa-
ter-cement ratios in the calculation. In the experiment, 
however, moisture in the gravel pores has little effect on 
shrinkage behavior. One possible reason for the differ-
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Fig. 9 Experimental results and computed results of drying shrinkage (W/C=30%). 
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Fig. 10 Experimental results and computed results of drying shrinkage (W/C=50%). 
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ence is that, in the experiment, moisture from the porous 
gravel diffuses into the cement paste due to 
self-desiccation during curing and then may not migrate 
at drying. Since this assumption has not been verified 
yet, the authors recognize that further investigation is 
necessary. 

Next, the influence of aggregate Young’s modulus on 
drying shrinkage is investigated. The shrinkage of OG 
specimens made with stiff normal gravel is compared 
with that of ELG specimens containing soft ep-
oxy-coated gravel assuming, as noted previously, that 
moisture in the normal gravel does not affect drying 
shrinkage due to its low absorption. In the experiment, 
the shrinkage of ELG specimens with softer gravel is 
larger than that of OG specimens. The computed result 
shows the same tendency, so it is concluded that the 
effect of aggregate stiffness on shrinkage of concrete can 
be simulated reasonably. In the case of epoxy-coated 
porous lightweight aggregate with a significantly low 
elastic modulus, the influence of aggregate stiffness on 
concrete shrinkage can be exactly observed in the ex-
periment and simulation because moisture migration 
from aggregate is quite small.  

The computed results for the shrinkage of OG speci-
mens are smaller than experimental ones. This appears to 
be attributed to the aggregate shrinkage of crushed 
sandstone used in OG specimens, which is discussed in 
next section. 

 
4. Numerical analysis considering 
aggregate shrinkage 

Based on the discussion given in the previous section, it 
is inferred that the multi-scale constitutive model is able 
to simulate the influence of aggregate elastic modulus 
and water absorption on concrete shrinkage appropriately. 
Thus, it is suggested that the large concrete shrinkage in 
the PRC bridge mentioned in Section 2 may be caused 
not by the low Young’s modulus of the aggregate but by 
other aggregate properties. 

It has been reported that aggregate shrinkage as well 
as elastic modulus may influence the volumetric change 
of concrete (Snowdon and Edwards 1962; Hansen and 
Nielsen 1965; Goto and Fujiwara 1979, Tatematsu et al. 
2001, Imamoto et al. 2006). In this section, an aggregate 
shrinkage model is proposed and implemented in the 
multi-scale constitutive model. The proposed model is 
then verified by comparison with experimental results. 

The volumetric stresses and strains for a two-phase 
system are given with respect to the component values 
as follows, 

0 cp cp ag agV Vσ σ σ= +      (6) 

0 cp cp ag agV Vε ε ε= +      (7) 

1
3ag ag

agK
ε = σ        (8) 

( )cp cpfε σ=       (9) 

where, σ0, σcp and σag are the mean volumetric stresses 
of the concrete, cement paste and aggregate, respec-
tively, and ε0, εcp and εag are the mean volumetric strains 
of the concrete, cement paste and aggregate, respec-
tively. Vag and Vcp are the volume fractions of aggregate 
and cement paste, respectively. Kag is volumetric stiff-
ness of aggregate. The aggregate is modeled as perfectly 
elastic material, while the cement paste is idealized as 
solidifying material increasing the fictitious clusters due 
to the progress of hydration, as shown in Fig. 1. In addi-
tion, the following restrain condition related to shear 
stiffness of cement paste is assumed,  

( ) ( ) 0
( )

ag cp
ag cp

cpg G
σ − σ

+ ε − ε =     (10) 

The function g(Gcp) is the shear stiffness of cement 
paste. g(Gcp)=4Gcp, which Benveniste (1987) proposed, is 
used in the model. More detailed information about the 
interaction between cement paste and aggregate, espe-
cially shear deformation and Poisson ratio, can be found 
in the literature(Zhu et al. 2004). 

