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Abstract This research investigates the impact of 
the pore solution pH values on chloride content at the 
colour change boundary determined according to the 
standard rapid migration test (NT Build 492), with 
a focus on alkali-activated materials, so-called geo-
polymer. The study investigates a range of geopoly-
mer formulations using various proportions of ground 
granulated blast furnace slag (GGBFS), fly ash, and 
calcined clay, alongside different activator concentra-
tions, to examine their influence on the pH value of 
the pore solution. Findings from this study suggest 
that the pH value of the pore solution greatly influ-
ence in the chloride ion concentration at the colour 
change boundary, which should be accounted for in 
the calculation of the non-steady-state migration coef-
ficients  (Dnssm). It is noted that mixtures with higher 
GGBFS content exhibit higher pH values than mix-
tures containing fly ash or calcined clay, impacting 
the  Dnssm. The results advocate for modifications to 
the standard NT Build 492 protocol to enhance its 
applicability and accuracy for geopolymer materials, 
emphasizing the importance of using revised  Dnssm 
values calculated considering the unique properties of 
geopolymer concrete for more durability assessment.

Keywords Geopolymer · Alkali-activated 
materials · NT Build 492 · pH · Colour change 
boundary

1 Introduction

Concrete, a material widely recognised as the funda-
mental component of contemporary infrastructure, 
has played an essential role in the field of construc-
tion [1, 2]. Concrete’s adaptability, durability, and 
cost-effectiveness have made it the preferred choice 
for a wide range of constructions, including tall sky-
scrapers and extensive motorways [3]. The concrete 
industry is currently confronted with a significant 
and urgent durability issue, namely the deteriora-
tion of concrete structures caused by the corrosion 
of reinforcement [4]. Reinforcement corrosion has 
the potential to undermine the structural soundness 
of concrete structures, resulting in premature failures 
and requiring expensive remediation or replacement 
[5, 6]. The understanding and mitigation of steel cor-
rosion in concrete infrastructure worldwide is a mat-
ter of utmost significance [7].

The corrosion process, proposed by Tuutti, con-
sists of two stages: initiation stage and propagation 
stage [8]. In chloride environments, the initiation 
stage describes the diffusion of chloride ions through 
the concrete pore structure toward the steel-concrete 
interface. The propagation stage begins when the crit-
ical chloride threshold is reached at the steel-concrete 
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interface [9, 10]. Chloride concentration exceeding 
the critical chloride threshold triggers reinforcement 
corrosion, resulting in the formation and expansion 
of corrosion products, loss of bond strength, concrete 
cracking and spalling [11–13]. The propagation stage 
of chloride-induced corrosion significantly compro-
mises the structural integrity of reinforced concrete. 
This degradation has a substantial effect on the abil-
ity of the structure to withstand loads and its overall 
lifespan [14, 15]. The rapid migration test (NT Build 
492) is a standard test used to evaluate the chloride 
diffusion in the initiation stage [16]. The non-steady-
state chloride migration coefficient  (Dnssm) is cal-
culated, based on the depth of chloride penetration 
determined by spraying silver nitrate 0.1M solution 
on the surface of freshly split concrete specimens. 
However, this chloride penetration depth so-called 
colour change boundary, determined using silver 
nitrate can be impacted by the pH value of the pore 
solution of the concrete. Research on the relation-
ship between  Dnssm and the pH of the pore solution in 
ordinary Portland cement (OPC) concrete is limited, 
despite its recognised significance [17–19].

Geopolymer concretes, also known as alkali-
activated materials, are considered as a sustainable 
substitute for OPC and blended cement concretes 
[20]. Geopolymers are fabricated by using alumino-
silicate precursors dissolved in a high alkaline solu-
tion, eliminating the usage of OPC which is carbon 
intensive [21, 22]. Geopolymer concretes exhibited 
varying pore solution pH, which may have impor-
tant implications on the chloride diffusion resistance 
assessed using NT Build 492 [23–25]. Nevertheless, 
the impact of pH values on  Dnssm of geopolymer con-
cretes has not been investigated. The objective of this 

study is to examine the effect of geopolymer pore 
solution pH on the  Dnssm determined using the rapid 
migration test (RMT)—NT Build 492. This study 
aims to adapt the RMT for more accurately evaluat-
ing the chloride diffusion resistance of geopolymer 
concretes. Moreover, this study also investigates the 
effects of different mix compositions on the pH of 
the pore solution of alkali-activated materials. The 
use of various components such as fly ash, ground 
granulated blast furnace slag (GGBFS), and calcined 
clay in the binder influences the pH of the pore solu-
tion. This study provides insights into the relationship 
between binder composition, pH values and  Dnssm for 
geopolymer concretes.

