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NEUTRALIZATION RESISTANCE OF FLYASH AND BLAST FURNACE
SLAG BASED GEOPOLYMER CONCRETE

Sha LI*1, Zhuguo LI*2, Tomohide NAGAI*3, Tomohisa OKATA*4

ABSTRACT
In this study, we investigated neutralization resistance of fly ash (FA)- blast furnace slag (BFS) based
GP concrete in different environments, and compared with normal OPC concrete with same
compressive strength. The experimental results show that, FA-BFS based GP concrete, using 30%
BFS, had a lower neutralization resistance than OPC concrete; wetting-drying cycle led to
neutralization of GP concrete; drying accelerated neutralization of inside of GP concrete; high
temperature curing improved the neutralization resistance of GP concrete; and the pH value at the
boundary of color change after spraying phenolphthalein solution was around 11.4.
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1. INTRODUCTION

Geopolymer (GP) concrete has advantages of
early strength growth [1], higher resistance to fire and
acid [2][3], and lower creep [4] etc. Comparing to the
general concrete using ordinary Portland cement (OPC),
CO2 emission is greatly cut down. However, the
neutralization resistance of GP concrete is still not fully
clear, which is related to the durability of concrete.

Most researchers point out that the neutralization
resistance of fly ash (FA) GP and slag (BFS)-fly ash
blended GP concrete is lower than that of OPC concrete
[5][6]. But, there are still some studies reported that GP
have an equal neutralization resistance to OPC concrete.
J. Davidovits is one of them who agree GP concrete has
good carbonation resistance [7]. K. Pasupathy et al.
discussed the effect of type of alkali-activator on the
carbonation resistance of slag-FA GP concrete [8].
Common understanding about the carbonation
resistance of GP concrete has not yet reached.

Also, BFS-FA blended GP sets so fast that it is
nearly of no practical use, when using finer BFS. The
authors developed a kind of retarder to solve this
problem [9]. In this study, we investigated the
neutralization resistance in the atmosphere, of FA-BFS
based GP concrete adding retarder, and make a
comparison with OPC concrete.

In addition, the carbonation reaction in the CO2

atmosphere is just a way of neutralization. Water and
other factors may also cause neutralization of concrete.
Considering the high alkalinity and easy dissolution in
water of alkali activators, in this study, the
neutralization resistance of FA-BFS based GP concrete
in water environment was also investigated, comparing
to in the air condition. Moreover, the effects of alkali
activator content and curing temperature, etc. on the
neutralization resistance of GP concrete were discussed.

2. TEST PROGRAMS

2.1 Raw Materials used
The raw materials used in this study and their

physical properties are shown in Table 1. FA and BFS
were used as active filler (AF) of GP concrete. The
chemical compositions of them are given in Table 2.
Aqueous solution of JIS No.1 water glass and NaOH
was used as alkali-activator (AS). JIS No.1 water glass
was firstly diluted with water in a volume ratio of 1:1,
then mixed with NaOH aqueous solution (10M
concentration) in a ratio of 3:1 by volume. Used
aggregates were river sand and crushed limestone,
respectively. The main ingredient of the retarder is
L-tartaric acid sodium.

Table1 Physical properties of used raw materials
Materials Physical properties

Fly ash (FA) JIS II type, ρ=2.24g/cm3;
SSA =3550cm2/g

Blast furnace slag
(BFS)

JIS 4000 class
ρ=2.88g/cm3; SSA =4290cm2/g

Alkali-activator (AS)
Aqueous solution of JIS No.1
water glass and NaOH (VNa2SiO3 :
VNaOH= 3:1), ρ=1.315g/cm3

Fine aggregate
River sand, ρ=2.60g/cm3,
Coefficient of water absorption
= 1.46%

Coarse aggregate

Crushed limestone,
ρ=2.70g/cm3, Max. size=20mm
Coefficient of water absorption
= 0.40%,

Retarder (LST) L-tartaric acid sodium,
ρ=1.78g/cm3

Notes: SSA means specific surface area. VNa2SiO3 and VNaOH

mean the volumes of Na2SiO3 solution and NaOH solution
respectively.
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2.2 Mixtures, Specimen Preparation, and Curing
Used GP concrete mixtures are shown in Table

3. BFS-Fillers ratio was 30%, which can use FA in
plenty and ensure to achieve a practical strength, and
the dosage of LST (LST/fillers) was 5% by mass. The
mixing process of GP concrete is as following: FA-BFS
fillers and sand were firstly put into a mixer and mixed
for 1 min; then, the retarder and alkali-activators were
fed into the mixer and mixed for 2 min to get mortar;
lastly, coarse aggregate was mixed with the mortar for
other 2 min. Followed by the mixing, fresh GP concrete
was cast half and half into cylindrical molds, each layer
was vibrated by a rod vibrator for 20 seconds, finally
hammer was used to knock the outsides of molds.

