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Abstract

In a hardened concrete, diffusion of oxygen, carbon dioxide, aggressive ions, and moisture from the environment
to the concrete takes place through the pore network. It is well known that making dense cement matrix enhances
the durability of concrete as well as all the characteristics including strength of concrete.

In this paper, 9 mix concretes with water to cementitious material ratio (40, 45, and 50%) and replacement ratio
of GGBFS (40 and 60% of cement by weight) were studied on the micro-pore structure by mercury intrusion
porosimetry and the accelerated chloride diffusion test by potential difference. From the results the average pore
diameter and accelerated chloride diffusivity of concrete were ordered NPC > G4C > G6C. It is concluded that
there is a good correlation between the average pore diameter and the chloride diffusivity, and the mineral
admixtures has a filling effect, which increases the tortuosity of pore and makes large pores finer, on the pore
structure of cement matrix due to the latent hydraulic reaction with hydrates of cement.
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1. Introduction

Concrete is inherently a durable material. If concrete is
properly designed and produced for the environment to
which it will be exposed, the concrete is capable of mainte-
nance-free performance for decades without any need for
protective management, except highly corrosive environ-
ments. Concrete, however, is potentially vulnerable to a
variety of exposures unless certain precautions are taken.

The deterioration factors of concrete are freezing and
thawing, alkali-aggregate reaction, carbonation, chemical
attack, and steel corrosion by penetration and diffusion of
chloride ion.?

It was well known that most chemical and physical proc-
esses that degrade cementitious materials are dependent on
an external source of either water or ions or the both. Cor-
rosion of steel bars in reinforced concrete, for example,
depends on the chloride concentration at the bar, which
needs to reach a critical level for the initiation of corrosion.
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Chloride ions from external sources can only reach the
bars through water-filled pore space. Sulfate attack is de-
pendent on sulfate ion transport through the water-filled
pores. The movement of water in the pore-void essentially
determines the freezing and thawing resistance. In order to
develop a sound scientific basis for prediction and control
of service life of a cement-based material, therefore, it is
necessary to understand the mechanisms of these processes
at the micro-structural level. An important step in develop-
ing this knowledge is to understand how rates of transport,
characterized by values of transport coefficients such as
diffusivity and permeability, depend on the details of the
porous microstructure.

On the other hand, the pore of porous media is generally
divided to micro-, meso-, and macro-pore by pore size, and
that of cement matrix is divided to gel, capillary, ITZ (inter-
facial transition zone) pore, and air content.

Many researchers studied the size of gel and capillary
pore, but the classification of pore size in cement matrix is
different from each other. For example, Metha demon-
strated that the pore of cement matrix is largely gel- (<5nm)
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Table 1 Oxides composition and physical properties of cement and mineral admixture

Items Chemical compositions (%) Physical properties
Types SiO, ALO; Fe,0; Ca0 MgO SO Specific gravity Blaine(cm®*/g)
NPC 19.88 4.81 3.11 61.56 2.95 2.82 3.15 3,120
GGBS 31.88 12.64 0.39 42.46 6.38 3.63 2.92 4,450

and capillary-pore (5~100nm), again, the latter is divided to
micro-pore (5~50nm) affecting the dry shrinkage and creep
of cement matrix and macro-pore (50~100nm) on the
strength and ion penetration.” .

In addition, the pore structure of cement matrix change
with cement type, admixtures, degree of hydration, and
concrete mixing.>® In this paper, 9 mix concretes using
normal Portland cements and 2 types of blended cements
were studied on the micro-pore structure by mercury intru-
sion porosimetry and accelerated chloride diffusion test by
potential difference. The test results show that there is a
good correlation between the average pore diameter and the
chloride diffusivity of concretes.

2. Experiments
2.1 Materials

Normal Portland cement (NPC) specified in KS L 5201
and blended cement (G4C and G6C) with ground granu-
lated blast-furnace slag (GGBFS) were used in all concrete
mixtures. GGBFS was used to replace cement at ratio of 40
and 60% by weight. The oxides analysis and physical prop-
erties of the materials employed in the experimental

Table 2 Physical properties of aggregates

program are presented in Table 1.

River sand, which is immune to most chemical agents
and has little organic compounds, and crushed stone were
employed for manufacturing concrete specimens. The spe-
cific gravities of fine and coarse aggregates are 2.58 and
2.62, respectively. Physical properties of the aggregate are
listed in Table 2.

Concrete specimens were prepared as ¢100<X200mm cyl-
inders, demoulded at 24-hour after casting and then cured
for 28 days in water (at 23 C).

Concrete mixtures with water to cementitious material
ratio (W/cm) of 40, 45, and 50% used in this study are
listed in Table 3. Compressive strength test at 28-day (de-
noted f33) was conducted and presented in Table 3.

AE water reducing agent with specific gravity 1.09 was
additionally applied to obtain target air content and reduce
unit water.

