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Abstract

This paper describes a computational method for simulating concrete performance. The method is enhanced to take into account the influence
of the curing temperature history on the early-age development process. In order to investigate the effect of temperature on hydration, micro-pore
structure development, and moisture profile in concrete, the authors carried out systematic sensitivity analyses. These analyses were used to create
a numerical model that takes into account the temperature-dependent intrinsic porosity of hydrates and the available space for hydrate
precipitation. For example, at high curing temperatures, the intrinsic porosity decreases and the available space for hydration increases.
Experiments verified that the proposed method accurately predicts hydration processes, microstructure formation, and relative humidity for
different mix proportions under various temperatures. Compared with the conventional model, the new model offers greater overall computational

accuracy for low W/C and high temperature curing.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In order to rationally design, construct, maintain, and retrofit
RC structures, it is necessary to first predict the long-term
material performance of the concrete. The thermodynamic
analytical system, called DuCOM, simulates concrete behaviors
during the hardening stage [1] and deterioration during the long-
term service period [2]. The system consists of three basic
models: a multi-component cement hydration model, a micro-
pore structure development model, and a moisture transport/
equilibrium model. Their strong interrelationships are taken into
account by real-time sharing of material characteristic variables
across each model. The input information required by the model
are mix proportion, mineral composition of cement, geometrical
shape of structure, initial temperate and environmental boundary
conditions. The key parameters such as porosity distribution,
permeability of concrete are simulated in the computation based
on physicochemical characteristics of concrete. This means that
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the analytical scheme can be generalized method for assessing
concrete performance under arbitrary mix proportions and en-
vironmental conditions.

One of the most important issues in the assessment of con-
crete performance is to evaluate the effect of temperature on the
material properties of concrete. In the cases of mass concrete or
low W/C concrete, the inner temperature of the RC structure can
reach 70—80 °C, which increases the risk of thermal cracking. In
order to evaluate the risk of cracking and the long-term
properties of the concrete, which experiences high temperatures
early in its service life, the analytical system must be enhanced
so that it can be applied to a wide range of temperatures.

In the hydration model of the thermodynamic system
(DuCOM) [1], the referential hydration heat rate and activation
energy of each mineral compound are defined in a manner that
considers the temperature dependency. In the moisture transport/
equilibrium model, the temperature and time dependencies of
the inkbottle effect and the interlayer water were modeled [3]. In
the microstructure model, however, temperature dependency
was not taken into account despite experiments showing that the
curing temperature strongly influences the properties of the
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hydration products and the formed microstructure [4—6]. The
influence of temperature on the micro-pore structure needs to be
investigated and considered in the model.

In addition, Kishi et al. [7] revealed that the hydration process
for low W/C concrete under adiabatic temperature conditions
differs from that for normal W/C concrete containing adequate
water for hydration. The peculiar behavior of low W/C concrete
was tentatively explained by the increase in free water for
hydration due to the decrease in absorbed water associated with
self-desiccation. The additional investigation from the viewpoint
of microstructure, however, is necessary since the high temperature
under adiabatic temperature condition may affect microstructure.

In this study, the influence of temperature on the develop-
ment of the micro-pore structure, the moisture profile, and the
hydration process and their mutual interactions are investigated.
Subsequently, the thermodynamic analytical system was
enhanced to provide higher accuracy and wider applicability.

2. Temperature dependency in the analytical system and
sensitivity analysis

2.1. Redefinitions of pores in the DuCOM analytical system

In the conventional DuCOM model [1], the pores in the
cement paste were classified into three types: interlayer, gel pore,
and capillary pore. They were determined according to whether or
not the pore space was available for precipitating cement hydrate.
Interlayer and gel pores are formed with cement hydrates during
the hydration process and are unavailable for hydrate precipita-
tion. Capillary pores are free spaces for the precipitation of
hydrates. These definitions are based on the Powers—Brownyard
model [8], which defines a gel pore as a pore in hydrate products
and a capillary pore as the remnant of an initially water-filled
space. In this paper, the gel pore includes the gel pore and
interlayer pore from the conventional DuCOM model, as shown
in Table 1. And, as proposed by Taylor, “hydration product”
replaces “cement gel” in the Powers—Brownyard gel-pore model
since the hydration product includes crystals of calcium
hydroxide (CH) [9].

Since the gel pore in the Powers—Brownyard model consists
of different kinds of pores (interlayer, micro, and fine meso
pores) according to Taylor [9], which differs somewhat from the
general definition that is associated with pore size [10,11], the
definitions of pores in this study need to be clarified before

Table 1
Classification of pores

discussing the enhanced model. In this paper, the gel pore in the
conventional DuCOM model is redefined as two kinds of pores:
an intra-gel pore and an inter-hydrate pore (Table 1). This
redefinition is necessary for discussing the macroscopic
characteristics such as hydration and the porosity distribution
of concrete materials for arbitrary thermal actions.

