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A multi-scale system called DuCOM was enhanced to model behaviors of blast furnace slag (BFS) concrete.
Tests on the strength and micro–hygro–physical properties of BFS concrete and Portland cement concrete
were conducted. The current model was found to underestimate the strength of BFS concrete at later ages
owing to underestimation of the water content inside C–S–H gel pores. To remedy this, enhanced modeling of
porosity allowing proper simulation of the porosity of the BFS paste matrix and higher strength development
at later ages is proposed. Furthermore, based on the enhanced porosity model, the moisture loss and pore size
distribution of the BFS paste matrix were investigated. The pore size distribution was found to be coarser than
the test at later ages in the model, resulting in overestimation of moisture loss. Hence, the pore size
distribution was enhanced as well, allowing simulation of a finer pore structure of the BFS matrix. Finally,
verifications showed that the enhanced model better predicts water desorption, moisture loss and drying
shrinkage behaviors.
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1. Introduction

Blast furnace slag (BFS), which is a by-product obtained during steel
manufacture, iswidely used as amineral admixture in cement in Japan. It
is broadly recognized that BFS concrete has many advantages, including
lower permeability, better chloride resistance and higher strength at
later ages. However, some disadvantages are also reported [1–3], such as
larger shrinkage that tends to induce cracking and decrease durability.
Besides, when insufficientwater is supplied during curing, the hydration
process may be greatly retarded and the strength reduced significantly.
Therefore, in order to promote broader application of blast furnace slag,
further study of the properties of BFS concrete is in order.

Strength is regarded as one of the most valuable indexes in concrete
engineering because it is associated with most other properties and can
provide an overall indication of quality. Strength is closely tied to the
reactivity of cement, and higher strength usually derives from a higher
degree of hydration. However, when we switch to BFS blended cement
fromPortland cement concrete, it seems insufficient to attribute strength
development only to thehydrationprocess. For instance, it iswell known
that under room temperature when Portland cement (PC) is replaced
partially by BFS, strength decreases at an early agewhile higher strength
can be achieved at a later age. On the other hand, researchers [4–8]
indicate that the hydration degree of slag ranges from 30% to 70% after
long time curing such as 1–2 years, which is lower than that of Portland
cement. ObviouslyBFSgainshigher strength thanPCat a later age, even if
the hydration degree is lower than that of PC. This variance of strength
could be explained by the pore structure of hardened cement paste.
Microscopic observation [9–11] by Scanning ElectronMicroscopy (SEM)
indicates that the BFSmatrixwith full curing has a denser structure than
PC, and porosity analysis such as Mercury Intrusion Porosimetry (MIP)
[12–15] also shows that at a later age the pore distribution curve moves
towards a much finer diameter. Therefore, dense pore-structure can be
considered to contribute more than hydration for the strength of BFS at
later ages. Actually, other properties of BFS that differ from PC may be
also related to the pore-structure. The moisture loss of BFS under drying
conditions is reported to be less than that of PC [15,16], which can be
explained by finer pores and stronger retention of water. It is also
reported that drying shrinkage of BFS is larger than PC, especially for
those cases with sufficient curing [17–20]. This larger shrinkage
deformation can be attributed to thefiner pore structure, because higher
capillary tension forcemaybe induced in thepaste. Therefore, if oneaims
to evaluate or predict the macro-properties of BFS concrete based on
micro-information, proper modeling and simulation of its microstruc-
ture are necessary.

At the Concrete Lab of the University of Tokyo, a computational
system called DuCOM, which couples thermo–hygro–physical informa-
tion of cementitious composites with a multi-scale constitutive model,
has been developed by Maekawa et al. [21]. With this analytical system,
properties over the whole life of concrete such as strength, shrinkage,
creep, carbonation, and chloride penetration, can be predicted based on
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simulation of the degree of hydration, micro-pore structure, and
moisture transport and equilibrium. This system has been verified for
Portland cement concrete. As to BFS, some studies have also been
conducted. For example, the authors have proposed theenhancedmulti-
component hydration model [22] for properly simulating the hydration
process of slag in blended cement. However, with regard to the
microstructure of BFS, the DuCOM system follows similar treatment
with PC concrete, and the simulation has not been investigated and
verified comprehensively by experiment results. Therefore, whether the
DuCOM system is applicable to BFS concrete or needs any enhancement
is still unknown.