The curing methods and ages before demolded
were shown in Table 4 for all the specimens. Series
No.1A, 2A and 3A had the same mix proportions to
Series No.① , ② , and ③ , but their specimens were
produced in different period. All the specimens of
Series No. 1A~3A were cured as series No. ①~③ but
demolded 5 days later from the production. After 28
days curing, the specimens were stored at ambient
laboratory condition.

28 days-compressive strength of Series No.1A,
2A and 3A were measured following JIS A 1108. They
are average values of three specimens for each mixture.

2.3 Procedure of Neutralization Experiment
The specimens of Series No.1A, 2A and 3A were

used to compare the carbonation resistance between GP
concrete and OPC concrete, whereas Series No.①~⑤
were employed for investigating the neutralization
resistance of FA-BFS based GP concrete, especially the
effect of water movement on GP concrete’ alkalinity,
under three environments “Ec”, “Ec-d”, and “Ew-d”, as
described in Table 4.

The first environment condition briefly called as
“Ec” is with constant temperature and humidity. The
specimens were put into an accelerated carbonation
chamber. After 7days, we measured the carbonation
depth and the pH values of both inter and outer zones
of the specimens. It is noted that CO2 concentration
during the accelerated carbonation of Series No.1A~3A
was 5±0.4%, different to that of series No. ①~⑤ with
10±0.4%.

Another environment condition was carbonation
atmosphere-drying cycle, marked as “Ec-d”. After 7 days
carbonation under environment “Ec”, the specimens
were dried for 1~2days until their masses didn’t change
any more. Then the neutralization depth and the pH
were measured. This experiment ran 2 cycles.

The third environment condition is wetting-
drying cycle, marked as “Ew-d”, on which the specimens
were soaked into clean water (electrolyzed tap water)
with pH 7.7 for 3 days and then they were dried for 1~2
days before the measurements of neutralization depth
and pH. This experiment ran three cycles.

2.4 Preliminary Investigation on Measurement
Method of Neutralization Depth and pH Value

Measurement method of neutralization depth in
case of GP concrete using the phenolphthalein solution
is similar to that used for OPC concrete as shown Fig.1.

Table 2 Chemical compositions of active fillers (%)

Filler SiO2 Al2O3 Fe2O3 CaO MgO K2OTiO2 Others
FA 62.09 23.04 6.88 2.07 0.67 1.68 1.41 2.16
BFS 34.67 14.46 0.34 43.13 5.50 0.25 0.55 1.10

Fig.1 Phenolphthalein method for carbonation
depth of GP concrete

Fig.2 Color change after spraying the
phenolphthalein solution

Table 3 Mixtures of GP concrete

No. AS/
AF (%)

kg/m3

GPW FA BFS S G
① 50 210 294 126 715

1000

② 50 200 280 120 756
③ 50 185 259 111 818
④ 40 200 350 150 648
⑤ 50 200 280 120 756
1A 50 210 294 126 715
2A 50 200 280 120 756
3A 50 185 259 111 818

Notes: No. ⑤ and No. ② had the same mix proportions, but
No. ⑤ was cured at 60℃ in the first 6 hours.

Table 4 Curing methods, neutralization conditions
and ages before demolded of specimens

Series No. ① ② ③ ④ ⑤

Curing Ambient air:
20±2℃, RH.60±5％, 28 days

60℃, 6 h→
Ambient air,
total 28 days

Age before
demolded

1 day for the specimens used in
the experiments under Ec andEc-d

3 days for the specimens used in
the experiments under Ew-d

6 h

Environment
conditions

Ec
CO2 concentration: 10±0.4%,
T: 20±0.5℃, R.H.: 60±5％ -

Ec-d
Ec for 7 days →80℃, until the
mass didn’t change -

Ew-d
Soaked into clean water (pH=7.7) for 3 days
→80℃, until the mass doesn’t change
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The neutralization depth was a mean value of 8
positions. But the depth measurement must complete
within a certain time, since the color of non-neutralized
zone fades away so that the boundary between
neutralized and non-neutralized zones becomes
indistinguishable after the certain time. According to
the experimental results shown in Fig.2, which were
obtained by using the specimen of No. ⑤ after
carbonated for 7 days under the “Ec” environment, it is
better to measure the neutralization depth around 3~10
min after spraying the phenolphthalein solution.

The pH measurement procedure was as follows:
drilling powder samples, then sieving the powder
samples with a sieve of 150 m opening, further
dissolving the sieved samples in ion water with pH 7.7,

and finally measuring pH by a pH meter with 0.1 of
precision. Drilling positions of powder samples were
different between the specimens with clear boundary
and with unclear boundary of color change, as shown in
Fig.3. For the specimens with clear boundary, the inside
powder samples were drilled from purple or pink zone,
but for the specimens with unclear boundary, the inside
powder samples were gathered within the central zone
with a diameter of 3 cm.