2  Materials and mix design

2.1  Materials

Ground granulated blast furnace slag (GGBFS), 
calcined clay and two types of fly ash (FA) were 
utilised as the aluminosilicate precursors in this 
study. General Purpose (GP) cement was used for 
reference cement-based mix. Their chemical com-
positions determined by X-ray fluorescence (XRF) 
and particle size distribution by laser diffraction 
are shown in Table  1 and Fig.  1 respectively. The 
activator solution comprised NaOH pellets and Na-
silicate solution. The sodium hydroxide (NaOH) 
pellets have a molecular weight of 40 g/mol, a spe-
cific gravity of 2.1 and a purity of 98%. The chemi-
cal composition of the sodium silicate solution is: 
14.7%  Na2O, 29.4%  SiO2, and 55.9%  H2O. The 
solution has a modulus ratio (Ms) of 2, determined 

Table 1  Chemical 
compositions of precursors

Chemical composition (wt%) GGBFS Eraring FA Gladstone FA Calcined clay GP Cement

SiO2 36.6 65.1 59.4 70.4 19.1
Al2O3 13.6 22.5 25.9 22.3 5.3
Fe2O3 0.5 4.2 7.7 2.3 3.0
CaO 42.3 1.8 2.6 0.5 63.7
MgO 5.9 0.7 0.8 0.2 1.1
Na2O 0.2 0.5 0.3 0.1 0.2
K2O 0.3 2.05 1.0 0.2 0.6
TiO2 0.6 1.0 1.4 1.1 –
SO3 0.5 0.1 0.1 – 2.8
Loss on ignition (LOI) 0.8 1.6 0.4 1.8 4.1
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by the weight ratio  SiO2 to  Na2O  (SiO2/Na2O = 2). 
Additionally, the specific gravity of the solution 
is 1.53 [26]. The activator solution was prepared 
24  h prior to the concrete mixing. Coarse aggre-
gate is a combination of 20 mm and 10 mm aggre-
gates. River sand and Sydney sand were used as fine 
aggregate. The gradation of aggregates was shown 
in Fig. 1.

2.2  Mix designs

Table 2 shows the nine mix designs considered in this 
study. The study investigates the influence of vari-
ous component compositions on the performance of 
geopolymer concretes through mix 1 to mix 8. Mix 
9 was fabricated with 100 wt% general purpose (GP) 
cement for comparison purpose. The mass of the 
aggregate, as presented in Table  2, is in a saturated 
surface dry (SSD) state.

The MR  (SiO2/Na2O) ratios, percentage of  Na2O 
and free water content were adjusted among the dif-
ferent mixes to achieve sufficient workability, setting 
time and compressive strength at 28 days.

2.3  Mixing and curing

In order to achieve a homogeneous dispersion, the 
solid constituents were initially subjected to a dry 
mixing process for a duration of 4.5 min, utilizing 
a pan mixer. The experimental procedure involved 
the gradual addition of an alkaline solution to the 
solid mixture, followed by thorough mixing for 
a duration of 4 min with a break of 90 s. A slump 
test was conducted to assess the workability of the 
concrete. Subsequently, freshly mixed concrete was 
poured into moulds and compacted using an exter-
nal vibrating table to ensure adequate consolidation 

Fig. 1  Particle size distribution of precursors, GP cement and 
the gradation of aggregates

