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Abstract. It is very important to improve and secure durability of reinforced concrete (RC)
building and housing, in order to extend the service life of it. In this study, these were studied
experimentally that the contribution ratio of blended cement to the carbonation resistance of
concrete when a part of OPC replaced to FA or BFS much more were used for concrete, and
the effect of carbonation suppression required for an effective finishing materials when these
were applied for concrete surface. As a result, we were able to obtain the knowledge that the
contribution ratio to the carbonation resistance of concrete using blended cement with different
mixture replacement ratio, and the effect of carbonation suppression required for 4 types of
finishing materials and its specifications, from the viewpoint of securing durability and
extending the service life of RC structures. Therefore, these were considered to be able to
sufficiently contribute to the review of the evaluation method or technical standards concerning
about the durability of RC structures prescribed in ““Housing Quality Assurance Act™ in Japan.

Keywords: Blended Cement, Finishing Materials, Water-Cement Ratio, Depth (thickness) of Concrete
Cover, Resistance or Suppression of Carbonation.

1 Introduction

It is very important to improve and secure durability of reinforced concrete (RC) building and
housing, in order to extend the service life of it. In Japan, the technical standards concerning
about the durability of RC structures and quality of concrete are prescribed in “Housing Quality
Assurance Act”. In the notification No.1374 shown in Table 1 related to this laws, the subjects
of “phenomenon of deterioration™ are the rust of rebar caused by carbonation of concrete. This
table means a necessary measures have been taken to extend the period of large-scale repair
work is not required up to 3 generations (generally 75-90 years) under the general conditions
of environment and maintenance that are normally assumed. And, as the evaluation standards
of “reduction of deterioration” for concrete, the relationship between water-cement ratio (W/C)
and depth (thickness) of concrete cover is prescribed depending on the required durability
(carbonation resistance) of concrete. This is because the thickness of concrete cover in the RC
structures directly affects the corrosion of the rebar due to the carbonation of the cover concrete.
Therefore, in order to improve the durability performance and to extend service life of RC
structures, it is necessary to increase the cover thickness or reduce the W/C of concrete.
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In addition, this technical standard is specified assuming concrete using ordinary portland
cement (OPC), and when using fly ash (FA) or ground granulated blast-furnace slag (BFS) for
concrete, the mass of cement for calculating W/C must be excluding all (100%) of FA in this
certification standards. Also, the mass of cement for calculating W/C must be excluding 30%
of BFS, i.e. the “contribution ratio of carbonation resistance” of FA and BFS are defined as 0
and 0.7. This concept is determined in consideration of the contribution ratio of the mixture in
blended cement to the carbonation resistance of concrete. This concept is determined by the
replacement ratio of FA of about 15% and BFS of about 45%, which are equivalent to “Type
B” in Japanese Industrial Standards (JIS), also based on many previous research and survey
such as guidelines of Architectural Institute of Japan (AlJ).

Therefore, in case of using the blended cement and using FA or BFS much more for concrete,
it is necessary to reduce the W/C of concrete much more, or to use the effective finishing material
for durability, for examples, tiling, mortar coating, external insulation methods, etc. Table 1 shows
that an effective finishing material for durability, and W/C of 5% are equivalent to a concrete
cover of 1 cm (10mm). However, tiling, mortar coating, external insulation methods, and the like
are exemplified as effective finishing material for durability, but required performance is not
shown.

In this study, these were studied experimentally that the contribution ratio of blended cement
to the carbonation resistance of concrete when a part of OPC replaced to FA or BFS much more
were used for concrete, and the effect of carbonation suppression required for an effective
finishing materials when these were applied for concrete surface. This study might be so useful
to get the technical data for suggesting the new certification standards and to reduce
environmental load in the construction sector, and to secure durability of RC structures.

Table 1. Certification standards of RC structures with long service life in the notification No.1374
related to Housing Quality Assurance Act in Japan.

Part or members of RC structures =W/C50% =W/C55%
walls except bearing walls, inside 2cm 3cm
not contacts -
. . slab of floors outside* 3cm 4cm
directly with the —
ground bearing walls, columns, beams ms@e Scm dem
’ ’ outside* 4cm Scm
walls, columns, slab of floors, beams,
. .. . . 4cm Scm
contacts directly _rising part of continuous foundation
with the ground  foundation (except the rising part of continuous 6em Tem

foundation, and leveling concrete)
Note *: It could be reduced by 1cm (10mm) on the outside, by using an effective finishing material
for durability (ex: tiling, mortar coating, external insulation methods, etc.)