The intra-gel pores are assumed to be located inside the
cement gel, while the inter-hydrate pores are assumed to be
located in the spaces between the hydrate products, which
include C—S—H gel and CH. In the definition based on pore size
(Table 1), the intra-gel pores in this paper correspond to the
smaller gel pores in the conventional DuCOM that have a radius
smaller than around 2 nm. The inter-hydrate pores in this study
correspond to the larger gel pores in the conventional DuCOM
that have a radius larger than around 2 nm. The inter-hydrate and
capillary pores in this paper correspond to the capillary pores
described by Uchikawa [11].

The intra-gel and inter-hydrate pores are basically considered
to be dead space for precipitating new hydrate products, similar
to the gel pore in the conventional DuCOM. In order to evaluate
the material performance of concrete under arbitrary tempera-
ture histories, this paper focuses on the additional functions of
the inter-particle pores as free space for the precipitation of
hydrate products under high temperatures.

2.2. Outline of the DuCOM analytical system and issues

This section briefly introduces the DuCOM analytical system
and discusses issues associated with temperature dependencies
using the redefinitions of pores proposed in the previous section.

2.2.1. Multi-component cement hydration model and free water
for hydration

In the multi-component cement hydration model [1], the
referential hydration heat rate and activation energy in the
equation of reaction kinetics are defined in a manner that con-
siders the temperature dependency. Mutual interactions among
the reacting constituents during hydration are quantitatively
formulated. The effect of free water on the hydration rate is
modeled using the hard shell concept of a hydrated cluster. The
degree of heat generation rate decline in terms of both the amount
of free water and the thickness of internal hydrates layer is
formulated. The amount of free water can be calculated from the
microstructure and the moisture distribution. In the conventional

Powers and Brownyard [8] Taylor [9] Daimon [10] Uchikawa [11] Conventional DuCOM [1] Modified DuCOM
Intra-crystallite

Interlayer (<0.6 nm) Interlayer Interlayer

. Micro Inter-crystallite Gel .
Gel (<2 nm) (0.6-1.6 nm) (0.5-1.5 nm) . Intra-gel

e
Fine meso Inter-gel particle . -
(>2 nm) (1.6-100 nm) Capillary Tnter-hydrate
(1.5 nm-15 pm)

Capillary Capillary Capillary
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Fig. 1. Hydration process under adiabatic temperature condition.

model [1], only the condensed water in the capillary pores was
considered as free water for hydration (Model A).

Recently, Kishi et al. tentatively proposed an enhanced model
that added a part of the moisture in the inter-hydrate pores to the
free water and considered the change of adsorbed water
associated with relative humidity (Model B) [7]. The purpose
of this proposal was to explain the continuous hydration process
of low W/C concrete under adiabatic temperature conditions.
The large temperature rise was predicted by considering the
increase in the amount of free water for hydration. In calculating
the amount of free water in Model B, the following water
is assumed to be constrained water that cannot be used for
hydration.

- The water in inter-hydrate pores that have a radius of
hydRmin or smaller

- A part of the condensed water present within 1 nm of the
walls of saturated inter-hydrate and capillary pores

- The absorbed water in unsaturated pores

- The interlayer water and the water in the intra-gel pores.

Here, hydRmin is the minimum radius of the available space
in an inter-hydrate pore for hydrate precipitation. It was ten-
tatively assumed to be 1.0 nm in Model B.

The hydration models can be verified by measuring the heat
generated in the adiabatic temperature rise test or by performing
thermo gravimetric analysis (TGA) of the chemically bound
water. For normal W/C (above approx. 40%), both models pro-
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Fig. 2. Hydration process under normal temperature condition (20 °C).

Table 2
Mix proportion of concrete and paste and mineral component of cement

No. Ref. W/C
(7o)

Unit mass (kg/m’)
w C S G CS  CsS

Mineral component

C;A  C4AF

T25 [12] 25 150 600 876 730 404 37.7 3.9 11.8
Y30 [1] 30 485 1620 0 0 497 239 88 34
P25 - 25 440 1762 0 0 544 199 94 8.8
25N [16] 25 441 1765 0 0 606 142 82 8.9

duce the same degree of hydration since enough free water is
present for hydration. The applicability of the hydration model for
the normal W/C concrete has been already verified through a
comparison with the results of several experiments (W/C=38.0—
78.5%) [1]. On the other hand, for low W/C, the two models
produce different results due to the lack of free water. Fig. 1 shows
the test results of an experiment and an analysis of adiabatic
temperature rise in the case of concrete T25 (W/C=25%) [12].
The analysis shows that Model B generated more heat than Model
A. The continuous hydration result from the analysis of Model B
is calculated from the increase in the amount of free water. Fig. 2
shows the results of the experiment and analysis of bound water in
cement paste Y30 (W/C=30%) [1]. The analysis shows that
Model B had higher hydration than Model A. However, the value
is too large when compared to the result of the experiment
inversely with the adiabatic temperature rise test. The differences
in the results for heat generation and bound water can be ex-
plained by the differences in the conditions of the experiment.
While the temperature of the specimen in the adiabatic
temperature test exceeded 90 °C, the specimen in the bound
water test was cured at a temperature of 20 °C. Since the curing
temperatures in the two tests were very different, the effects of
different curing temperature must be investigated. This temper-
ature dependency is a key issue in this study. The mix proportions
of T25 and Y30 are shown in Table 2.