Table 2  Concrete mix 
compositions

Materials (kg/m3) Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9

20 mm aggregate 668 615 610 612 612 610 625 617 681
10 mm aggregate 382 350 348 350 350 350 355 350 389
River sand 572 768 765 756 756 768 799 766 821
Sydney sand 287 0 0 0 0 0 0 0 0
Eraring FA 0 319 213 106 0 64 0 0 0
Gladstone FA 205 0 0 0 0 361 0 0 0
GGBFS 205 106 213 319 425 0 0 188 0
Calcined clay 0 0 0 0 0 0 375 188 0
GP cement 0 0 0 0 0 0 0 0 410
NaOH pellets 5.2 12.3 8.9 6.9 6.9 27.7 11.0 10.6 0
Na-silicate 81 195 141 108 108 172 274 224 0
Free water 136 53 120 153 153 35 48 59 185
Ms  (SiO2/Na2O) 1.49 1.50 1.50 1.50 1.50 1.08 1.65 1.60 N/A
(SiO2+  Na2O)/Binder 0.10 0.22 0.16 0.13 0.13 0.23 0.34 0.29 N/A
Na2O%/Binder 3.89 9.00 6.50 5.00 5.00 10.99 13.00 11.00 N/A
Water/Solid 0.40 0.31 0.40 0.45 0.45 0.25 0.40 0.38 0.45
GGBFS content (%) 50 25 50 75 100 0 0 50 0
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and minimize the presence of entrapped air in the 
mixture.

Following the casting process, specimens were 
promptly transferred to a controlled environment for 
curing. After 24 h, the samples were removed from 
their mould. The specimens were carefully sealed 
to prevent moisture evaporation and stored within a 
controlled environment at a consistent temperature 
of 23 ± 2 °C until 28 days.

To measure the pH values of the pore solution 
of the geopolymer mixes, geopolymer paste (GPP) 
samples were prepared with identical compositions 
to geopolymer concretes without coarse and fine 
aggregates. The GPPs were cast into 50 × 100 mm 
sealed tubes. These tubes were subjected to the 
same sealed curing conditions at 23 ± 2  °C as the 
geopolymer concrete samples, allowing for a con-
sistent and comparable experimental setup [27].

3  Methodology

3.1  Mechanical properties

The compressive strength tests were performed 
in accordance with the ASTM C39 standard after 
28  days of sealed curing [28]. Three cylindrical 
specimens 100 × 200 mm for each mix design were 
prepared and subjected to grinding on both ends 
before testing.

3.2  pH measurement of pore solution

To obtain the pore solution, geopolymer paste sam-
ples were cured for a period of 28 days. The speci-
mens underwent a compression pressure higher 
than 350 MPa utilizing a universal testing frame for 
a period of 300  s. After undergoing the process of 
compression, the extracted pore solution was sub-
jected to 0.22 μm filtration. The pore solution was 
stored in plastic tube. The determination of the pH 
values was subsequently conducted utilising a cali-
brated pH meter [27, 29]. The pH measurement was 
carried out within one hour after extraction to avoid 
the reaction between the pore solution and external 
environment.

3.3  Rapid migration test—NT Build 492

The rapid migration test (RMT) was conducted accord-
ing to NT Build 492 protocol [16]. The objective of this 
test was to determine the chloride migration coefficient 
under non-steady-state conditions. The experimental 
specimens were cylindrical concrete discs with 50 mm 
of thickness. These discs were extracted from the cen-
tre of three 100 × 200 mm cylindrical specimens. The 
experimental solutions employed in the study con-
sisted of a catholyte solution and an anolyte solution. 
The catholyte solution was prepared by dissolving 10% 
sodium chloride (NaCl) in tap water, while the anolyte 
solution was prepared by dissolving 0.3  N sodium 
hydroxide (NaOH) in distilled water. In the experi-
mental setup, an initial electrical potential of 30 V was 
applied to the specimens. Subsequently, the initial cur-
rent flowing through the specimens was measured and 
recorded. In accordance with the guidelines by NT 
Build 492, various voltage values and testing durations 
were implemented based on the initial current. The 
experimental parameters, including the applied voltage, 
thickness of the specimens, initial and final current, 
and temperature, were recorded. After the testing dura-
tion, the specimens underwent a thorough rinsing pro-
cess utilizing tap water to eliminate any residual test-
ing solution. Subsequently, the specimens were divided 
into two separate sections along their axial plane. A 
freshly split segment was sprayed by a 0.1  M silver 
nitrate solution. Following a duration of approximately 
15 min, a precipitation of white silver chloride became 
readily observable on the bisected surface of the speci-
men. In order to mitigate the influence of edge effects 
arising from potential leakage, measurements of chlo-
ride penetration depth were recorded at regular inter-
vals of 10  mm, with an exclusion of the first 10  mm 
from each edge.