2 Carbonation Resistance of Concrete Using Blended Cement

An accelerated carbonation test was performed on specimens with changed water-binder ratio
(W/B), the type and replacement ratio of mixture, and the ratio of each mixture contributing to
the carbonation resistance was clarified experimentally. The goal is to provide useful and
technical data for durability design of RC structures using blended cement.
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2.1 Outline of Experiment

Table 2 shows the experimental factors and levels and their combinations. The W/B were 30,
40, 50, 60%, and the mixture replacement ratio is selected from 2 kinds of 15 and 25% for FA
and 1 to 3 kinds selected for BFS of 30, 50, and 70%. It was set as the combination. In addition,
when OPC was used, specimens with W/B80% and 100% were prepared in order to confirm
the compressive strength and carbonation resistance of the specimen with a small amount of
cement per unit volume of concrete. In addition, in order to ascertain the carbonation resistance
of specimens using commercially available portland blast-furnace slag cement (Type B),
W/B50% specimens (with a replacement ratio of 40-45%) were prepared and subjected to the
same tests. The accelerated carbonation test conformed to JIS A 1153 (Method of accelerated
carbonation test for concrete). The pre-curing was performed under standard curing until the
age of 28 days, and then in-air curing at 20°C, 60% R.H. until the age of 56 days.

Table 2. Experimental factors and levels.

Mixture replacement

Type of mixture W/B (%) Curing before carbonation test

ratio (%)

Non (only OPC 40,50,60,80,100 - L
grour(ld gz]anulatztd 30 TO*** l Ao1r curing up to age of 36 days.
Blast-furnace slag 20,50 30% 50%% 70% % (20°C, 60% RH) after sealed curing

2 2) Air curing up to age of 56 days
Portland blast-furnace o g up 10 a5 S
slag cement (Type B) 50 40-45%%* (20°C, 60% RH) after standard curing
Fly ash (FA) 40.50.60 [5%% p5ans for 28 days

Note *: Type A, **:Type B, ***Type C, according to the classification of blended cement by JIS

2.2 Results of Experiment and Discussion

Figure 1 shows the relationship between the compressive strength and the carbonation rate
coefficient. However, the modified carbonation depth subtracts the carbonation depth
immediately before the start of the test (age of 0 week). The figure shows that the standard
curing 28days compressive strength and the carbonation rate coefficient have a strong
correlation, and the carbonation rate coefficient tends to decrease as the standard curing 28days
compressive strength increases, regardless of the type of mixture and the replacement ratio.

Figure 2 shows the relationship between W/B and the carbonation rate coefficient, in case
of using BFS. There was a strong linear correlation between W/B and the carbonation rate
coefficient, which was similar when FA was used. Here, the ratio that the mixture contributes
to carbonation resistance as a replacement of OPC was defined as “contribution ratio of
carbonation resistance (a)”. Using the contribution ratio a, the amount of binder that contributes
to carbonation resistance was determined as equation (1). In this equation, the “mixture”
indicates mixtures (FA or BFS).

Amount of Binder = Amount of OPC + a X Amount of mixture (1)

Figure 3 shows a trial calculation of the carbonation rate coefficient when a is changed by
0.2 from 0 to 1.0, in case of BFS50%. It was assumed that the ratio of mixture that could
contribute to carbonation resistance as a replacement of cement could be estimated by back-
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calculating a at the intersection where the trial calculation results of each a and the line of OPC
(N, in Fig) intersect. Using this estimation method, the contribution ratio () of the carbonation
resistance according to the mixture replacement ratio of FA and BFS were calculated and shown
in Table 3. For o of fly ash, FA15 was 0.07 to 0.42, FA25 was 0 to 0.17. For a of ground
granulated blast-furnace slag, BFS30 was 1.04 to 1.07, BFS50 was 0.83 to 0.84, BFS70 was
0.45 to 0.69. Among the mixtures, BFS had a higher contribution ratio of the carbonation than
FA, and the greater the replacement ratio of mixture, the smaller the contribution ratio.

As the results, these were obtained that the ratio excluding BFS from the mass of cement for
calculating W/C may be 0% for Type A, 20% for Type B and 30% to 60% for Type C. Also, in
case of FA, it may be 60% to 100% for Type B and 90% to 100% for Type C. Therefore, it was
found that the current standard (Table 1) conld be mitigation in some cases.
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Figure 1. Relationship between compressive strength and Figure 2. Relationship between water binder ratio and
carbonation rate coefficient (standard curing). carbonation rate coefficient (standard curing).