The object of this research is to study and improve the current
microstructuremodel inDuCOM, focusing on BFS concrete. It is expected
that with the improvement of the current model for BSF concrete, the
pore structure of the BFSmatrix can be properly simulated. Furthermore,
based on the correct information on pore-structure, prediction of the
macro properties of BFS concrete such as strength and moisture loss
could also be improved. Before that, the currentmicrostructuremodel in
DuCOM is introduced briefly in the following section.

2. Microstructure model and strength development

2.1. Microstructure model

In themicrostructuremodel,micro-pore informationmainly consists
of two parts, i.e. porosity and pore size distribution. Fig. 1 shows the
overall scheme of the model. According to their size, micro-pores in
hardened paste are categorized into three types: capillary pores, gel
pores, and interlayer pores. During the hydration process, hydration
products,mainly C–S–Hgel grains, are generated both inside andoutside
the cement particles. C–S–H grains precipitate outside cement particles
and fill in large voids, and remains of these voids are categorized as
capillary pores. Individual gel grains are considered to contain much
smaller voids than capillary pores, called gel pores. Also, gel grains
consist of numerous layers, and between those layers are extremely tiny
spaces called interlayer pores, each of which is assumed to be accessible
only by a single water molecule.

The interlayer (ϕlr), gel (ϕgl) and capillary (ϕcp) porosity are
computed as follows:

Vs =
αWp

1−ϕch

1
ρp

+
β
ρw

 !

ϕlr = twslρgVs

� �
= 2

ϕgl = Vsϕch−ϕlr

ϕcp = 1−Vs− 1−αð Þ Wp = ρp
� �

ð1Þ
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where α is the hydration degree of cementitious powder, Wp is the
weight of powder per unit paste volume, β is chemically combined
water, ρp and ρw are the density of powder and chemically combined
water, tw is the interlayer pore diameter, which is the constant 2.8 Å, sl
is the specific surface area of the interlayer, ρg is the dry density of gel
product, and ϕch is the intrinsic porosity, which is the ratio of gel and
interlayer porosity (ϕlr+ϕgl) to the volume of gel grain. ϕch is
considered as the intrinsic property of C–S–H and currently assumed
to be the value of 0.33 under isothermal condition.

In order to evaluate pore size distribution, the pore surface
area is required. For the surface area of capillary pores (Sc) and gel
pores (Sg) per unit volume of matrix, the following equations are
given:

Sc = ∫r0 +δm
r0

dSc = ∫4πr2

ζ
1−ϕr

1−ϕin

� �
dr

Sg = Wgsg

ð2Þ

where δm is the cluster thickness of outer product at the instant of
hydration, ϕin is the inner product porosity, r0 is the average radius of
cement particles, ϕr is the porosity at radius r, which is a function of r,
ζ is the equivalent size of gel grains, and sg is the internal specific
surface area of gel particles. ζ and sg are also regarded as intrinsic
properties of C-S-H. Currently, sg and ζ are assumed to be constant for
Portland cement, and their values are 3.0×104 m2/kg and
3.0×10−8 m.

The size distributions of capillary and gel pores are described by
the following functions:

ϕcp rð Þ = ϕcp 1− exp −Bcpr
� �� �

ϕgl rð Þ = ϕgl 1− exp −Bglr
� �� � ð3Þ

where Bcp and Bgl are porosity distribution parameters for capillary
and gel pores, respectively, which give the bridge connecting porosity
and surface area by the following equation:

Si = 2ϕi ∫
∞

rimn

Bi exp −Birð Þd ln r ð4Þ

where the subscript i represents cp or gl, i.e. capillary or gel. Based on
the calculated porosity and surface area in Eqs. (1) and (2), Bcp and Bgl
can be computed by Eq. (4).

Thus, the size distribution functions of capillary and gel pores in
Eq. (3) are computed separately, and their superposition with
dr

m

max

Representative
CSH grain 

Outer products
density at r 

s Mean separation

Capillary Surface Area =
Total external CSH grains SA

Gel Surface Area =
Total internal CSH grains SA

ce area calculation

re model [21].



1359T. Ishida et al. / Cement and Concrete Research 41 (2011) 1357–1367
interlayer pores is used as assessment of pore size distribution,
according to the following equation.