The determination of the non-steady-state chloride 
migration coefficient was conducted using the equation 
denoted as Eq. 1:

where: E =
U−2

L
;� = 2

√

RT

zFE
× erf

−1
(

1 −
2cd

c0

)

; Dnssm 
is the non-steady-state chloride migration coefficient 
 (m2/s); z is absolute value of ion valence, for chloride, 
z = 1; F is Faraday constant, F = 9.648 × 10

4 (J/
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R is gas constant, R = 8.314 (J/(K⋅mol)); T  is the 
average of the initial and final temperatures in the 
anolyte solution (°K); L is the thickness of the sample 
(m); xd is the average penetration depth (m); t is the 
test duration (seconds); erf−1 is inverse of error func-
tion; cd is chloride concentration at which the colour 
changes, cd ≈ 0.07  N for OPC concretes; c0 is chlo-
ride concentration in the catholyte solution, c0 ≈ 2 N.

3.4  Measurement of chloride content at boundary 
colour change after chloride migration test (NT 
build 492)

After obtaining the average chloride penetration depth 
from the silver nitrate solution (Sect.  3.3), concrete 
discs undergone RMT without split were used for 
profile grinding. Every 1 mm concrete layer was pow-
dered until the average chloride penetration depth  (xd) 
was reached. Acid-soluble and water-soluble chloride 
content of the concrete layer at the average chloride 
penetration depth was determined using an automatic 
potentiometric titration device following ASTM 
C1152 [30] and ASTM C1218 [31] respectively. The 

chloride content  (Cd) at the penetration depth, i.e. col-
our change boundary  (xd), was interpolated using four 
adjacent layers.

4  Results and discussion

4.1  Mechanical properties

Figure  2 presents the compressive strength of the 
concretes at 28  days. Noticeably, the compressive 
strength of geopolymer concretes is significantly 
affected by the content of GGBFS. An optimal 
strength is observed when the GGBFS content falls 
within the range of 25–50%. However, as the pro-
portion of GGBFS increases to 75% and 100%, the 
compressive strength values decreased. The com-
pressive strength of mix 3 containing 50% GGBFS, 
50% Eraring FA and high percentage of  Na2O shows 
the highest value at 53.44  MPa. In contrast, mix 5 
with 100% GGBFS presents the lowest compressive 
strength at 38.07 MPa. Mix 6 and 7 containing 100% 
FA and 100% calcined clay achieved 48.82 MPa and 

Fig. 2  Compressive strength of concrete mixes at 28 days
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46.60  MPa respectively. Moreover, this finding sug-
gests that calcined clay exhibits the capability to 
produce geopolymer system with suitable compres-
sive strength under ambient curing condition, which 
is consistent with previous studies [22, 32]. When 
considering the interaction between GGBFS, fly ash, 
calcined clay, and the activator concentration, a wide 
array of compressive strengths is observed. This can 
be attributed to a complex and interconnected rela-
tionship among precursors and activator that collec-
tively influence the overall strength performance of 
concrete.

Although the 28-day compressive strength may not 
be a suitable parameter for assessing the chloride dif-
fusion resistance of geopolymer concretes [21, 33], it 
remains a widely used criterion for durability design 
in various international standards. The classification 
for chloride environments in accordance with Aus-
tralian Standard AS 3600:2018 [34] contains four 
distinct exposure conditions, namely B1, B2, C1, 
and C2. All compressive strength results are higher 
than 35 MPa, indicating that the nine concrete mixes 
in this study fulfilled the strength requirement of B1 
exposure classification to be utilised in coastal areas.