For the purpose of considering aggregate shrinkage 
due to drying, the shrinkage strain is added to the volu-
metric strain of the aggregate arising from the volumet-
ric stress as follows: 

1
3

sh
ag ag ag

agK
ε σ ε= +    (11) 

where, εag
sh is the strain of the aggregate due to its 

shrinkage mechanism. 
The drying shrinkage of aggregate is likely to be de-

pendent on moisture states in the aggregate pores based 
on mechanisms such as capillary pressure and also on 
the increase in solid surface energy as well as in the 
concrete. Goto and Fujiwara (1979) presented the rela-
tionship between moisture content and shrinkage of 
normal aggregate for a situation where aggregate ab-
sorbed moisture after oven-drying and then dried again, 
as given in Fig. 12. Figure 13 shows the relationship 
between the ratio of εag

sh (drying shrinkage of aggre-
gate) to εagmax

sh (maximum shrinkage of aggregate after 
oven-drying) and degree of saturation Sag (= moisture 
content/maximum moisture content) obtained from the 
above experiment by Goto and Fujiwara. Even for dif-
ferent types of aggregate with distinct values of maxi-
mum shrinkage strain, the relationship is almost linear 
through both the drying and wetting processes. Cur-
rently, there is no valid experimental evidence that veri-
fies or contradicts this relationship based on a micro-
scopic approach using capillary pressure, solid surface 
energy or similar. Once the implementation of simple 
aggregate shrinkage model according to the experimen-
tal results and the respective investigation of each ag-
gregate property are noted here, the shrinkage of normal 
aggregate is idealized as, 
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max

0.95
(1.0 / 0.95) 0.95

0.0 ag

sh sh
ag ag ag ag
sh
ag S

S S
>

ε = ε ⋅ − ≤
ε =

  (12) 

The degree of saturation Sag can be computed in the 
model from the pore humidity as obtained using the 
moisture transport model and the isotherm, as discussed 
in previous section. Shrinkage up to a saturation of 0.95 
is assumed to be 0µ because the moisture in large pores 
diffuses first and shrinkage due to changes in pore 
pressure and solid surface energy related to moisture 
states in large pores will be small. 

The shrinkage of the PRC bridge concrete as dis-
cussed in Section 2 is simulated once again using the 
proposed aggregate shrinkage model. The isotherm be-
tween pore humidity and the degree of saturation of 
aggregate was that proposed by Nakarai and Ishida 
(2003), as shown in Fig. 5. The maximum drying 
shrinkage εagmax

sh is likely to be extremely large so it 
was set at 1400µ, the largest value of maximum shrink-
age reported in previous research (Goto and Fujiwara 
1979). The average elastic modulus of the sand and 
gravel was assumed to have the value of 28.4 GPa. 

Figure 14 shows the computed results of autogenous 
shrinkage and drying shrinkage and Fig. 15 gives the 
calculated aggregate shrinkage strain under sealed and 

drying conditions. Both autogenous shrinkage and dry-
ing shrinkage are significantly larger when simulated in 
consideration of aggregate shrinkage and the computed 
results appear reasonable. Further, there is a remarkable 
amount of aggregate shrinkage 600µ under drying con-
dition, while aggregate also shrinks even under sealed 
condition due to the self-desiccation of cement paste. 
These analytical results strongly suggest that the con-
tribution of aggregate shrinkage to concrete shrinkage is 
considerable and that significantly greater autogenous 
shrinkage and drying shrinkage can result from aggre-
gate properties alone. Since various types of aggregate 
are used in cementitious composite materials, it is im-
portant to gain a correct understanding of the shrinkage 
properties of each aggregate during the design process. 
The model proposed here is further investigated by 
comparing the computed results with observed shrink-
age of concretes made with various aggregates. 

In order to evaluate the shrinkage of the aggregate it-
self, some researchers have focused on the specific sur-
face area of the aggregate. Imamoto et al. (2006) re-
ported that the amount of drying shrinkage of concrete 
is strongly related to the specific surface area of the 
sand and gravel. Goto and Fujiwara (1979) proposed the 
following equation associating maximum aggregate 
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shrinkage strain εagmax
sh with specific aggregate surface 

area SAag, assuming that the main mechanism of aggre-
gate shrinkage is an increase in solid surface energy due 
to desorption of adsorbed water. 

max
sh
ag agk SAε = ⋅   (k:constant)   (13) 

As shown in Fig. 16, an almost linear relationship is 
obtained experimentally between maximum aggregate 
shrinkage with oven drying and specific surface area. 
Since the value of k was not reported in the paper (Goto 
and Fujiwara 1979), k was determined to be 136 x 10-6 
by the method of least squares. According to Eqs. (11), 
(12) and (13), aggregate shrinkage can be computed in 
the model if the specific surface area of the aggregate is 
known. 