The samples, used to determine the reasonable
pH measurement time and solution concentration, were
taken from the outside and inside zones of the specimen
No. ④ at around 104~124 days age. We changed the
concentration of drilled powder-ion water solution and
the dissolving time of the sample to examine the effects
of sample-water solution concentration and dissolution
time of sample in water on the test results of pH.
Obtained test results are shown in Fig.4 and Fig.5,
respectively. In the two figures, “I” means the samples
were taken from the internal zones, in contrast, “O”
means samples were gathering from the outer zones, as
shown in Fig.3. The numbers next to “I” and “O”
express the ages of the specimens when gathering the
powder samples.

Fig.4 shows that the test results of pH values
increased with the increase of the solution
concentration, but when the concentration was more
than 8%, the pH value approached to a constant.
Therefore, in later experiments, 8% of sample-water
solution concentration was adopted.

Also, Fig.5 shows that the pH values decreased
with the elapsed time, but approached gradually to
stable values. This maybe is because the carbonation
reaction between CO2 in the air and alkaline matter
increased with the standstill time. In the first 2 hours,
the pH changed intensely, the measurement precision is
not easily guaranteed. And for reducing the effect of the
carbonation reaction during the standstill period, 4
hours was chosen as the dissolving time in our study.

3. TEST RESULTS AND DISCUSSION

3.1 Neutralization Resistance of GP Concrete in
the Three Environment Conditions

The test results obtained under the environment

Fig.3 Measurement positions of pH
(O: outer; I: inter; B: boundary line of color change)

Fig.4 The effect of sample-water solution
concentration on the test result of pH

a) Samples taken from outside zones of specimens

b) Samples taken from inside zone of specimens
Fig.5 The effect of dissolution time of sample in

water on the test result of pH
Fig.6 Section color of the specimens neutralized in

the condition “Ec”
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condition “Ec” are shown in Fig.6 and Fig.7. Fig.6
shows that the neutralization happened from the outside
to the inside as CO2 invasion, which is consistent with
the experimental results given in Fig.7. Fig.7 indicates
that neutralization depth increased with the elapsed
time. Though the pH reduced in the outer zone, but it
was stable in the center zone.

From Fig.7, we can also find that (1) the pH values
in the outer zones of Series No.①~③, with different
alkali activator content, reduced at a similar rate with
the carbonation time. (2) the pH values of Series No.⑤,
having a history of 60℃ curing, decreased at a slower
rate than No.② cured only in 20℃ room temperature.
Likewise, the neutralization depth of No.⑤ was smaller
than that of No.②.

For the specimens treated in the environment
“Ec”, the pH values at the boundary of color change,
were also measured, as shown in Table 5. From these
results, we concluded that the limit of pH for the color
change , which was measured after the samples powder
dissolved in water for 4 hours, is around 11.4±0.1 for
GP concrete. This limit is consistent with the 11.5 of pH
values, once below which steel rebar in the concrete
would easily rust [10].

On the other hand, Fig.8 shows that, in the
environment condition “Ec-d”, the specimens presented
an unclear boundary and the central zone faded away
from pink color with the elapsed time growth. From

Fig.9, we found that the pH in the outer zones of the
specimens increased in the first 7 days, but in the next
7days the pH nearly didn’t increase and kept around
10.9 except the specimen O-①. But in the inside zone,

a) pH value

b) Neutralization depth

Fig.7 Neutralization depths and pH values of the
specimens in “Ec” condition

Table 5 pH values at boundary of neutralized and
non- neutralized zones

No. pH at boundary
① 11.3
② 11.4
③ 11.4
⑤ 11.5

Fig.8 Section color of the specimens treated
in “Ec-d” environment

Fig.9 The pH of specimens in “Ec-d” environment

Fig.10 Section color of specimens treated in “Ew-d”
environment after spraying phenolphthalein solution
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the pH reduced clearly with the carbonation time. This
may be because that the alkali matters moved from the
inside to the outside as water evaporated. And the
boundary indistinctness maybe is because there was no
enough water to dissolve the alkali matters.

The test results, obtained in the condition “Ew-d”,
are shown in Fig.10 and Fig.11. Under this condition, in
the first cycle (about 5 days), the pH in the outside
zones of the specimens was kept as the initial value, but
slight decrease in their inside zones occurred. However,
with the increase of cycle number, the color of section
became shallow, and the pH decreased obviously no
matter in the outside zone or in the inside zone. From
the pH values in the outside zone, we can find Series
No. ⑤ had a higher pH than Series No. ② . This
maybe is because No. ⑤ had 60℃ curing history.