ϕ rð Þ = ϕlr + ϕgl⋅ 1− exp −Bglr
� �� �

+ ϕcp⋅ 1− exp −Bcpr
� �� �

ð5Þ

Hence, based on the above equations, both the porosity of
categorized pores and their size distribution are computed, and they
are utilized to describe the microstructure of the matrix. Furthermore,
this information provides the basis for models of other properties,
such as strength, moisture loss, shrinkage and creep. In this paper, the
strength model is also modified to accommodate BFS, so it is briefly
introduced in Section 2.2.

2.2. Strength model based on capillary porosity

In DuCOM, a strength model that was proposed by Otabe et al.
[21,23] is utilized. Thismodel follows the concept proposed by Schiller
[24], in which both the present and initial capillary porosity are taken
into account based on their ratio. The model has been verified for
Portland cement concrete. In general, it is assumed that the strength
of concrete or mortar is principally related to capillary porosity
development, because capillary pores are much larger than gel and
interlayer pores and influence strength more significantly. The
strength (fc) of concrete or mortar follows the following equation:

fc = f∞ 1−exp −α k⋅
Dhyd:out

θ

� �β
( )" #

ð6Þ

where f∞ is the ultimate strength when capillary pores are completely
filled in. k is the coefficient considering the effect of temperature to
microstructure change of hydrates. α and β are material constants.
Dhyd.out is the ratio of filled capillary porosity to initial capillary
porosity. θ is the coefficient considering the contribution of the water-
to-powder ratio to strength at the same capillary porosity ratioDhyd.out.

For Portland cement, f∞ is not constant but related to chemical
fractions of clinkers, i.e. C3S and C2S. This is because the micro-
strength of gel grains may also influence the macro-strength of
concrete through variations in chemical composition or internal pore
structure. For example, cement containing more C2S has higher
strength at a later age, which may be attributed to a lower Ca/Si ratio
of C–S–H grains and higher micro-strength. Therefore f∞ is given by

f∞ = A
pC3S

pC3S + pC2S
+ B

pC2S
pC3S + pC2S

ð7Þ

Dhyd.out is computed by the following equation:

Dhyd:out =
ϕcp:ini−ϕcp

ϕcp:ini
ð8Þ

where pC3S and pC2S are fractions of C3S and C2S respectively, and A
and B are the ultimate strength of C3S and C2S, which are assumed to
be 215 MPa are 250 MPa. ϕcp.ini is the initial capillary porosity just
Table 1
Mineral composition and properties of materials.

Density (g/cm3) Blaine (cm2/g) Mineral composition dete

C3S C2S

N 3.16 3180 61.2 16.7
M 3.23 3100 47.2 28.9
L 3.26 3390 34.0 46.0

Density (g/cm3) Blaine (cm2/g) Chemical composition (%)

SiO2 Al2O3

BFS 2.91 4370 33.0 14.44
before setting, and ϕcp is the current capillary porosity, and therefore
ϕcp.ini−ϕcp are the voids filled by hydrate.

Hence, capillary porosity dominates strength development accord-
ing to Eq. (8). This strength model provides a common evaluation for
cementitious materials, i.e. as long as capillary porosity is well
simulated, strength can be predicted and compared for PC and BFS.
However, as introduced in Section 1, the pore structure in DuCOM has
not been investigated for BFS, so whether the strength model can be
applied to BFS is still unknown. On the other hand, the strengthmodel
is related to only capillary porosity but is independent of the pore size
distribution. Therefore, if we start the research from the relationship
between strength and porosity, the influence of pore size distribution
can be avoided, simplifying the verification process. As the starting
point, the authors designed some experiments related to the porosity
and strength of BFS. Corresponding analysis is carried out in the
following section.

3. Study on porosity

3.1. Test program

In DuCOM, as shown in Eq. (1), capillary porosity is principally
dominated by three micro–hygro–physical properties, including the
hydration degree of cementitious powder, the volume of chemically
combined water, and the pore volume inside gel grains, i.e. α, β and
ϕch. Therefore, when we study the capillary porosity by experiment, it
is helpful to check these properties. Measurement of the hydration
degree and chemically combined water is not difficult to conduct. As
to the pore volume, as equivalent, the authors decided to measure the
water content under saturated condition.

Two groups of specimens were prepared, consisting of both PC and
BFS. In the PC group, pure cement pastes made of ordinary Portland
cement (N), medium heat cement (M) and low heat cement (L) with
w/c ratio of 0.5 were cast respectively. Meanwhile, the cement pastes
adopted above were replaced by 45% blast furnace slag for the BFS
group, with the resulting pastes named NB, MB, and LB. The chemical
and physical properties of the cement and BFS are detailed in Table 1.
The size of these specimens were 4×4×16 cm and they were sealed
for 1 day after casting. Then the specimens were cut into pieces 3 mm
deep and cured in water under normal temperature (20 °C) until the
test ages. After that, the degree of hydration, chemically combined
water, and physical water were tested, respectively.