Using the above methodology, computed results were 
compared with the shrinkage tests carried out by Ima-
moto et al. (2006). The mix proportions of concretes 
used in the experiments are shown in Table 6. The 
specimen size was 10 x 10 x 40 cm and the specimens 
were exposed to RH=60% at 20°C after 7 days of moist 
curing at 20°C. From the specific surface area of aggre-
gate given by Imamoto et al. as shown in Fig. 17, the 
maximum aggregate shrinkage was simply determined 
using Eq. (13) though the method to measure the surface 
area is different from that in Goto and Fujiwara’s ex-
periment: the maximum shrinkage for specimens UT-KT, 
UK-STo, H2 and L2 was 1021µ, 805µ, 624µ and 
387µ, respectively. The Young’s modulus of the aggre-
gate used in specimens UT-KT, UK-STo, H2 and L2 
was 33.1 GPa, 37.2 GPa,  25.1 GPa and 37.0 GPa, re-
spectively based on Eq. (1).  

Figure 18 shows the experimental results and the 
computed results with and without consideration of ag-
gregate shrinkage. When aggregate shrinkage is in-
cluded in the analytical model, the varying concrete 
shrinkage behavior for various types of aggregate is 
modeled more reasonably than when aggregate shrink-
age is ignored. It is concluded, therefore, that the 
multi-scale constitutive model is able to predict the 
greatly varying shrinkage of concrete containing a vari-
ety of aggregate in consideration of aggregate shrink-
age. 

 
5. Conclusion 

In this paper, the influence of aggregate properties on 
concrete shrinkage was studied using both experimental 
and numerical approaches in order to clarify quantita-
tively the contribution of each aggregate property to 
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Fig. 15 Aggregate shrinkage in sealed condition and drying condition. 
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Fig. 16 Relationship between specific surface are and 
maximum shrinkage of aggregate (Goto and Fujiwara 
1979) 

 
 
Table 6 Concrete mix proportions (kg/m3) (Imamoto et al. 
2006) 

specimen W C S1 S2 G 
UT-KT 180 360 517 222 1006
UK-STo 180 360 522 224 1006

H2 180 360 517 222 980
L2 180 360 517 222 1010

S1(UT-KT, H2, L2): sea sand; density 2.48g/cm3; absorption 
2.50% 
S1(UK-Sto): sea sand; density 2.55g/cm3; absorption 1.61% 
S2(UT-KT, H2, L2): hardened sandstone sand; density 
2.61g/cm3; absorption 1.73% 
S2(UK-Sto): limestone sand; density 2.58g/cm3; absorption 
1.98% 
G(UT-KT, UK-STo): hard sandstone gravel; density 
2.66g/cm3; absorption 0.95% 
G(H2): hardened sandstone gravel; density 2.60g/cm3; ab-
sorption 0.73% 
G(L2): limestone gavel; density 2.69g/cm3; absorption 0.41%
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concrete shrinkage. The results obtained are summa-
rized below. 

The sensitivity analysis of concrete shrinkage by 
varying aggregate Young’s modulus indicated that it is 
not possible to explain the significant increase in con-
crete shrinkage observed with specific aggregate only in 
terms of the low elastic modulus of the aggregate. To 
verify the shrinkage simulation of concrete with soft 
aggregate, the numerical results were compared with the 
results of shrinkage tests on concretes made with vari-
ous aggregates considering Young’s modulus and water 
absorption of aggregate. Concrete containing soft ep-
oxy-coated lightweight gravel exhibited greater shrink-
age than that of concrete made with stiffer nor-
mal-weight gravel in the experiment. The numerical 
model provided a reasonable simulation of the different 
shrinkage behavior of concretes containing these soft 
and stiff aggregates. Further, the moisture loss and 
shrinkage of concrete containing porous lightweight 
aggregate containing significant moisture in its pores 
was computed acceptably. According to these investiga-
tions, it was found that aggregate properties other than 
low stiffness can have a significant influence on con-
crete shrinkage. 

Based on earlier pioneering research, an aggregate 

shrinkage model was proposed and implemented in the 
multi-scale constitutive model in order to analytically 
examine the influence of aggregate shrinkage on con-
crete shrinkage. This demonstrated that the significant 
increase in concrete shrinkage mentioned above can be 
calculated when aggregate shrinkage related to aggre-
gate moisture states is taken into account. 