2.2.2. Moisture transport/equilibrium model

In the moisture model [1], the pore pressure, relative hu-
midity, and moisture distribution are mathematically simulated
using a moisture transport model that considers both the vapor
and liquid phases of mass-transport as defined by thermody-
namics. The moisture dispersed in the capillary, intra-gel, inter-

1.0

0.8 \ Conventional model (A)
2]
b= L
E 06 g,
o =
e o TTTm—al
= 0.41 Tentative model (B)
°
€ 924 Concrete (W/C=25%)

Adiabatic temperature rise test
0.0 T T T T T
0 2 4 6 8 10 12

Time (day)

Fig. 3. Relative humidity under adiabatic temperature condition.
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hydrate and interlayer pores in the cement hydrate are classified
as condensed water, absorbed water, or interlayer water. They
are modeled according to their properties. The hysteresis be-
haviors of isotherms under cyclic drying—wetting conditions
take into account the inkbottle effect in the capillary, intra-gel
and inter-hydrate pores and the process of dispersing the
interlayer water.

Figs. 3 and 4 show the results of an analysis of the relative
humidity in concrete T25 and cement paste Y30, respectively.
The relative humidity calculated by Model B is lower than that
calculated by Model A. It is also lower than the published
results of other experiments. For example, Persson reported that
the relative humidity of low W/C concrete (W/C=25%) was
around 75% after 450 days under sealed conditions [13]. Park
and Noguchi showed that the relative humidity increased as the
curing temperature rose; the humidity at 2 days was around 90%
at 60 °C [14]. Therefore, it is necessary to investigate the
validity of the calculated relative humidity at the end of the
hydration process by considering the temperature dependency
of the microstructure and moisture profile [7].

Recent research [3] has produced a temperature dependent
hysteresis model based on the results of experiments. In the
enhanced model, the water trapped by the inkbottle effect is
redefined as water that can gradually disperse according to the
temperature of the pore system. The rate of the change of the
parameter, which numerically expresses the time-dependent
dispersion of inkbottle water, is dependent on temperature and is
influenced by the ambient humidity. The sensitivity to tem-
perature and humidity was back-analyzed through finite element
analysis consistent with the test conditions. The rate of loss of the
trapped water increases at higher temperatures and lower
humidity. The proposed model has been verified by comparing
the results with those of experiments on moisture loss in concrete
under high temperatures. In the adiabatic temperature test (T25)
discussed in this paper, high curing temperatures can affect the
moisture profile. Therefore, it is necessary to use the proposed
temperature-dependent model to investigate the effect of
temperature.

Also proposed is a temperature-dependent model for the in-
terlayer water. This model is based upon the results of exper-
iments [3]. In order to expand the scope of application to cover a
wider range of temperature conditions, a function for expressing
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Fig. 4. Relative humidity under normal temperature condition (20 °C).

Table 3
Evaluation of calculation results in case of low W/C

Model A

Temperature condition Index Model B

Adiabatic (High
temperature)

Heat generation ~ Underestimate Good
Relative humidity Underestimate Underestimate

Overestimate
Underestimate

20 °C (Normal temperature) Bound water Good
Relative humidity Good

an envelope curve on the moisture isotherm of interlayer water has
been introduced.

2.2.3. Micro-pore structure formation model

The microstructure model [1] assumes monosized particle
dispersion and uses a particle expansion model. It is based on the
degree of hydration and the amount of chemically bound water
calculated by the hydration model. The effect of particle size is
taken into account as the effect of average distance between
particles. Assuming linear variations in porosity in the expanding
cluster, the pore size distributions are computed over time.

In this calculation, the microstructure model uses parameters
that represent the properties of hydrates, such as the density of
the bound water and the specific surface area of the gel particles.
The temperature dependencies of the properties are not con-
sidered in the conventional model [1] although other researchers
have reported on them [4—6]. The effect of the temperature
dependencies on the formed microstructure will be discussed in
this paper. The intrinsic porosity will be one of the most
important parameters in the micro-pore structure model.

The intrinsic porosity of the hydrates includes the intra-gel,
inter-hydrate, and the interlayer porosity. The porosity is de-
fined as the volume ratio of the intra-gel, inter-hydrate, and
interlayer pores to the hydrates including the pores.

-t st b "

where ¢, is the intrinsic porosity, ¢; is the interlayer porosity
[m®/m’], @i, is the intra-gel porosity [m?®/m’], ¢in 1s the inter-
hydrate porosity [m*/m?], and V; is the volume of hydrates
including the interlayer, intra-gel, and inter-hydrate pores [m>/
m’]. In the conventional DuCOM model [1], the intrinsic
porosity is 0.28 [15] and, for the sake of simplicity, is a constant
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Fig. 5. Sensitivity analysis (intrinsic porosity).
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Fig. 6. Influence of intrinsic porosity on pore size distribution.

value independent of temperature. This value is equivalent to
the minimum porosity that hydrate products cannot fill [9,15].

2.3. Sensitivity analysis as preparation for modification

Table 3 summarizes the current issues regarding the cal-
culations for low W/C. Neither Model A nor Model B can
explain the overall behavior of low W/C concrete under different
experiment conditions. A method that has wide applicability for
evaluating the overall behavior of concrete under various
environmental conditions needs to be established.