Comparing the effect of the environment
conditions “Ec” and “Ec-dis withis with”, it was found
that “Ec-d” more easily caused the neutralization of GP
concrete. Under the environment condition “Ec-d”, the
neutralization started from inside zone at a faster
speed. This implies that drying gives a non-negligible
impact on the neutralization. In other word,
environment condition greatly affects the neutralization
resistance of GP concrete.

Comparing the neutralization results in
environment “Ec-d” and “Ew-d”, we found that all the
specimens had a similar unclear boundary between
neutralized and non-neutralized zones, and they
presented near pH values after 2 weeks. This suggests
that wetting-drying cycle would neutralize GP concrete.
Maybe this is because that part of soluble
alkali-activator (in our experiment, it is water glass and
NaOH solution), which didn’t yet participate in the
polycondensation reaction of GP and existed in the
pores of GP-C, dissolved and leached out during the
wetting-drying cycle.

3.2 Neutralization Speed of GP Concrete
Section color of GP concrete specimens, before

neutralization test and after 1, 3, 5 and 8 weeks
neutralization in environment “Ec”, are shown in Fig.12.
In the first week, a deep neutralization was found for all
the specimens. But with the time growth, the
neutralization speed slowed down, as presented in
Fig.13. This tendency is similar to OPC concrete, but at
present we can’t conclude that GP concrete’s
neutralization is faster or slower than OPC concrete

only according to Fig.12 and Fig.13.
We conducted regression to analyze the

relationbetween the neutralization depth and the root of
elapsed time (week) to get three neutralization depth
equations for the three mixtures, as shown in Fig.14.
Since the coefficients of determination (R2) of three
equations are near to 0.9, it can be said that the form of

Fig.11 The pH values of specimens treated in
“Ew-d” environment

0 day

1 week

3 weeks

5 weeks

8 weeks
Fig.12 Section color change of the specimens with

elapsed time

Fig.13 Neutralization depth growth of GP concrete
with elapsed time in environment “Ec”

Fig.14 Neutralization coefficient of GP concrete
with different alkali-activator content
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Table 6 Neutralization rate coefficient of GP
concrete and OPC concrete with same
compressive strength (mm/√week)

No. Compressive
strength(N/mm2)

OPC
concrete

GP
concrete

1A 25.0 4.1 9.4
2A 28.4 3.7 9.2
3A 27.4 3.8 9.3

the relation equation between the neutralization depth
and time of GP concrete coincides with that of OPC
concrete, as shown in Eq.(1) [11].

taD  0.5/CO2 (1)

where, D : Neutralization depth (mm)
t : Neutralization period (week)
CO2 : CO2 concentration (%)
a : Neutralization rate coefficient (mm/√week)

Neutralization rate coefficients for three kinds of
GP concrete were gotten from Fig.14, and are shown in
Table 5. 28 days-compressive strengths of three GP
concretes are also indicated in Table 5.

Reference [11] gives a relationship equation of
the neutralization rate coefficient for normal OPC
concrete, as shown in Eq.(2).

a=-0.13 Rc+7.40, r = 0.999 (2)
where, a: Neutralization rate coefficient (mm/√week)

Rc: Compressive strength (N/mm2)
Using the above equation, we calculated the

neutralization rate coefficients of OPC concretes with
the same compressive strength as the GP concretes, as
shown in Table 6. If comparing the neutralization rate
coefficients of GP and OPC concretes, it was clearly
found that the neutralization resistances of the three
FA-BFS based GP concretes were lower than those of
OPC concretes. For a given strength the neutralization
rate coefficient of FA-BFS based GP concrete is two
times higher than that of normal OPC concrete.

4. CONCLUSIONS

In this study, we investigated neutralization
resistance of FA-BFS based GP concrete in different
environments, discussed the affecting factors of
neutralization resistance, and compared with OPC
concrete. Obtained main conclusions are as follows:
(1) FA-BFS based GP concrete, using 30% BFS, has a

lower neutralization resistance than OPC concrete
with the same compressive strength to the GP
concrete.

(2) Wetting-drying cycle would lead to neutralization of
GP concrete. Drying would accelerate neutralization
of inside of GP concrete. That is to say, in natural
environment, GP concrete is neutralized not only by
carbonation, but also due to the elution of alkali
matters and water movement from inside.

(3) The neutralization resistance of FA-BFS based GP
concrete having high temperature curing history is
higher than that curing at ambient temperature.

(4) Alkali activator content gives a little influence on

the neutralization resistance of GP concrete for a
certain activator-filler ratio.

(5) The pH value at the boundary of color change after
spraying phenolphthalein solution is around 11.4.
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