4.2  pH value of pore solution

Fig.  3 presents the pH values of the geopolymer 
pastes pore solution at 28  days. The pH values of 
all hardened geopolymers were consistently lower 

than that of the OPC paste (mix 9) with a pH value 
of 13.41. Furthermore, a general trend was observed 
wherein the pH of the hardened geopolymer paste 
exhibited an increase with increasing GGBFS con-
tent, although there was a minor reduction in mix 3. 
Notably, mix 5, containing 100% GGBFS, exhibited 
the highest pH value among all geopolymers, reach-
ing a value of 13.30. The pH value of mix 5 was com-
parable to that of OPC paste (mix 9). By contrast, 
mix 7 with 100% calcined clay showed the lowest 
pH values of 12.58. Mix 7, despite having the high-
est Na₂O content (13%) among all concretes tested, 
achieved a low pH. This can be attributed to the prop-
erties of the calcined clay, which reacts differently 
from high-calcium precursors such as GGBFS. High 
 Na2O content was required for metakaolin dissolution 
in the calcined clay [35]. Subsequently, a significant 
portion of the sodium ions in the pore solutions are 
incorporated into the N-A-S-(H) gels, reducing the 
concentration of free hydroxyl ions (OH⁻) necessary 
to maintain a high pH [22, 35]. By contrast, the pres-
ence of GGBFS produces calcium hydroxide dissolu-
tion to form C-A-S-H gels [22, 35, 36], leading to an 
increase in pH of the pore solution despite the lower 
content of  Na2O in the mix compositions.

It was found that the pH values of the pore solution 
in this study were higher than pH values reported in 
previous studies [21, 23]. This can be attributed to the 
method used to measure the pH. To be specific, the 
presence of water in the water extraction method used 

Fig. 3  pH values of geo-
polymer pastes at 28 days
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in previous studies could contribute to reduce the pH 
values in comparison with the direct pore solution 
extraction method used in this study.

According to Table 2, mix 1, mix 3, and mix 8 pre-
cursor includes 50% GGBFS content but differ in the 
types of fly ash and inclusion of calcined clay. Mix 1, 
which used Gladstone FA, has a pH value of 13.19, 
while mix 3 with Eraring FA has a pH value of 12.87, 
and mix 8 with calcined clay has a pH value of 13.06. 
The different types of fly ash and the inclusion of 
calcined clay seem to affect the pH, with Eraring FA 
resulting in the highest pH value and Gladstone FA 
the lowest within the 50% GGBFS group. Mix 4 with 
75% GGBFS and mix 5 with 100% GGBFS had simi-
lar pH values of 13.27 and 13.30 respectively. These 
results indicate that the low-Ca precursors, such as fly 
ash or calcined clay, can reduce the pH of geopolymer 
pore solutions even with a GGBFS content up to 50%.

4.3  Chloride content at colour change boundary after 
rapid migration test—NT Build 492

Table 3 presents the results of the NT Build 492 test 
conducted on nine geopolymer concrete mixes to 
assess their chloride ion penetration resistance under 
non-steady-state conditions. The parameters meas-
ured include the applied voltage, initial and final 
current values, test duration, and average chloride 
penetration depth. The applied voltage ranged from 
10V to 35V, which directly influenced the initial and 
final current values, as well as the chloride penetra-
tion depth. The test duration for mixes 6, 7, and 8 was 
limited to 6  h, which is a large reduction from the 
24-h period, due to the high initial current observed 
in these mixes. Mixes subjected to high voltage, such 
as Mix 1 (35V), exhibited greater penetration depths 
(20.5  mm), compared to mix 5, also tested at 35V, 
but achieving a significantly lower penetration depth 

of 6.5 mm. Mix 5 contains 100% Ground Granulated 
Blast Furnace Slag (GGBFS). This highlights the 
superior resistance to chloride ingress provided by 
GGBFS. In contrast, Mix 7, which was composed of 
100% calcined clay and tested at a lower voltage of 
15V, demonstrated the greatest penetration depth of 
30.9  mm, indicating a lower resistance to chloride 
migration, despite the shorter test duration.