The degree of hydration was measured by the XRD method.
Physical water was categorized into capillary water and water inside
gel grains, i.e. gel and interlayer water. In experiments, it is impossible
to divide capillary, gel and interlayer water precisely. Hence the
authors define the capillary, gel and interlayer water in the test as
shown in Fig. 2: first, specimens with saturated condition were dried
at 40 °C and the weight loss was considered as the total capillary
water. The remaining physical water was regarded as the sum of the
gel and interlayer water. Then the specimens were exposed at 105 °C
to remove all the gel and interlayer water. The weight loss from 40 °C
to 105 °C was measured as gel and interlayer water. Finally, the
rmined by Rietveld method (%)

C3A C4AF Gypsum Hemihydrate Anhydrite

3.9 13.6 0.3 3.2
1.5 16.9 2.1 2.0
2.0 13.0 4.0

Fe2O3 CaO MgO TiO2 SO3

0.79 42.03 6.06 0.41 1.81
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specimens were heated up to 1000 °C to remove chemically combined
water. Theweight percentage is defined as the lost water to remaining
paste weight after heating at 1000 °C.

The definition of the gel and interlayer water needs to be clarified.
As the definition in the test, the specimens were dried at 40 °C to
remove capillary pore water and then exposed at 105 °C to measure
the gel and interlayer water loss. Actually, after drying at 40 °C, a little
water still remained in capillary pores while some of the gel water
evaporated. Therefore, strictly speaking, the gel and interlayer water
measured do not coincide completely with the analysis in Section 3.2.
However, since only a small part of the gel water was lost during
drying at 40 °C, it can be reasonably assumed that the test result is
approximately comparable with the computed value.

Besides, mortar specimens of size ϕ5×10 cm were cast for the
compressive strength test according to JIS A1108. The surface dry
density of fine aggregate was 2.67 g/cm3 and the volume ratio in the
paste was around 50%.

3.2. Test results and analysis based on current model

Analysis based on the currentmodel was also conducted for PC and
BFS. In DuCOM, the inputs included the initial mix proportions,
material properties, casting temperature, specimen geometry and the
boundary conditions to which the specimens were exposed. The
analysis involved a dynamic coupling of cement hydration, micro-
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structure formation and moisture transport into finite element
computation. Relative information such as the degree of hydration,
porosity and pore size distribution, and internal moisture were
output. For strength development, calculation followed the model in
Section 2.2. From the multi-component hydration model, chemically
combined water from total powder and that from slag could be
computed respectively.

The ratio (fwgel) of gel and interlayer water is calculated by the
following equation:

fwgel = ϕgl + ϕlr

� �
⋅Siner⋅ρw =Wp ð9Þ

The gel and interlayer water ratios from slag hydration (fwgel_sg)
are obtained with the following equations:

fwgelXpc =
αpcWpXpc

1−ϕch
⋅ϕch⋅Siner⋅ρw =Wp ð10Þ

fwgelXsg = fwgel−fwgelXpc
ð11Þ

where fwgel, fwgel_pc and fwgel_sg are the gel and interlayer water ratios
from total powder, Portland cement and slag, respectively. αpc is the
degree of hydration of Portland cement and Wp_pc is the weight of
Portland cement per unit paste volume. ϕch is the intrinsic porosity of
gel grains, which is the constant 0.33. Siner is the average saturation of
gel and interlayer pores, and ρw is the density of pore water, which is
considered to be 1.00 g/cm3.

The test results and analysis are shown in Figs. 3–6. As shown in
Fig. 3, the strength of N is predicted accurately, while NB is under-
estimatedata later age. In the test, NBhad lower strength at anearly age,
but reached higher strength at 91 d as hydration went on. However, in
the analysis, NB is always lower than N. Therefore, the current model
cannot proper evaluate strength development of BFS at a later age. The
authors assume that this may be due to overestimation of capillary
porosity at a later age. In order to gain higher strength, more capillary
pores should be filled by hydrates.