S 00 SR S ————— A BB (a=0.7)
20 30 40 50 60 70 80 90 100110120130140150160170180
W/ (C+a X BFS) (%)

x

o 12 Contribution ratio of

_§ Standard Curing BFS50% | Carbonation Resistance (a)
" —o—N

g OPC .

s 8 . —6— BFS50 (@=0.0

= Safety evaluation —o— BFS50 (@=0.2)

g s 0.4 ——BFSS0 (a=0.4)

£ & 10 0602 O —o—BFSS0 (a=0.6)

| = | === BFS50 (a=0.7)

=

© —e— BFSS0 (a=0.8)

f—

- —8— BFS50 (a=1.0)

2 o0

=

]

2

@]

Figure 3. Calculation results of carbonation rate coefficient changing contribution ratio o.
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Table 3. Calculation results of Contribution ratio for Carbonation Resistance.

Mixture Contribution ratio of Carbonation Resistance
. Blended Cement
Binder  replacement (1S) W/B (%)
ratio (%) 30 40 50 60
OPC(N) 15 Type B - 0.42 0.21 0.07
+FA 20 Type C - 0.17 0.07 0.00
30 Type A - 1.04 1.06 1.07
Of];:F(I;) 50 Type B - 0.84 0.84 0.83
70 Type C 0.45 0.59 0.69 -

3 Suppression Effect of Finishing Materials on Carbonation of Concrete

In RC structures, finishing materials that can suppress the intrusion of carbon dioxide, which
causes carbonation, are often applied to the concrete surface. It is possible to use the effect of
carbonation suppression of finishing materials. However, there were few experimental data that
confirmed it such as tiling, mortar coating, and external insulation methods, and it was not clear
how to select finishing materials that can be considered equivalent effect. Here, confirmation
of the effect of suppression the carbonation of concrete of 4 types of finishing materials, which
were tile, mortar, external insulation and coating materials for textured finishes, and the
evaluation method of the suppression effect, were examined.

3.1 Outline of Experiment

Table 4 and Table 5 show type of finishing materials and mortar coating. Also, Figure 4 shows
the experimental image. For concrete, W/C60% was used considering the upper limit of the
technical standards prescribed in “Housing Quality Assurance Act”. Specimens were sealed at
20°C until the age of 4 weeks, then dried in a room with 60%R.H. and a temperature of 20°C
until the age of 8 weeks, and then mortar was applied to one side of the mold surface. Thus, a
specimen for the accelerated carbonation test was prepared. In each mortar, W/B was 40%, and
the binder: fine aggregate = 1: 2.5 (mass ratio). The binder used for mortar was OPC, and high-
early-strength portland cement (HPC), which could be expected to develop early strength, and
silica fume (SF), which could be expected to be densify the concrete, 5% (mass ratio) of the
binder was replaced. The type of aggregate was based on natural sand, and perlite artificial
lightweight aggregate (standard weight 0.17kg/L) was also used.

The mortar coating was applied to concrete specimens, with the variable factors being the
type of binder and aggregate, the amount of polymer (main component: ethylene vinyl acetate
copolymer emulsion), the thickness of mortar and the curing method after mortar coating. The
effect of carbonation suppression of mortar coating was confirmed.

The amount of polymer mixed in the mortar is based on Bx3% as a general value in finished
mortar, and Bx6% with an increased amount of polymer was also examined. The thickness of
mortar applied to the specimen was basically 10mm, and as shown in the Table 5, the mortar
thickness was varied within the range of 5 to 30mm. The method of curing the specimens after
mortar coating was based on air curing in a room at about 20°C, and examination was also made
on those that were cured for 2 or 7 days after coating. The accelerated carbonation test started
at concrete curing age of 12 weeks, in accordance with JIS A 1153. Also, the carbonation depth
of concrete was measured at test age of 8, 13, 26 and 52 weeks.
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Table 4. Type of Finishing Materials.

Type of finishing materials  Materials and symbols

Non Concrete(C1)

Tile Water absorption type 1(T1, T2(with M8), T3). type 2(T4, T5(with M8))
Primer(C-1(t=1mm(M1, M2)),C-2( t=2mm(M3, M4))),

Mortar Primer(CM-1(t=10mm(M5, M6)), CM-2(t=10mm, M7, M8)))

On-site mixing mortar(t=10mm,M9), (t=15mm,M10)

Polystyrene type 4(t=30mm, IN1, IN2), Polystyrene type 3(t=30mm, IN3),
Urethane foam typeA22(t=30mm, IN4)