Acid-soluble and water-soluble chloride content 
at the colour change boundary following the rapid 
migration test (RMT) are shown in Fig. 4. The influ-
ence of the precursor and activator concentration on 
the acid-soluble and water-soluble chloride contents 
generally agreed with the variations observed in pH 
values, as discussed in Sect.  4.2. For instance, for 
mixes with 50% GGBFS, the different fly ash and the 
calcined clay affected the acid-soluble and water-sol-
uble chloride contents. In addition, the chloride bind-
ing capacity of geopolymer binders can be derived 
from Fig. 4. Mix 1 had an acid-soluble chloride con-
tent of 0.082% and a water-soluble chloride content 
at 0.078%, suggesting that 95% of the chlorides are 
free chloride, indicating high chloride ions mobil-
ity within the concrete matrix. Similarly, for mix 3, 
98% of the chloride is free chloride. Figure 5 shows 
the bound chloride at the colour change boundary, 
obtained by the difference between acid-soluble and 
water-soluble chloride content (Fig. 4). In Fig. 5, Mix 
2 demonstrates the highest capacity for chloride bind-
ing with a percentage of 0.016%. By contrast, mix 
4 exhibits no measurable binding of chloride ions, 
indicating a percentage of 0%. The remaining mixes, 
such as Mix 6 and Mix 8, show relatively low chlo-
ride percentages of 0.001% and 0.009%, respectively. 
The reference OPC concrete presented 0.007% bound 
chloride. According to Fig.  5, the chloride binding 
capacity of geopolymer concrete is highly precursor 
composition dependent and can exceed that of the 

Table 3  The data of NT 
Build 492 test conditions 
and open porosity (%) by 
ASTM C642

Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9

Voltage (V) 35 10 25 30 35 15 10 10 20
Initial current (mA) 41.4 72.3 60.7 47.1 46.3 69.5 73.9 67.3 58.3
Final current (mA) 57.9 100.8 78.4 43.6 46.6 78 99.9 79.5 62.8
Test duration (h) 24 24 24 24 24 6 6 6 24
Average penetration 

depth (mm)
20.5 23.5 15.4 7.9 6.5 7 30.9 13.4 26.8

Open porosity (%) 15.03 15.09 16.75 17.29 16.99 12.46 18.11 16.52 15.16
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reference Portland cement concrete in some cases 
such as Mix 2 and Mix 6, both containing a large 
amount of Gladstone fly ash being blended or not 
with GGBFS.

A linear correlation between acid-soluble chlo-
ride, water-soluble chloride and pH values of the pore 
solution is exhibited in Fig.  6.  R2 coefficient values 
of approximately 0.89 and 0.88 are obtained in Fig. 6. 
The  R2 values indicate a strong linear correlation 
between the pH values of the pore solution and the 
concentration of acid-soluble and water-soluble chlo-
ride ions at the colour change boundary. This signifi-
cant impact of the geopolymer paste pore solution pH 
on the chloride content at the colour change boundary 
must be accounted for in the calculation of the chlo-
ride migration coefficient  Dnssm to improve the accu-
racy of NT Build 492 for geopolymer concrete appli-
cations (see Sect. 4.4).

4.4  Rapid migration test (RMT)—NT build 492

The determination of the non-steady-state migration 
coefficient  (Dnssm) requires the consideration of vari-
ous parameters as presented in Eq. (1). The chloride 

concentration at which the colour change  (Cd) holds 
significant importance. The assessment of  Cd param-
eter was conducted utilising the silver nitrate colori-
metric method [37–39]. This colorimetric measure-
ment is greatly influenced by the pH value, which 
represents the availability of hydroxide ions  (OH-) 
in the pore solution [19]. The reaction between sil-
ver ions from silver nitrate solution and free chloride 
ions present on the concrete results in the formation 
of a white precipitate known as AgCl. In contrast, 
the reaction between silver ions and hydroxyl ions in 
environments with low or no chloride ions results in 
the formation of  Ag2O, a brown precipitate [19]. This 
reaction enables the differentiation between regions 
that appear white and those that appear brown, thus 
establishing a distinct boundary. The concentration of 
free chloride ions  (Cd) is measured at this specified 
boundary.