For the degree of hydration, Fig. 4 shows good agreement with the
test results for both N and NB. The hydration degree of BFS is always
lower than that of PC, which is consistent with past research. As to
chemically combined water, as Fig. 5 shows, although analysis gives
slightly higher results for both cases, the trend during the whole
hydration process can be traced accurately. Hence it can be seen that
the current model provides good prediction for both the hydration
degree and chemically combined water and neither is the cause of the
discrepancy in strength.

Fig. 6 shows a comparison of the gel and interlayer water ratio
versus the chemically combined water ratio. The chemically com-
bined water ratio reflects the hydration process. For N, good
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agreement is obtained, but for NB, the analysis apparently un-
derestimates gel and interlayer water development at a later age.
Unlike the linear increase in N, all the BFS test data show a tendency
toward nonlinear increase, with higher gel and interlayer water
content gain at a later age. However, the analysis gives a linear
increase for NB. Therefore it is rational to deduce that the current
model is only applicable to PC rather than BFS due to inconsistent gel
and interlayer pore water assessment. This inconsistency leads to
underestimation of gel and interlayer porosity, and therefore over-
estimation of capillary porosity for BFS, which is also the cause of
discrepancy of strength in Fig. 3.

3.3. Enhanced model on porosity

The test data in Fig. 6 indicates that BFS paste tends to contain more
gel and interlayer water at a higher degree of hydration, which implies
larger porosity inside gel grains at a later age. Hence, the value of ϕch,
which represents the intrinsic porosity of gel grains, needs to be
reevaluated. Itmay not be a constant but a variable that is related to slag
replacement and the degree of hydration. Here, in order to describe the
role of slag on the intrinsic porosity, an index is proposed as follows:

τ =
fsgαsg

fpcαpc
ð12Þ

where fpc and fsg are weight fractions of Portland cement and BFS, αpc

and αsg are their degrees of hydration. Therefore, fpcαpc and fsgαsg

represent the amount of hydrates produced by Portland cement and
BFS, respectively. Index τ is the ratio of hydrates from BFS to those
from Portland cement.
Based on the above, a new development of intrinsic porosity ϕch is
proposed as the following equation:

ϕch = 0:45−0:12 ⋅ exp −0:38⋅ τð Þ3:0
� �

ð13Þ

The function ϕch versus τ is illustrated in Fig. 7. When τ increases,
which means the proportion of BFS hydrates becomes larger, ϕch

increases, thus more gel and interlayer pores are gained. τ is related to
the slag ratio and hydration degree of slag. When the slag ratio or
degree of hydration increases, based on Eq. (12), the value of τ
increases and therefore higher ϕch is obtained.
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With the enhanced model, the gel and interlayer water content
ratio is calculated again and shown in Fig. 8. It is obvious that the
enhanced model shows nonlinear increase and higher gel and
interlayer water at a later age, which is consistent with the test
results. Therefore, from the viewpoint of micro-physical properties of
the matrix, the enhancement on the intrinsic porosity provides better
simulation for BFS.

3.4. Verification

Before verification by strength test, another modification needs to
be mentioned for the ultimate strength in Eq. (7), in order to consider
the contribution of the micro-strength of C–S–H gel grains. It is
reported that C–S–H of BFS has a lower Ca/Si ratio [25–28], whichmay
contribute to gel grains and induce higher grain strength. Therefore,
Eq. (7) is revised as follows:

f∞ = A
pC3S

pC3S + pC2S
+ B

pC2S

pC3S
+ pC2S

 !
⋅ppc + C ⋅psg ð14Þ

where C is the ultimate strength factor of slag, assumed as 260 MPa.
Finally, the verifications by strength test are shown in Fig. 9. In the
analysis at the early age, the strength of BFS was less than PC, BFS
tended to gain higher strength at later age as hydration progressed,
which agrees with the test well. The strengths of BFS with various slag
ratios at different ages are compared in Fig. 10. The vertical axis
represents the strength ratio of BFS to OPC at the same age. At an early
age such as 3 d or 7 d, strength decreases as the slag ratio increases.
This may be attributed to the lower degree of hydration. As the age
increases, obviously the strength of BFS with higher slag ratios
increases faster, and at a late age such as 360 d, the maximum value of
strength lies in the range of 40% to 50% slag ratios. During this stage,
the increase in gel and interlayer porosity and decrease in capillary
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porosity plays more important role in strength development. The
higher the slag ratio, the faster intrinsic porosity increases. However,
with regards to a slag ratio higher than 50%, although intrinsic
porosity increases fastest, due to the lower degree of hydration, the
ultimate strength ratio is less. Therefore, it can be concluded that
strength is influenced by both the degree of hydration and the pore
structures. For higher slag ratios, the degree of hydration becomes
smaller while the pore structure tends to be denser (containsmore gel
and interlayer pores), implying both negative and positive effects.
Therefore, the ultimate strength in the mid range of replacement is
the highest. The experiment result [29] shown in Fig. 11 indicates the
validity of the enhanced model.
4. Study of pore size distribution