In this section, the parameters that need to be improved in
terms of their temperature dependencies on the hydration process
are investigated by means of sensitivity analysis. In other words,
the effect of the parameters on cement hydration, microstructure
formation, and moisture profile are numerically discussed. In the
analytical scheme, the strong interrelationships among the cement
hydration, the micro-pore structure development, and the
moisture transport/equilibrium are taken into account by real-
time sharing of the material characteristic variables across each
model. Therefore, the influence of a certain parameter in each
model on the overall behavior is automatically considered.

Through the sensitivity analysis, it is found that the following
parameters have strong influence on the concrete performance
under different temperature conditions.

2.3.1. Intrinsic porosity
Many researchers have reported that a coarser microstructure
is formed under higher curing temperatures when W/C is
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Fig. 7. Influence of intrinsic porosity on relative humidity.

relatively high [4—6]. The reason is thought to be due to the
formation of a dense hydrate layer around the cement particle
under high temperatures. This temperature effect on the
microstructure can be expressed by the decrease in the intrinsic
porosity in the numerical analysis. In other words, a decrease in
the intrinsic porosity under high temperatures is assumed in the
sensitivity analysis. When the intrinsic porosity decreases,
denser hydrate product is formed near the cement particles, and
coarser capillary pores remain distant from the cement particles.

In the sensitivity analysis, constant porosities are assumed as
a first approximation throughout the hydration process. Fig. 5
shows the results of an analysis of T25 using Model A. The
smaller intrinsic porosity produced the higher temperature rise
in the final stage.

Fig. 6 shows the computed pore size distribution after 10 days.
When the intrinsic porosity was assumed to decrease under high
curing temperatures, the microstructure did not become dense
despite the increase in the degree of hydration. The decrease in the
intrinsic porosity causes the decrease in intra-gel and inter-hydrate
porosity and the increase in capillary porosity. Since the change in
the microstructure affects the moisture distribution, the amount of
free water in the capillary pore increases as the intrinsic porosity
decreases. As a result, the shortage of free water was resolved and
the large temperature rise was simulated.

In addition, when the intrinsic porosity decreased, the
relative humidity did not decrease very much despite the large
increase in the degree of hydration (Fig. 7). This was caused by
the increase in the size of the pores at the liquid—vapor interface
due to the decrease in intra-gel and inter-hydrate porosity. These
results were calculated by taking into consideration the strong
interrelationship of microstructure formation, moisture distri-
bution, and cement hydration.

2.3.2. Inkbottle effect

Based on the results of experiments, the enhanced moisture
model has been proposed as a way to simulate the temperature
dependency of the stability of water trapped by the inkbottle
effect associated with the microstructure [3]. Since the
temperature rose to around 95 °C in the adiabatic temperature
rise test for T25, the temperature dependency of the moisture
might be significant in the experiment. The sensitivity analyses
were performed using Models A and B with two moisture
models. The first is the conventional model that neglects the

1.0
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Fig. 8. Influence of inkbottle effect on relative humidity.
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loss of trapped inkbottle water. The second is an enhanced
model [3]. The analytical results for the hydration indicate that
the different moisture models had no significant effect on the
hydration process, since the amount of free water was almost the
same. On the other hand, Fig. 8 shows that different moisture
models had a strong effect on the relative humidity under high
curing temperatures. The enhanced moisture model calculated
the transfer of trapped inkbottle water from large pores to small
pores under sealed conditions and high temperatures. As a
result, the size of the pores at the liquid—vapor interface in-
creased and the relative humidity also increased.

2.3.3. Interlayer water

It has been reported that the dispersion of interlayer water is
significant under high temperatures [3]. An enhanced model for
this phenomenon is also proposed based upon the experimental
results [3]. Sensitivity analyses were performed to compare the
conventional model and the enhanced model in both Models A
and B. The results of these analyses are shown in Fig. 9. The
reason for the difference was the increase in the amount of free
water. This increase was caused by a decrease in the amount of
interlayer water, which cannot be used for hydration, as well as
the increase in the amount of water in the intra-gel, inter-hydrate
and capillary pores. Since the tentative Model B treated a part of
the water in the inter-hydrate pores as free water for hydration, it
calculated a large amount of generated heat. In addition, the
increased amount of water in the intra-gel, inter-hydrate and
capillary pores greatly reduced the relative humidity (Fig. 10).

2.3.4. Minimum radius of pores for hydration

The minimum radius of the available space in an inter-
hydrate pore for hydrate precipitation (AydRmin) is an important
parameter to calculate the amount of free water for hydration
(see Section 2.2.1). It was assumed to be 1.0 nm in Model B,
which was proposed based on a sensitivity analysis by Kishi
et al. [7]. The sensitivity analysis indicated that an inter-hydrate
pore behaves as part of the available space for hydrate
precipitation in the case of low W/C concrete [7], although
the inter-hydrate pore was originally determined to be one of the
gel pores in the conventional DuCOM model [1] where hydrate
cannot precipitate. This idea is based upon research done by
Powers and Brownyard [8,15]. While the specimens in the
discussion by Kishi et al. were tested under adiabatic
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Fig. 9. Sensitivity analysis (enhanced interlayer water model).
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Fig. 10. Influence of interlayer water on relative humidity.

temperature conditions [7], the specimens in Powers’ study
were cured under normal temperature conditions [15]. There-
fore, the reason for the different hydration functions of the inter-
hydrate pores in the two studies is thought to be temperature
dependency; the increase in temperature causes a decrease in the
minimum radius of the available space for hydration. In this
paper, the sensitivity analysis for the minimum radius is
calculated for Y30 using Model B.