According to the NT Build 492 protocol, the  Cd 
value of 0.07 N is recommended for OPC concretes. 
However, previous studies on OPC concretes have 
reported a notable variation in chloride content at 
the colour change boundary. For instance, Meck and 
Sirivivatnanon [40] reported an average chloride 

Fig. 4  Acid-soluble chloride content and Water-soluble chloride content at chloride penetration depth, i.e. colour change boundary
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content at the colour change boundary ranging from 
0.02 to 0.23% by mass of concrete whilst Andrade 
et al. [41] reported a chloride content at 0.18 ± 0.2% 
of the concrete mass. In addition, the volume of the 
pore solution, depending on the pore structure and 

porosity, was also identified as an influential fac-
tor [42]. The difference in the chemical composition 
of the pore solution and pore structure of geopoly-
mer concretes compared to OPC concretes has been 
well-documented [24, 36, 43, 44]. Henceforth, the 

Fig. 5  Percentage of bound chloride

Fig. 6  Linear correlation 
between pH values of the 
pore solution with acid-
soluble chloride content 
and water-soluble chloride 
content at colour change 
boundary
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utilisation of the prescribed  Cd value of 0.07  mol/L 
may lead to inaccurate  Dnssm coefficients for geopoly-
mer concretes.

The chloride concentration  Cd (mol/L) was cal-
culated from the free chloride content (%) by using 
Eq. 2 as follows [18]:

where, �dr is the dry concrete density (kg/m3), 
c (%) is free chloride content at the colour change 
boundary relative to the mass of the concrete, and � 
is the open porosity (vol%), measured according to 
ASTM C642 [45]. The open porosity is determined 
as follows:

where the weight of the saturated sample is denoted 
as Wa , the weight of the saturated sample measured 
under water is denoted as Ww , and the dry weight of 
the sample is denoted as Wd . The open porosity of 
each mix is presented in Table 3.

The concentration of water-soluble chloride serves 
as a reliable indicator of the level of free chloride 
present in the concrete pore solution. The free chlo-
ride content is equivalent to 80% of the water-solu-
ble chloride content, as reported by Maes et al. [18]. 
The chloride concentration (mol/L) at colour change 
boundary calculated from the free chloride content 
(Eq. (2)) in this study is denoted as  Cd proposed (mol/L). 

(2)cd

(

mol∕l

)

=
�dr × c(%)

35.45 × φ

(3)� =
Wa−Wd

Wa−Ww

 Cd proposed values for the nine mixes is presented in 
Fig.  7. Similar to the total and free chloride con-
tents represented in Fig.  4,  Cd proposed highest value 
belongs to mix 5 with 100% GGBFS and the lowest 
value belongs to mix 7 with 100% calcined clay as the 
precursor.

The  Cd proposed for the reference OPC concrete 
(mix 9) was 0.35  mol/L which is consistent with a 
previous study [18]. The  Cd value of 0.07  mol/L, 
adopted for Portland cement-based concrete in NT 
Build 492 protocol, was derived from the study of 
Luping Tang and Nobuaki et al. [37, 46]. The water-
soluble chloride content at the colour change bound-
ary was 0.15 wt%/binder for OPC-based concrete. In 
this study, the water-soluble chloride content at the 
colour change boundary of Mix 9 (OPC-based con-
crete) was 0.61 wt%/binder, leading to the  Cd proposed 
of 0.35  mol/L. The reasons for the difference in 
water-soluble chloride content at the colour change 
boundary between this study and Nobuaki et  al. 
are unclear to the authors and require further study. 
However, large variations in chloride content at col-
our change boundary for 100% OPC-based concretes 
were reported in the literature, ranging from 0.28 
to 0.93  wt%/binder for water-soluble chloride [40, 
41], values being consistent to the 0.61  wt%/binder 
obtained in this study.

The  Cd proposed in this study showed an oppo-
site trend to that of the chloride concentration at the 
colour change boundary from a previous study by 
Noushini et al. [21]. Specifically, increasing GGBFS 
content generally led to an increase in pore solution 

Fig. 7  Cd proposed values
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pH value and chloride concentration at the colour 
change boundary in this study. By contrast, Noushini 
et al. [21] presented a decrease in chloride concentra-
tion at the colour change boundary when increasing 
the GGBFS content. The difference can be explained 
by Noushini et al. [21] assuming that all silver nitrate 
is reacting with chloride and hydroxyl ions at the col-
our change boundary when conducting spraying test, 
which cannot be validated experimentally.

Figure  8 presents the relationship between 
open porosity and the  Dnssm derived from the new 
 Cd proposed. Figure  8 shows a weak positive relation-
ship between porosity and the  Dnssm values. This sug-
gests that as porosity increases, the chloride migra-
tion coefficient  Dnssm generally increases as well, 
indicating that higher porosity is associated with 
greater chloride permeability. However, the low  R2 
value of 0.17 indicates that open porosity cannot be 
used to predict  Dnssm.