Little attention has been paid to the characteristics of 
aggregate itself, although the design process incorpo-
rates consideration of concrete mix proportion, structure 
size and boundary conditions. The multi-scale constitu-
tive model developed in this work enables the simula-
tion of moisture transport between aggregate and ce-
ment paste, as well as the stiffness and shrinkage of 
hardening cement paste and aggregate, under arbitrary 
boundary conditions. As a result, the effects of each 
aggregate property on concrete shrinkage can be deter-
mined. According to the analytical work, aggregate 
properties, especially its shrinkage, are likely to cause 
the remarkable variation in concrete shrinkage. Since 
various types of aggregate are generally used in con-
crete mixes due to the depletion of aggregate such as 
river aggregate, it is essential to take into account not 
only aggregate density, absorption and the alkali-silica 
reaction but also aggregate shrinkage in the design of 
concrete structures. 

 
Acknowledgement 
The experiments described in section 3 were performed 
by Yasuaki FURUYA (graduate student at the University 
of Tokyo). Associate professor Keiichi IMAMOTO of 
the Ashikaga Institute of Technology kindly provided 
detailed information about his experiments. The authors 
would like to express their gratitude to these persons. 

 
References 
Arai, M., Tamura, H., Sekiguchi, K., Umeda, H., 

Iwashimizu, T., Tatematsu, K., Ohashi, M., Urano, H., 
Kimura, Y., Akashi, T., Motoki, R., Yamasaki, J., 
Sotoya, Y., Imamoto, K., Annoura, T., Tohyama, S. 
and Fujisawa, I. (1999). (2000). “Study on influence 
of aggregate quality on drying shrinkage of concrete 
(Parts 1-8).” Summaries of Technical Papers of 
Annual Meeting, Architectural Institute of Japan, A-1 
(materials and constructions), 741-746 (1999), 
645-654 (2000). (in Japanese) 

Asamoto, S., Ishida, T. and Maekawa, K. (2006). 
“Time-Dependent Constitutive Model of Solidifying 
Concrete Based on Thermodynamic State of Moisture 
in Fine Pores.” Journal of Advanced Concrete 
Technology, 4(2), 301-323. 

Bazant, Z. P. and Prasannan, S. (1989). “Solidification 
theory for concrete creep. I. Formulation, II. 
Verification and application.” Journal of Engineering 
Mechanics, 115(8), 1691-1725. 

Benveniste, Y. (1987). “A new approach to the 
application of Mori-Tanaka’s theory in composite 
materials.” Mechanics of Materials, 6, 147-157. 

0

2

4

6

8

L2 H2 UK-Sto UT-KT

S
pe

ci
fic

 s
ur

fa
ce

 a
re

a 
of

 a
gg

re
ga

te
in

 e
ac

h 
sp

ec
im

en
(m

2 /g
)

Fig. 17 Specific surface area of aggregate (Imamoto et al. 
2006). 
 
 

0

500

1000

1500

0 100 200 300 400
Drying time (Day)

D
ry

in
g 

sh
rin

ka
ge

 (µ
)

UT-KT (Analysis, with aggregate shrinkage)
UK-STo (Analysis, with aggregate shrinkage)
H2 (Analysis, with aggregate shrinkage)
L2 (Analysis, with aggregate shrinkage)
UT-KT (Analysis, without aggregate shrinkage)
UK-STo (Analysis, without aggregate shrinkage)
H2 (Analysis, without aggregate shrinkage)
L2 (Analysis, without aggregate shrinkage)
UT-KT (Expt.)
UK-STo (Expt.)
H2 (Expt.)
L2 (Expt.)

Fig. 18 Computed results of drying shrinkage considering 
aggregate shrinkage (Experimental data: Imamoto et al. 
2006). 
 



90 S. Asamoto, T. Ishida and K. Maekawa / Journal of Advanced Concrete Technology Vol. 6, No. 1, 77-90, 2008 

Goto, Y. and Fujiwara, T. (1979). “Effect of aggregate 
on drying shrinkage of concrete.” proceedings of 
JSCE, 286, 125-137. (in Japanese); related 
publication, Fujiwara, T. (1984). “Change in Length of 
Aggregate Due to Drying.” Bulletin of the 
International Association of Engineering Geology, 30, 
225-227. 

Hansen, T. and Nielsen, K. (1965). “Influence of 
aggregate properties on concrete shrinkage.” Journal 
of the American Concrete Institute, 62(7), 783-794. 