4.1. Moisture loss test under different curing time

In Section 3, themicrostructuremodel has beenmodified in terms of
porosity.However, someproperties suchasmoisture lossdependonnot
only porosity but also pore fineness, i.e. pore size distribution. A cement
matrix with the same porosity but finer pores is more capable of
retaining water under drying condition. Hence, when we deal with the
macrostructure of BFS, it is also necessary to investigate themodeling of
pore size distribution and its relationship with moisture loss.

First the authors conducted the moisture loss test. Materials
similar to those used for the porosity investigation were adopted. OPC
and BFS mortar prism specimens measuring 4×4×16 cm were
prepared. The slag ratios were 20% and 40%, respectively, and the
water-to-powder ratio was 0.50. The sand volume ratio was 40%. The
mix proportions are shown in Table 2. For each mix proportion, three
identical specimens were cast for the test. The mixing procedure was
carried out following the JSCE standard. After demolding, the
specimens were sealed and stored under the constant temperature
of 20 °C until the ages of 1 d, 3 d, 7 d and 28 d, respectively. Then the
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Table 2
Mix proportion.

Group
Name

Water
(kg/m3)

Cement
(kg/m3)

BFS
(kg/m3)

Sand
(kg/m3)

Water/Powder BFS/Powder

N 367 735 0 1040 0.5 0
BB20 365 584 146 1040 0.5 20%
BB40 362 435 290 1040 0.5 40%
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specimens were exposed at RH 60% and the ambient temperature was
kept constant. The weight of water loss during drying was measured.

Meanwhile, analysis of moisture loss was conducted with the
enhanced model of porosity and original treatment of pore size
distribution. The same conditions for the specimens and test
environment were applied. The meshing in the analysis is illustrated
in Fig. 12. Since moisture loss behavior is closely related to water
movement and equilibrium in pore structures, which is simulated by
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Fig. 13. Water loss analysis based on
the moisture transport and equilibrium model in DuCOM, this model
is also utilized in the analysis. The authors assume that the water
movement and equilibrium in micro-pores obey the same principle
for PC and BFS, so themoisture transport and equilibriummodel is not
modified in this research. Therefore, the introduction of this model is
omitted.

4.2. Test results and analysis based on current model

Fig. 13 shows the results of test and analysis. For short time curing
such as 1 d, 3 d and 7 d, analysis provides good agreement with test
results, i.e. BFS loses more water than OPC. On the other hand, for
longer curing times up to 28 d, the opposite tendency is observed
between analysis and test. Analysis still shows higher moisture loss
for BFS, while the test results reveal that BFS tends to lose less water.
The authors suppose that this discrepancy may derive from the model
of pore fineness, so it is necessary to examine the pore size
distribution evolution.

As discussed in Section 1, it has been widely reported that the pore
size distribution of the BFS matrix is quite different from that of PC.
Generally speaking, at a very early age, the BFSmatrix has a coarse pore
structure, while as hydration goes on, it tends to be finer than OPC at a
later age. Fig. 14 presents an example of the pore size distribution curve
for BFS andOPC pastemeasured by theMIPmethod [15]. At an early age
such as 3 d,most of the pores in the BFSmatrix lie in the range of 80 nm
to 800 nm,which ismuch coarser thanOPC.At 28 d, the volumeof pores
with a radius larger than 50 nm is similar to that of OPC, but a large
volume of pores with a radius smaller than 25 nm exist. At 24 weeks,
most of the pores have a radius smaller than 10 nm, which is denser
than OPC. Fig. 15 presents the analysis by the current microstructure
model. At an early age such as 1 d, the BFS matrix has a coarser pore
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distribution, but at 24 weeks, the peak of the curve is in a similar
position, which means that the pore size estimates are similar. Here it
has to bementioned that themicrostructuremodel in DuCOM is amore
ideal treatment than the true matrix, so quantitatively the pore size
distribution curve by analysis cannot be compared with the test by the
MIPmethod. However, qualitative comparison between Figs. 14 and 15
indicates that the current model does not reflect the principle
distinction between BFS and OPC. This may be the reason for the
discrepancy in moisture loss at 28 d. Therefore, the current pore size
distribution model needs to be modified.