The results of the sensitivity analysis in this study show that
an increase in the minimum radius reduced cement hydration
(Fig. 11). When the minimum radius is 50 nm, the calculated
result agrees with experiment’s result. In this calculation,
hydrate almost fails to precipitate in the inter-hydrate pores. The
decrease in the relative humidity is also reduced by the increase
in the minimum radius of the available space, as shown in
Fig. 12. This is caused by the reduced hydration.

2.4. Summary of the sensitivity analysis

The results of the sensitivity analysis in this section can be
summarized as following.

- In the conventional Model A, where the applicability to
normal temperature conditions has been verified, the adia-
batic temperature rise can be accurately simulated by the
modification considering the decrease in the intrinsic porosity
of hydrate under high curing temperatures (Result A).

- In the tentative Model B, where the applicability to adiabatic
temperature conditions has been verified, the amount of

)

B
<)
S

T
hydRming2nm

10nm
25nm

50nm

300 A

N

o

o
1

Cement paste (W/C=30%)

Chemically bound water (kg/m?

1 -
L Bound water measurement (20°C)
®m Experiment [1]
0 T T T T T
0 20 40 60 80 100 120

Time (day)

Fig. 11. Sensitivity analysis (minimum radius of available space for hydration).
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chemically bound water under normal temperature conditions
can be accurately calculated by the modification considering
the increase in the minimum pore radius of the available space
in inter-hydrate pores for hydrate precipitation (Result B).

- The computed relative humidity in adiabatic temperature
conditions is high in the enhanced moisture model whereas
the conventional model underestimated the relative humidity.

3. Enhanced modeling in terms of temperature dependency

Applying the results of the sensitivity analysis in the preceding
section, this section proposes an enhanced model for temperature
dependency on the microstructure. The proposed model consists
of two temperature-dependent models; the intrinsic porosity of the
hydrate and the minimum pore radius of the available space for
hydrate precipitation in inter-hydrate pores. In the proposed
model, the increase in the curing temperature causes a decrease in
the intrinsic porosity based on the result A of the sensitivity
analysis, and the number of capillary pores remaining increases.
Since the amount of free water in the capillary pores increases
under sealed conditions, cement hydration of low W/C continues
for a longer period. Once the capillary pores are filled with cement
hydrates, the precipitation of new hydrates may start in the inter-
hydrate pores under high temperatures based on the result B of the
sensitivity analysis. As a result, continuous hydration under high
temperature is computed. The modified moisture models for
inkbottle water and interlayer water are used in the computation.

3.1. Temperature-dependent model for the intrinsic porosity of
the hydrate

The temperature-dependent model for the intrinsic porosity of
the hydrate is formulated. When the curing temperature is 30 °C or
lower (normal temperature), the intrinsic porosity in the proposed
model is assumed to be 0.28, which is consistent with the value in
the conventional model based upon research by Powers [15].
When the curing temperature increases, the porosity decreases.
Here, the decrease in the inter-hydrate porosity is implicitly
assumed to be the decrease in the porosity under high temperatures.
When the curing temperature is 60 °C or higher, the porosity is
assumed to be 0.20. The inflection points are at 30 and 60 °C since
the results of the experiment [16], which will be discussed later in

this paper, indicate a strong temperature dependency between 40
and 60 °C. The minimum value of porosity at high temperature is
determined to be 0.20 by considering the results of sensitivity
analysis. Here, the varying intrinsic porosity associated with the
cement hydration in progress was investigated on the adiabatic
temperature rise and relative humidity.

3.2. Temperature-dependent model for the minimum radius of
free space for hydration

The temperature-dependent model is proposed for the
minimum pore radius of the available space for hydrate
precipitation in inter-hydrate pores. When the curing tempera-
ture increases, the minimum radius decreases. When the curing
temperature is 30 °C or lower, the minimum radius is assumed to
be 50 nm. This means that the hydrate product almost fails to
precipitate in the inter-hydrate pores at normal curing tempera-
tures. When the curing temperature is 60 °C or higher, the
minimum radius is assumed to be 2 nm, which is the boundary
between intra-gel and inter-hydrate pores described in Section
2.1. The inflection points are the same as ones in the
temperature-dependent model for the intrinsic porosity.

3.3. Calculating the microstructure

Based on the average hydration degree of powder and the
amount of bound water calculated by the hydration model, the
pore size distribution over time is calculated using the
microstructure model. This section explains the two stages of
the procedure in the proposed computations (Fig. 13).