Imamoto, K., Ishii, S. and Arai, M. (2006). “Drying 
shrinkage properties of concretes with several kinds of 
aggregate and the influence of specific surface areas of 
the aggregates.” Journal of Structural and 
Construction Engineering, Architectural Institute of 
Japan, 606, 9-14. (in Japanese); related publication, 
Imamoto, K. and Arai, M. (2005). “The influence of 
specific surface area of coarse aggregate on drying 
shrinkage of concrete.” Creep and Shrinkage and 
Durability Mechanics of Concrete and Other 
Quasi-brittle Materials (Concreep.7) Nantes, France, 
95-100.  

JSCE Guidelines for Concrete No. 3 Standard 
Specifications for Concrete Structures – 2002 (2002). 
“Structural Performance Verification.” 

JSCE concrete committee (2005). “Interim report on 
deterioration of Tarui bridge.” (in Japanese) 

Kokubu, M., Kobayashi, M., Okamura, H. and 
Yamamoto, Y. (1969). “Problems of lightweight 
aggregate concrete.” Concrete Library of JSCE, 24, 
1-13. (in Japanese); related publication, Kokubu, M., 
Kobayashi, M., Okamura, H. and Yamamoto, Y. 
(1975). “Problems of lightweight aggregate 
concrete.” Selected papers of Masatane Kokubu 
Studies on Materials for Concrete Structures, 
315-343. 

Maekawa, K., Chaube, R. and Kishi, T. (1999). 
“Modeling of Concrete Performance.” London, E & 
FN Spon. 

Maekawa, K., Pimanmas, A. and Okamura, H. (2003). 
“Nonlinear Mechanics of Reinforced Concrete.” 
London, Spon Press, 2003. 

Maekawa, K., Ishida, T. and Kishi, T. (2003). 
“Multi-scale modeling of concrete performance — 
Integrated material and structural mechanics.” Journal 

of Advanced Concrete Technology, 1(2), 91-126. 
Nakarai, K. and Ishida, T. (2003). “Modeling of 

Time-dependent Material Properties of Cemented Soil 
based on Thermodynamic Approach.” The Ninth East 
Asia-Pacific Conference on Structural Engineering 
and Construction (EASEC-9). 

Neville, A. M. (1970). “Creep of Concrete.” 
Amsterdam: North-Holland Publishing Co. 

Neville, A. M. (1995). “Properties of Concrete, Fourth 
Edition.” New York: John Wiley & Sons. 

Okamura, H. (2000). “Engineering of Reinforced 
Concrete.” Ichigaya Publishing Co., Ltd.,16. (in 
Japanese) 

Ono, H. and Shimomura, T. (2005). “Role of aggregate 
in shrinkage of concrete.” Proceedings of Japan 
Concrete Institute, 27(1), 457-462. (in Japanese) 

Snowdon, L. and Edwards, A. (1962). “The moisture 
movement of natural aggregate and its effect on 
concrete.” Magazine of Concrete Research, 14(41), 
109-116. 

Tatematsu, K., Arai, M., Iwashimizu, T., Kimura, Y., 
Urano, H., Imamoto, K. and Motoki, R. (2001). 
“Experimental study on drying shrinkage and pore size 
distribution of aggregate in Kansai area.” Journal of 
Structural and Construction Engineering, 
Architectural Institute of Japan, No.549, 1-6. (in 
Japanese) 

Tazawa, E., Miyazawa, S., Sato, T. and Konishi, K. 
(1992). “Autogenous shrinkage of concrete.” 
Proceedings of the Japan Concrete Institute, 14(1), 
561-566. (in Japanese) 

Troxell, G. E., Raphael, J. E. and Davis, R. W. (1958). 
“Long-time creep and shrinkage tests of plain and 
reinforced concrete.” Proceeding of ASTM, 58, 
1101-1120. 

Upendra, J. C. (1964). “The effect of the elastic 
modulus of the aggregate on the elastic modulus, 
creep and creep recovery of concrete.” Magazine of 
Concrete Research, 16(48), 129-138. 

Zhu, Y., Ishida, T. and Maekawa, K. (2004). “Multi-scale 
constitutive model of concrete based on 
thermodynamic states of moisture in micro-pores.” 
Proceedings of JSCE, 760(V-63), 241-260. (in 
Japanese)

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 2.40
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