The correlation between  Cd proposed and pH values 
of the pore solution is exhibited in Fig.  9. The  R2 
value is very high at approximately 0.95 (Fig. 9), indi-
cating a very strong linear correlation. The free chlo-
ride ion concentration at the colour change boundary 
following the RMT increases with the increase of 
the pH value of the pore solution. Given the strong 

correlation, some geopolymer concrete with high pH 
pore solution can present high free chloride concen-
tration at the colour change boundary.

Table  4 presents the non-steady-state chloride 
migration coefficients, denoted as  Dnssm, calculated 
for the nine different concretes (mix 1 to mix 9). 
The  Dnssm  values are determined using two different 
 Cd values: one based on the conventional  Cd = 0.07 
and the second based on the proposed concentra-
tion  Cd proposed from Fig. 7. Across all concretes, the 
 Dnssm values derived using  Cd proposed were gener-
ally lower than those obtained using  Cd, except for 
mix 7 where both methods show similar results. The 
highest difference in  Dnssm value using  Cd proposed 
compared to the conventional  Cd = 0.07 is observed 
for mix 5 at 12.3%, followed by mix 8 (12.2%) and 
mix 4 (10.4%). Noticeably, mix 5, mix 8 and mix 
4 had GGBFS contents higher than 50%. This indi-
cates that the high slag content increasing pH val-
ues of pore solution can lead to noticeable reduction 
in  Dnssm values calculated by using the  Cd proposed 
compared to conventional  Cd. Mix 7 (100% calcined 
clay) showed no difference to  Cd proposed = 0.07. The 
difference for OPC mix (mix 9) is 7.5%.

Fig. 8  Correlation of 
open porosity and  Dnssm by 
 Cd proposed
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5  Conclusion

This study investigates the effects of pH values from 
geopolymer concrete pore solution on the chlo-
ride content at the colour change boundary deter-
mined according to the standard rapid migration test 
(RMT)—NT Build 492. Alkali-activated concretes 
with wide-ranging aluminosilicate precursors, includ-
ing GGBFS, fly ash and calcined clay, with variable 
activator concentrations were investigated. The main 
outcomes of this study can be summarised as follows:

– The precursor composition greatly influence 
the pH value of the pore solution. Concrete with 
100 wt% GGBFS presented the highest pH value 
whilst the concrete with 100  wt% calcined clay 
exhibited the lowest pH value. All geopolymer 
concretes had the lower pH value than the 100% 
Portland cement-based concrete.

– Acid-soluble and water-soluble chloride contents 
at the colour change boundary were also depended 
on the concrete mix composition. Similar to the 
pH value, concrete with 100  wt% GGBFS and 
concrete with 100  wt% calcined clay displayed 
the highest and lowest acid-soluble and water-
soluble chloride contents respectively. A linear 
relationship was observed between the pH value 
of the pore solution and the chloride content at 
the colour change boundary. An increasing pH 
value leads to an increase in both acid-soluble and 
water-soluble chloride content.

– The effect of the pore solution pH was imple-
mented in the calculation of the non-steady-
state migration coefficient through  Cd coefficient 
according for the free chloride concentration at the 
colour change boundary.

– The non-steady-state migration  (Dnssm) coefficient 
calculated using the pH depend  Cd values was 

Fig. 9  Correlation of pH 
value and Cdproposed

Table 4  Dnssm calculated by using  Cd = 0.07 and  Cd proposed (Fig. 7)

Mix design Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9

Dnssm by  Cd proposed (×10
−12

m2∕s) 8.4 38.2 9.0 3.7 2.7 24.6 190 83.3 20.9

Dnssm by  Cd = 0.07 (×10−12m2∕s) 8.0 35.0 8.6 3.3 2.4 22.5 190 74.3 19.5
Difference of  Dnssm (%) 4.9 9.2 4.9 10.4 12.3 9.2 0.0 12.2 7.5
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higher than the  Dnssm values calculated using the 
recommended  Cd = 0.07 in NT Build 492, provid-
ing a more reasonable assessment of geopolymer 
concrete durability in chloride environments.
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