3.3.1. Calculating the porosity of the first stage (hydrate
precipitation into capillary pores)

First, the total volume of the hydrate products, including the
interlayer and the intra-gel and inter-hydrate pores, is

1st stage

Microstructure formation

during hydrate precipitation
in capillary pore

Hydrate

Unhydrated (Solid)

Powder
(Cement)

Capillary
Interlayer Pore

Intra-gel
Inter-hydrate

! 1
| Calculated volume of hydrate 'Vs"+
P

Hydrate

(Solid part) Extra volume of hydrate
Interlayer due to shortage of capillary pore
Intra-gel

Inter-nydrate

Total volume of apparent hydrate

V;M =1.0-(1 '&’a) Wp/Pp ‘ 2nd stage
- = Microstructure formation
Hydrate during hydrate precipitation
(Solid part) in inter-hydrate pores
under high temperatures
Interlayer “.. Volume of hydrate precipitated
Intra-gel in inter-hydrate pores
Inter-hydrate e

Fig. 13. Computations of microstructure formation in proposed model.
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calculated. Since the intrinsic porosity varies with temperature
in the proposed model, the calculation must consider the
temperature history with hydration process over time. The total
volume in a unit of cement paste is calculated by accumulating
the incremental changes in volume over time.

VI =+ AV, (2)

where V"' and V! are the total volume [m>/m?®] of hydrate in
the n+1th and nth step respectively, and AV is the increased
volume [m’/m?] from the nth step to the n+1th step. The
increased volume at any arbitrary stage of hydration can be
obtained as follows.

1 AoM, AMpen
AV = — o [ 2724 22 3)
l_(f)ch pp Pu
where ¢y is the intrinsic porosity for the temperature at the

n+1th step, Ao is the increased average degree of hydration
from the nth step to the n+ 1th step, M, is the mass of the powder
materials per unit of paste volume, p, is the density of the
powder materials, AM,,,,, is the increased mass of the
chemically bound water from the nth step to the n+ 1th step
and p, is the density of the chemically bound water
(=1.25x10° kg/m®). The changes of hydration degree and
bound water are calculated by the hydration model based on
reaction kinetics over time. The capillary porosity at n+ 1th step,

"1 can be calculated from the overall volume balance of the
paste as follows

M,
B =1 (1) 2 @
Pp

3.3.2. Calculating the porosity of the second stage (hydrate
precipitation into inter-hydrate pores)

When the value of the capillary porosity is negative in the
above computation, the following additional calculation is
necessary to compute the precipitation of the hydrate products
into the inter-hydrate pores as shown in Fig. 13. This computation
of the second stage is based upon the temperature-dependent
model for the minimum radius of the available space only when
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Fig. 14. Adiabatic temperature rise calculated by proposed model.
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Fig. 15. Chemically bound water calculated by proposed model under normal
temperature condition.

the concrete containing the inter-hydrate pores for the precipita-
tion is being cured at a high temperature.

The extra hydrate that cannot precipitate in the capillary
pores fills the free space in the inter-hydrate pores under high
temperatures. This is based on the enhanced model that takes
into account the minimum radius of the available space. As a
result, the total volume of apparent hydrate products, including
the interlayer and the intra-gel and inter-hydrate pores (V.
becomes smaller than the total volume that is calculated by
integrating the volume of the hydrate products (V,"*!). The
apparent total volume 7/ is equal to the volume of the paste
excluding unhydrated powder materials.

e = 1-(1-2) 2 5)
Pp

The difference between V. and V! is the volume of
hydrate that precipitates in the inter-hydrate pores. The extra
volume V™ is calculated as follows.

VSin _ V;}H_ 1_ Vstotal (6)

3.3.3. Calculating pore size distribution

The surface area and the pore size distribution in the
microstructure can be obtained from the porosities calculated
above. The temperature dependencies of the average size and
specific surface area of the hydrate products for calculating the
surface area of pore are determined related to the minimum size
of free space for hydration. Finally, the pore size distributions of
the capillary, intra-gel, and inter-hydrate pores are represented
by simplistic Rayleigh—Ritz (R—R) distribution functions [1].
Here, the intra-gel and inter-hydrate pores are treated by a
shared distribution function for the sake of simplicity, as
mentioned in the Section 2.1.

4. Numerical simulation

4.1. Hydration process under adiabatic and normal tempera-
ture conditions

The proposed model was verified with two types of
experiments: the adiabatic temperature rise test (T25) and
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Fig. 16. Calculated relative humidity under adiabatic temperature condition.

measurement of the chemically bound water (Y30). Those
experiments represent hydration processes under both high
temperature and normal temperature conditions. Figs. 14 and 15
show the results of the experiments and analyses of the
hydration process. Compared to the conventional model, the
proposed model can accurately predict the results of both
experiments under different temperature conditions. In the
adiabatic temperature rise test, continuous hydration is
simulated by the proposed model mainly for two reasons. The
first is decrease in intrinsic porosity, which results in a larger
amount of free water for hydration. The second is the increase in
the space that is available for hydration under high tempera-
tures. The decrease in the average intrinsic porosity in the
adiabatic temperature test resulted in the formation of denser
hydrate product near the cement particles. This result is
consistent with the results of experiments using backscattered
electron imaging that show lighter products forming under high
curing temperatures [6].