2.2 Micro-structural analysis

BET, MIP, and X-ray CT were conventional methods for
measuring the pore size distribution in a porous media.

Of these methods, mercury intrusion porosimetry is a
widely used method for measuring the pore size distribution
of cement matrix. It is based on the fact that for squeezing
out a non-wetting fluid in a pore of the diameter d, a pres-

Items Groax Specific Absorption EM sure P inversely proportional to the diameter of this pore
Agg. (mm) gravity (%) . must be applied.
Fine - 2.58 0.80 2.65 For a cylindrical pore, pore diameter (d) is determined by
Coarse 25 2.62 0.78 6.83 the Washburn Eq. (1).
Table 3 Mix proportions of concrete
Items Unit weight (kg/m® Comp. strength f;
Wiem (%) Sla (%) nit weight (kg/m’) Stump (cm) P STENgH fas
Types W C s G GGBS (Mpa)
40 4] 187 468 655 957 - 13 44.2
NPC 45 42 187 416 689 967 - 14 37.8
50 43 187 374 720 970 - 14 34.6
40 41 187 281 650 951 187 15 45.5
G4C 45 42 187 249 685 960 166 . 15 41.7
50 43 187 224 716 964 150 15 36.2
40 41 187 187 648 947 281 15 44.7
G6C 45 42 187 166 683 957 249 15 38.8
50 43 187 150 714 961 224 16 35.5
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Where, y is the surface energy of the liquid, 8 is the con-
tact angle (130°). And, the average pore diameter of capil-
lary pore (D,) is given as seen in Eq. (2).
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where, V, and S; is the total pore volume and total surface
area of capillary pore respectively.

The fraction of porosity occupied by pores with diame-
ters in the interval (d; d+&d) is then deduced from the vol-
ume of mercury intruded in the pressure range (P; P+46P),
supposing that all the pores are directly connected to the
source of mercury. As this hypothesis is not generally veri-
fied, it turns out that the measured and the real pore size
distributions differ significantly. Thus, capillary pore in this
paper was confined to 0.003~10 zgn as the range of confi-
dence in MIP test.

The concrete specimens at 28-day were crushed and mor-
tar portion were obtained. The pieces weighed about 1.5g
and were kept in a dry oven at 105~110°C for 24 hours.
Then, the MIP test was conducted.

2.3 Determination of chloride diffusivity

The conventional diffusion cell method was used to de-
termine the diffusivity of the corresponding portions of the
specimens. Since the diffusion cell test would take months,
the accelerated test by potential difference was conducted in
this study.

The central portion of specimens was cut into 50mm
thick slices after 28 days of curing, the other procedures of
the accelerated chloride diffusion test is similar to those
proposed by Tang et. al. and Moon et. al.>®

Experimental conditions in this test are listed in Table 4.
The accelerated chloride diffusivity of concrete was deter-

mined by Eq. (3).>"
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D, accelerated chloride diffusivity (m%/s)

R: gas constant, F: Faraday’s constant

T: absolute temperature (K), z: balance ion

L: thickness of specimen (m), #: testing time (sec.)
U: potential difference (V) '

X penetration depth by colorimetric method

Table 4 Experiment conditions for accelerated test

Thickness (mm) - 50
Electrolyte Cell 1(-) 0.5M NaCl
solutions Cell 11 (1) Sat. Ca(OH),
Testing time (hr.) 8

Measurement factor Penetration depth

Cy: concentration of Cl" in cathode cell (mol/l)

C: reaction concentration by colorimetric method
A: experimental constant (0=23,600m™")

erf: error function

To find the relationship between pore structure and chlo-
ride diffusivity of concrete at the same ages, electrical ac-
celerated test, which is commonly used to estimate the dif-
fusion coefficient of chloride ions, was applied. Therefore,
estimated diffusion coefficient in this study is different
from the diffusion coefficient by concentration difference at
steady state or immersion test.

3. Results and discussion
3.1 Pore size distribution of concretes

Although MIP involves a number of experimental com-
plications, its principle is basically simple. In the present
study, in order to understand more easily the pore structure
of hardened cement matrix, MIP was conducted on 9 mix
concretes with W/cm of 40, 45, and 50%.