4.3. Enhancement on pore size distribution

According to the microstructure model in Section 2.1, it is known
that the pore size distribution depends on both porosity and surface
area. In Section 3, the enhanced porosity model has been modified to
provide reasonable information on porosity. Therefore the discussion
turns to the surface area of capillary and gel pores, which is calculated
in Eq. (2). It is possible that the surface areas are underestimated.

Here, two intrinsic parameters need to be paid attention, i.e. ζ and
sg. It seems that ζ and sg are keys formodifying pore size distribution. ζ
represents the dimension of individual gel grains. When its value
decreases, according to Eq. (2), the surface area of capillary pores
increases. This is not difficult to understand, because if capillary pores
are filled in by smaller gel grains, their surface area becomes larger
and thus finer distribution is expected. Similarly, a larger surface area
and finer distribution of gel pores are available with higher values of
sg.

Therefore, denser pore size for BFS at a later age can be achieved by
decreasing the value of ζ and increasing sg in the model at a higher
degree of hydration. Actually, this treatment has clear physical
meaning. In the Portland cement matrix, CH crystals with larger size
than C–S–H gels exist. In the case of BFS, due to hydration of slag,
some CH was consumed and more C–S–H gels filled in capillary pores.
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Fig. 15. Pore size distribution based on current model.
Hence, the average particle size in the paste decreased and surface
area of capillary pores increased. As to gel pores, Richardson et al. [30]
reported that for OPC or a low slag ratio, C–S–H has a fibrillar-like
morphology, while the morphology of high slag ratio tends to be of
the crumpled-foil type. This implies a transition of hydrates from
essentially one-dimensional growth to two-dimensional, resulting in
higher tortuosity and specific surface area in gel pores. Therefore,
increasing sg is consistent with the past research.

Therefore, the enhanced pore distribution model is proposed. For
C–S–H formed from slag hydration, its grain size (ζsg) and specific
surface area (sgsg) are given by the following equations

ζsg = −0:9⋅αsg + 1:0 ð15Þ

ssgg = 1500⋅α2
sg

ð16Þ

where the unit of ζsg and sg
sg are 10−8 m and 103 m2/kg, respectively.

ζsg and sg
sg are functions of the slag hydration degree.

Considering the weight fractions of Portland cement and slag, the
average grain size and specific surface area of gel pores are calculated
by the following equations:

ζ = 1=
fpc
ζpc

+
fsg
ζsg

� �
ð17Þ

sg = spcg fpc + ssgg fsg ð18Þ

In Eqs. (15) and (16), for gels generated from slag hydration, ζsg and sg
sg

are dependent variables versus the hydration degree of slag. On the
other hand, for gels generated from Portland cement, ζpc and sg

pc are
assumed to be the same values as those of the original model, and thus
to be constant. The average values of ζ and sg for the total powder are
obtained by the weight fractions of Portland cement and slag. Hence, ζ
and sg are also dependent variables versus hydration degree.

In the enhanced model, Eq. (2), which describes the calculation of
capillary and gel surface areas, is changed by the discretization
method in time domain as follows:

Snc = Sn−1
c + ΔSc = Sn−1

c +
4πr2

ζ
1−φr

1−φin

� �

Sng = Sn−1
g + ΔSg = Sn−1

g + Wn
g−Wn−1

g

� �
⋅sg

ð19Þ

where Sc
n and Sg

n are the capillary and gel surface areas at time step n,
and Sc

n−1 and Sg
n−1 are the capillary and gel surface areas at time step

n−1. Wg
n and Wg

n−1 are the gel weight at time steps n and n−1,
respectively. rn and rn−1 are the outer product radius at time steps n
and n−1.



0.20

Original model
for BFS at 24 weeks

Enhanced model
for BFS at 24 weeks 

OPC at 24 weeks

BFS = 40%
W/C = 0.5

0.00

0.05

0.10

0.15

-9 -8 -7 -6 -5 -4

P
or

os
ity

 d
is

tr
ib

ut
io

n 
dV

/d
ln

r

Pore radius Log (r[m])

Fig. 16. Pore size distribution based on enhanced model.