Multi-layer coating materials for textured finishes(CM1,CM?2),

Coating materials for thick textured finishes(CM3,CM4),

External insulation

Coating materials

for textured finishes Coating materials for thin textured finishes(CM5)
Table 5. Type of Mortar Coating.
Contents of .
Binder (B) Aggregate polymer Curing after mortar coating ;T;E?i;ﬁ
(B x wt%)
- - - In air without coating 0
In air after coating 5, 10, 20, 30
3 2 days wet after coating, then air
7 days wet after coating, then air 10
OPC Natural sand In air after coating 10, 30
6 2 days wet after coating, then air 10
7 days wet after coating, then air
Perlite ALA 3 In air after coating 10, 30
In air after coating 10, 30
HPC Natural sand 3 2 days wet after coating, then air 10
7 days wet after coating, then air
OPC+SF (95:5 wt)  Natural sand 3 In air after coating 10,30

Cco, ﬁnishing J.—‘. co,
materials 7

o
-
o
S5 | carbonation area
carbonation area / .

7
concrete | Carbonation Resistance |

Figure 4. Outline of experiment.

3.2 Results of Experiment and Discussion

Figure 5 shows the carbonation depth of each specimen at the test age of 52 weeks. In this
figure, the carbonation depth of the specimen that was not finished was also shown, and the
value when the carbonation depth was 10 mm smaller than that was shown by the dotted line.
As aresult, it was found that the finishing material other than mortar has an effect of carbonation
suppression of more than 10 mm compared to the specimen C1 (exposed concrete).
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Figure 6. Carbonation depth of concrete with mortar Figure 7. Carbonation depth of concrete with mortar
changing curing condition. changing thickness and materials used.

With regard to mortar coating, it was not possible to obtain a carbonation suppression effect
of 10 mm or more with a primer of 1.0 to 2.0 mm, and an equivalent thickness of at least about
10 mm was required. However, not all M5 to M10 mortars with a thickness of 10 mm or more
have a carbonation suppression effect.

Figure 6 shows the test results of the carbonation depth of concrete with a mortar thickness
of 10 mm, at the test age of 52 weeks. The compressive strength of the mortar at the age of 28
days was greatly improved by the wet curing after mortar coating, and the carbonation
suppression effect by the mortar was also greatly improved. In addition, in this experiment, it
was suggested that by increasing the amount of polymer mixed in the mortar, the carbonation
suppression effect equivalent to the case of wet curing can be obtained even if it was cured in
the air. Figure 7 shows the test results of the carbonation depth of concrete cured in air after
mortar coating at the test age of 52 weeks. As the thickness of mortar increased, the effect of
suppressing carbonation increased. In this experiment, if the mortar thickness was 10 mm or
more, the effect of suppressing carbonation was obtained equivalent 10 mm or more compared
to the specimen C1 (exposed concrete) even if wet curing was performed. For mortar with HPC
as the binder or mortar in which part of the binder was replaced with silica fume, the test results
at test age of 13 weeks tended to slightly improve the carbonation suppression effect of mortar.
However, the same trend was not clearly confirmed at the test age of 52 weeks. For the mortar
using lightweight aggregate, the compressive strength was as low as about 40% when using
natural sand, but the carbonation suppression effect was equivalent to that of mortar using
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natural sand.

As the results, it was confirmed that the 4 types of finishing materials, which were tiling,
mortar coating, and external insulation method and a finishing coating material, had the same
carbonation suppression effect as the concrete cover thickness of 10 mm, i.e. W/C5%. In
addition, these were obtained that the effect of carbonation suppression of mortar coating could
be improved by initial curing, the amount of polymer increase and the mortar coating (thick
coating) of about 30mm.

4 Conclusions

We were able to obtain the knowledge that the contribution ratio of blended cement to the
carbonation resistance of concrete when a part of OPC replaced to FA or BFS much more were
used for concrete, and the effect of carbonation suppression required for an effective finishing
materials and its specifications when these were applied for concrete surface, from the
viewpoint of securing durability of reinforced building and housing.

The results obtained were as follows:

- The ratio excluding FA from the mass of cement for calculating W/C may be 60% to
100% for Type B and 90% to 100% for Type C. Also, in case of BFS, it may be 0% for
Type A, 20% for Type B and 30% to 60% for Type C.

- The 4 types of finishing materials, which were tiling, mortar coating, and external
insulation method and a finishing coating material, had the same carbonation
suppression effect as the concrete cover thickness of 10 mm, i.e. W/C5%.

- The effect of carbonation suppression of mortar coating could be improved by initial
curing, the amount of polymer increase and the mortar coating (thick coating) of about
30mm.

As the results, these were considered to be able to sufficiently contribute to the review of the
evaluation method or technical standards concerning about the durability of RC buildings and
housing prescribed in “Housing Quality Assurance Act” in Japan.
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