For the bound water measurements, both the proposed and
conventional models give reasonable analytical results, since
the conventional model has been verified by experiments at
normal temperatures (mainly 20 °C).

Figs. 16 and 17 show the results of an analysis of the changes
in relative humidity inside the specimen. In adiabatic temper-
ature conditions, the decrease in the relative humidity calculated
by the proposed model was very small. The calculated relative
humidity at 12 days was around 95%. Although there is no data
from experiments that directly verify these results, the following
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Fig. 17. Calculated relative humidity under normal temperature condition.

two experiments indirectly validate the calculation. The first
experiment investigated the effect of the curing temperature on
the relative humidity [14]. In this study, the relative humidity
was measured at temperatures of 20, 40, and 60 °C. The results
show that the relative humidity increases as the curing
temperature rises. The relative humidity at 2 days was around
90% at 60 °C. Since the maximum temperature in the adiabatic
temperature test was around 95 °C, the small decrease in the
calculated relative humidity under adiabatic conditions seems to
be validated. The second experiment was a trial in this study.
The authors measured the relative humidity under quasi-
adiabatic temperature conditions. The relative humidity at the
center of specimen was measured at the center point of a cube
specimen whose sides were 400 mm. The specimen was
covered with Styrofoam having a thickness of 100 mm. The
measured relative humidity was 100% during the 7-day
experiment, although the value is too high to ensure the
accuracy of the measuring device.

In the sealed condition at 20 °C, the results of the analysis
showed a decrease in the relative humidity similar to that seen in
the experiment, although the decrease in the analysis was a little
bit greater than it was in the experimental result. In this paper, the
experiment measured the mortar in W/C 30% cement [ 17], which
is equal to the water-to-cement ratio calculated in this study.

4.2. Hydration process under late-elevated temperature
conditions

This section investigates the effect of late-elevated tempera-
tures on the hydration process of the cementitious materials,
which were sufficiently cured under normal temperatures in
advance. Two different curing temperature histories were
adopted in the experiment. In the first experiment (P25a), a
constant temperature of 20 °C was given. In the second
experiment (P25b), ambient temperature was elevated instan-
taneously from 20 °C to 60 °C at the age of 15 days, and then
temperature was further elevated from 60 °C to 80 °C at the age
of 33 days. The bound water was measured in cylindrical
specimens having a radius of 100 mm and a height of 200 mm.
The mix proportion is shown in Table 2. The specimens were
cured under sealed conditions until they were measured. They
were then broken, and samples of about 20 mg were collected

400
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200
150 1

; /P25a(Proposed mcadI
:P25a(Conventional model A)

Chemically bound water (kg/m®)
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0

0 10 20 30 40 50 60
Time (day)

Fig. 18. Change of bound water under late-elevated temperature condition.
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Fig. 19. Pore size distribution in case of normal W/C (calculation).

for thermo gravimetric analysis (TGA). In the TGA, the
temperature was increased in steps of 10 °C up to 100 °C, where
it was kept constant for 5 min. Subsequently, the temperature
was increased at a rate of 10 °C/s up to 1200 °C. The loss of
mass in the sample between 100 °C and 1000 °C was
considered to be caused by the loss of unevaporable bound
water. Fig. 18 shows the results of the experiment and analysis.
The experiment revealed a large increase in the amount of
bound water due to the increase in the curing temperature.
While the conventional model underestimated the large increase
in the bound water under the elevated temperature conditions,
the proposed model could accurately predict the hydration
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process in the experiment. In the proposed calculation, the
increase in the available space for hydration under high
temperatures resulted in additional hydration. In this case, the
decrease in the intrinsic porosity under elevated temperatures
did not contribute to an increase in hydration since almost no
capillary pores remained.

4.3. Influence of curing temperature on the microstructure
(normal W/C)

This section describes the influence of high-temperature
curing on the formation of the microstructure in cement paste
having a normal W/C. In this paper, normal W/C means a W/C
with enough free water for hydration (around 40% or more). It is
well known that the microstructure becomes coarser due to the
high curing temperature. Goto and Roy reported the results of
an experiment in which the pore size distribution was measured
using the MIP method [5]. The specimens (W/C=40%) were
cured at either a normal temperature (27 °C) or a high
temperature (60 °C) for 4 weeks. In the case of high temperature
curing, the fine porosity on a 10~ m-scale was higher and the
coarse porosity on a 10”7 m-scale lower than was seen in the
case of normal temperature curing. Fig. 19 shows the analytical
results. In the conventional model, the microstructure became
dense under high temperature curing since degree of hydration
was high. No large capillary pores remained. On the other hand,
in the proposed model, a coarse microstructure was observed in

0.40 T T T T
Experiment (57days)

20°C

dv/dinr
o
n
(=]

log (r[m])

0.07 T T T T
Calculation (57days)

0.06 -
0.05 1

0.04

dv/dinr

0.03 4

0.02 4

0.01 4

log (r[m])

Fig. 20. A. Pore size distribution of low W/C cement paste (experiment [16]). B. Pore size distribution of low W/C cement paste (calculation).
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the case of high temperature curing. The decrease in the intrinsic
porosity under high temperatures produces an increase in the
number of large capillary pores. The increase in available space
for hydration under high temperature curing did not affect the
hydration process since an adequate volume of capillary pores
remained.