1365T. Ishida et al. / Cement and Concrete Research 41 (2011) 1357–1367
Based on Eq. (19), at time step n, the capillary and gel surface area
increases, ΔSc and ΔSg, produced during the time interval, are
computed separately. Then the total surface areas are integrated in
the whole time domain. Therefore, the new gel grain size and specific
gel surface area in Eqs. (17) and (18) correspond to the gel produced
in time step n.

In the enhanced model, individual gel grains at a higher degree of
hydration become smaller, leading to denser capillary pore distribu-
tion at a later age. In the case of gel pores, since the surface area
increases by sg, the pore structure also becomes finer. Therefore, a
finer microstructure can be achieved for the BFS matrix, which
qualitatively agrees with the test by the MIP method. The size
distribution in Fig. 15 for the 24 weeks case is calculated again and
showed in Fig. 16. For matured paste, the peak of the BFS size
distribution curve obviously moves toward a finer direction.
4.4. Verification

It would be persuasive if the enhanced model could be verified by
the pore structure test quantitatively. The morphology image by
electronmicroscope supports the enhancedmodel but cannot provide
quantitative verification. Although the MIP method provides proof of
a denser pore structure, it is not believed to provide “true” porosity
because the pore structure may be altered during mercury intrusion.
On the other hand, since the water content inside the pore structure is
strongly influenced by its fineness or surface area, the water isotherm
test is applicable for verification. In past research, the water isotherm
of the PC matrix has been simulated by DuCOM and good agreement
with the test was obtained. When BFS is investigated, the water
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isotherm test can also be used as verification. In this section, modeling
of pore size distribution is verified by the water sorption isotherm
obtained by Maruyama et al. [31].

In the test, the OPC and BFS matrices with w/p ratio of 0.55 were
cured for 150 d and then a water desorption test was carried out until
RH lower than 0.4, at which time most of the gel and capillary water
was considered to have evaporated. The same environment condition
was applied in the analysis. The pore size models before and after
enhancement were utilized, and they were compared with the test
results in Fig. 17. Obviously, the analysis based on the enhancedmodel
is in better agreement with the test data. The BFS matrix keeps more
water than OPC at the same RH, which implies a higher surface area
and finer pore structure.

Analysis of moisture loss was carried out again, and the results are
shown in Fig. 18. With the enhanced model, the different trends from
OPC can be traced. If exposed under drying condition after short term
curing, the BFS matrix loses more water. With a longer curing time
such as 28 d, BFS mortar tends to retain more water.

With enhancement of the porosity and pore size distribution, it is
considered that now the microstructure of the BFS matrix can be
properly simulated in DuCOM. Therefore, except for moisture loss,
drying shrinkage of BFS concrete is simulated. This simulation is
carried out through combination with a multi-scale constitutive
model of solidifying cementitious composites, which deals with
shrinkage and creep simulation in DuCOM [21]. The analyses of drying
shrinkage based on the original and enhanced models are shown in
Figs. 19 and 20. The analysis using the enhanced model agrees better
with the test data [32,33] , and BFS is found to have larger shrinkage
than OPC due to finer pore distribution and larger capillary tension
force.
5. Summary and conclusions

This study investigated the microstructure model of the BFS
matrix. First, experiments on the strength and selected micro–hygro–
physical properties were conducted. Combined with the strength test,
it was found that the strength development of BFS concrete is
underestimated at a later age. Therefore, the degree of hydration,
chemically combined water, and gel and interlayer water were
compared with the test results. The authors found that the gel and
interlayer water content is underestimated in the model, which
causes overestimation of capillary porosity and strength discrepancy.
Hence, an enhanced intrinsic porositymodel was proposed for the BFS
matrix. As the degree of hydration increases, more gel and interlayer
pores are gained and hydration product fills in the capillary pores
more efficiently, resulting in higher strength in a later age. Verification
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by strength experiment showed good agreement. Furthermore, the
pore size distribution model was studied and moisture loss tests were
conducted. It was found that the moisture loss of BFS at a later age is
overestimated, and thus the pore size distribution model was
investigated. The authors found that based on the surface area
computed by the current model, the pore structure of the BFS matrix
at a later age becomes too coarse. Two key parameters representing
the equivalent gel size and specific surface area of gel pores were
studied in detail, and it was found that they are closely related to pore
fineness. Hence, an enhanced pore distribution model capable of
accurate simulation of the finer pore structure of the BFS matrix at a
later age was proposed. Verification was conducted by water
desorption curve and moisture test and the results showed good
improvements.
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