As shown in Fig. 1, the pore size of porous media is di-
vided into micro-pore for <0.01 s , meso-pore for
0.01~0.05 gz, and macro-pore for 0.05~10 zm, while the
pore of cement matrix is divided into gel-pore for
<0.003 om,
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Fig. 1 Classification of pore size
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inter-particle pore for 0.03~200 ym , capillary-pore for
0.003~10 zgm, and entraining air void for > 10 4m to ana-
lyze the pore structure of concrete.” Fig. 2 presents the pore
size distribution of 9 mix concretes. The major peak of
NPC was meso-pore about 0.03 sz, whereas that of G4C
and G6C were micro-pore about 0.006~0.008 sz .
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Fig. 2 Pore size distribution of concretes
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The detailed data of MIP are presented in Table 5. The
average pore diameter of blended cement was less than that
of Portland cement. The difference of average pore diame-
ter between NPC and GGBS concretes appears to be be-
cause mineral admixture makes the inter-particle pore of
concrete denser. In the case of the cumulative pore volume,
as shown in Fig. 3, GGBS concretes have the different
shape regardless of W/cm around 0.05 gn compare to
NPC concretes. GGBS concretes, that is, have the denser
pore structures than that of NPC concretes. Thus, GGBS
improves the corrosion protection and strength of the con-
crete by reducing the porosity of concrete. It appears to
result that GGBS activated by Ca(OH), formed during hy-
dration form a mixture of C-S-H, C-A-H, and AF,, phases.s)
In addition to this, tiny particles of the GGBS may help
distributing of the particle and the packing of the system,
and leading to lower permeability of the concrete.

3.2 Chloride diffusivity of concretes

It is well known that the durability of concrete is signifi-
cantly affected by the permeation of aggressive ions mi-
grated into the hardened cement matrix. The accelerated
chloride diffusion test by potential difference was used to
estimate the chloride diffusivity of concrete.

Fig. 4 shows the accelerated chloride diffusivity of NPC,
G4C, and G6C concretes at 28 days. From Fig. 4, it appears
that NPC concretes exhibit a larger diffusion coefficient
compared with GGBFS concretes, and the order of chloride
diffusivity regardless of W/cm was ordered NPC > G4C >
G6C. That is, chloride diffusivity for GGBFS concretes was
the level of 40~60% compared with that of NPC concrete.

This may be due to the filling effect and the latent hy-
draulic reaction of GGBFS. The addition of mineral admix-
tures into cement can modify the microstructure of cement
matrix by forming more C-S-H gel from latent hydraulic
reactions and by filling the pores with their fine particles.”

Thus, low permeability of cement matrix with mineral
admixtures limits the penetration of aggressive ions such as
chloride ion, sulfate, and carbon dioxide.

Besides, to investigate the hydrated texture of cement
matrix, its micro-structures were examined using FE-SEM
at the same magnification.

Table 5 Pore analysis results of concrete
{0.003~10 1om, 28 days)

Items Average pore diameter ( 1m )

Types W/cm=40% W/ecm=45% | W/ecm=50%
NPC 0.0115 0.0125 0.0121
G4C 0.0097 0.0097 0.0083
G6C 0.0088 0.0090 0.0075
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Fig. 5 shows FE-SEM images for mortar portion of con-
cretes with W/cm=40% at 90 days.
As can be the Fig. 5, the pore structures of NPC FE-SEM

image (Fig. 5(a)) is

loose, whereas that of GGBFS concretes

(Fig. 5(b), (c)) denser. The fineness of hydrated structure of
concretes increased with increasing the replacement ratio of

GGBFS.
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Fig. 5 SEM Images of cement matrices
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Fig. 6 Relationship between chloride diffusivity and average pore diameter with W/cm

3.3 Average pore diameter and chloride diffusivity

To know the correlation between the accelerated chloride
diffusivity and the characteristic of pore structure of con-
crete, the relationship between the accelerated chloride dif-
fusivity and average pore diameter of concrete with
W/ecm=40, 45, and 50% was analyzed. The result is pre-
sented in Fig. 6. From this figure, it seems that there is a
good correlation between the average pore diameter and the
chloride diffusivity. Thus, we conclude the following;

1) The penetration property of chloride ion in concrete
and the pore size distribution of concrete have a close
relationship. Especially when using the mineral admix-
tures, a number of pores more than 0.05 4m in con-
crete decreases.

2) The factor affecting chloride diffusivity of concrete is
not the total pore volume of concrete but the average
pore diameter of concrete.

4. Conclusion

The conclusion of this paper is as follows;

1) The peak of incremental pore volume was around about
0.03 ygn tor Portland cement, and 0.006~0.007 sz -for
blended cement regardless of W/cm. Also, the cumulative

pore volume of concrete increased with increasing W/cm.

2) Average pore diameter of capillary pore was ordered
NPC > S4C > S6C. Average pore diameter for Portland
cement was above 0.01 gz, while was beneath 0.01 zm
for blended cement.

3) Accelerated diffusivity of chloride ion regardless of
W/cm was ordered NPC > S4C > S6C. The formation of
dense pore structure due to mineral admixtures leads to-
decrease in average pore diameter and chloride diffusiv-
ity of concrete.

4) There was a good correlation between the average pore
diameter and the chloride diffusivity, and the mineral
admixtures has a filling effect on the pore structure of
cement matrix due to the latent hydraulic reaction with
hydrates of cement, which increases the tortuosity of
pore and makes large pores finer.
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