4.4. Influence of curing temperature on the microstructure (low
Ww/C)

This section describes the influence of high temperature
curing on the formation of the microstructure in cement paste
having a low W/C. Ito et al. measured the pore size distribution
of cement paste (W/C=25%) under different temperature
histories [16]. After first curing at 20 °C for 24 h, four
temperature conditions (20, 40, 60 and 80 °C) were applied as
environmental conditions. The specimens were sealed to
prevent moisture loss. At 2 and 57 days after the casting of
specimens, the specimens were broken, and the pore size
distributions were measured using the MIP method. The mix
proportion is shown in Table 2.

Fig. 20A shows the results of experiments conducted by Ito
etal. [16]. At 20 and 40 °C, the peaks of the pore size distributions
were observed between 10 m and 1077 m, and the porosity
decreased as hydration proceeded. On the other hand, At 60 and
80 °C, the peaks of the pore size distributions were between 10~ m
and 10 ® m, which are smaller than they were at 20 and 40 °C.

Fig. 20B shows the results calculated by the proposed model.
The proposed model can roughly simulate the different tendencies
between normal temperature curing (20 and 40 °C) and high
temperature curing (60 and 80 °C). However, the analysis does
not precisely express the clear peak seen in the experiment. The
reason for the gentle peak in the analysis is that the system used in
the analysis represents the average pore size distribution by
applying a simplistic Rayleigh—Ritz distribution function. Several
verifications indicate that this simplification can still be applied to
solving practical issues such as thermal stress, shrinkage, and
mass transfer [1,2].

5. Conclusions

In this study, the basic models of the thermodynamic system
were enhanced in order to extend their applicability to solving
the practical issues of concrete under arbitrary ambient
temperature conditions. Sensitivity analysis was used to
investigate the influence of the temperature dependency of the
material parameters on hydration degree, pore size distribution,
and relative humidity. The proposed enhanced model introduces
the temperature-dependent intrinsic porosity of the hydrates. In
addition, the available space for hydrate precipitation is assumed
to vary with the temperature. These enhancements, which are
based upon the redefinitions of pores in the cement paste, were
verified by experiments on adiabatic temperature rise, chemi-
cally bound water, relative humidity, and pore size distribution.
As a result, the wide applicability of the proposed model was
validated for arbitrary water-to-cement ratios under various
temperature histories. In particular, the overall calculations for

low W/C and high temperature curing were more accurate under
the proposed model than under the conventional model. The
concluding remarks are summarized below.

5.1. Normal temperature

The material performances of the concrete cured under
normal temperature condition have been accurately simulated by
the conventional model. The proposed model produces simula-
tions that are equally accurate.

5.2. Late-elevated temperature

The hydration process under late-elevated temperatures was
investigated. In case of normal W/C, the late-elevated
temperature did not affect the hydration process since enough
free water remains for hydration at normal temperatures. As a
result, the hydration process in late-elevated temperature
condition can be simulated in the same manner as in the normal
temperature condition mentioned above. On the other hand, in
case of low W/C, additional hydration was observed in late-
elevated temperature curing. The proposed model can simulate
the additional hydration process by considering the temperature
dependency of the available space for hydrate precipitation.
Specifically, the hydrate can precipitate in the inter-hydrate
pores between the hydrate products under high temperatures.

5.3. High temperature in case of normal W/C

Although the applicability of the conventional model of the
hydration process has been verified, the coarser microstructure
cannot be simulated. In the proposed model, the coarser
microstructure is expressed by the temperature dependency of
the intrinsic porosity. The intrinsic porosity decreases at high
temperatures. On the other hand, the change in the microstructure
does not affect the hydration process since enough free water
remains for hydration. Therefore, the conventional model of
hydration remains in the proposed model.

5.4. High temperature in case of low W/C

The hydration of low W/C concrete under high temperatures
differs from that of normal W/C. The proposed model can ac-
curately predict the continuous hydration process by considering
the temperature-dependent intrinsic porosity of the hydrate and
the available space for hydrate precipitation. The proposed model
also simulates the finer microstructure that forms during high
temperature curing.

In the present computations of the porosity distributions, the
intra-gel and inter-hydrate pores are treated together for the sake
of simplicity. Through several verifications, it is thought that this
simplified approach provides adequate accuracy and applicability
for solving practical issues from an engineering viewpoint. On the
other hand, it has been reported that the behaviors of the moisture
in micro-pores strongly interact with the macroscopic behaviors
of concrete materials [18]. In addition, in the case of concrete
containing fly ash or blast-furnace slag that consumes CH, the
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influence of the difference between the intra-gel and inter-hydrate
pores is thought to be more significant [19] since the pore
structure of the crystal containing no intra-gel pores differs from
the other hydrates, including C—S—H gel [10]. Therefore,
computational treatments of the porosity distributions in the
intra-gel and inter-hydrate gel pores may require discussion in
certain future research efforts.
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