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ABSTRACT: Considering the successful usage of alkali-activated mortars in several countries and Review History:

limited research on the durability of these materials, in this paper, the permeability and durability of = Received: Dec. 09, 2021
alkali-activated slag and pumice mortar in chloride environments have been studied. To investigate Revised: Sep. 20, 2022

the mechanical properties and permeability of alkali-activated slag and pumice mortars tests such as  Accepted: Sep. 23, 2022
workability, compressive strength, capillary water absorption, water absorption, chloride ion penetration ~ Available Online: Jan. 28, 2023
in the Persian Gulf environment and mercury intrusion porosimetry have been conducted. The results
show that the compressive strength of alkali-activated slag mortar containing potassium hydroxide was
slightly higher than the compressive strength of samples containing sodium hydroxide. In addition,

the use of 10% pumice instead of slag has increased the compressive strength of alkali-activated slag
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mortar. Also, the 91-day compressive strength of alkali-activated mortars cured in the water was 48.4% Slag.

higher than those cured in the air. In general, the diffusion coefficient of chloride ions in alkali-activated Pumice

slag mortars was lower than the diffusion coefficient of chloride ions in Portland cement mortar, which ~ Chloride Ions
was due to less porosity in alkali-activated slag mortars and the denser structure. Also, alkali-activated  Porosity

mortars containing 90% of slag and 10% of pumice had the lowest diffusion coefficient of chloride ions
and Portland cement mortar showed the highest one, which was well matched with the result of capillary

water absorption coefficient.

1- Introduction

Reinforced concrete has higher durability when
compared to steel, but this material is severely exposed to
damage in corrosive and harsh environments such as marine
environments. The penetration of chloride ions in concrete
is the most important factor in reducing the alkalinity of
concrete and destroying the passive layer on the rebar [1].

Shi [2] has reported that water penetration in alkali-
activated slag concrete containing sodium silicate is 1000
times lower than Portland cement concrete. While Wongpa
et al showed that in the same compressive strength range,
activated alkali slag is 100 to 10,000 times more permeable
than Portland cement concrete.

Adam [3] has performed salt pond and rapid chloride
ions penetration test (RCPT) on slag and fly ash-based
alkali-activated concretes. The results of RCPT show
more penetration of chloride ions in alkali-activated fly
ash compared to Portland cement, slag cement and alkali-
activated slag, while the salt pond test shows less penetration
of chloride ions in alkali-activated fly ash. Hu et al. showed
that the results of the rapid chloride ion migration test
(RCMT) in alkali-activated mortars containing slag and
fly ash are affected by the pores’ structure, but the results

*Corresponding author’s email: m_jafarin@aut.ac.ir

of RCPT are affected by the chemical properties of pore
solution [4]. These differences and errors in the RCPT results
are due to the presence of very high alkali ions in the pore
solution of alkali-activated samples. Therefore, it can be said
that the RCPT is not an appropriate method for evaluating
the permeability of alkali-activated materials against chloride
ions.

The main objective of this paper is the investigation
of chloride ions penetration in alkali-activated mortars
containing slag and pumice together with the comparison to
cement-based mortars. Also, mercury injection porosimetry
(MIP) was used to investigate pores’ structures.

2- Methodology
2- 1- Material

Alkali-activated mortars were made with ground
granulated blast furnace (GGBF) slag and natural Pozzolan
throughout this work. The ordinary type I Portland cement
was used to prepare reference mortar.

Potassium hydroxide (KOH) and sodium hydroxide
(NaOH) pellets were dissolved in deionized water to produce
the 6 molar alkaline solutions for alkali activation of raw
materials. Sodium silicate (water glass) was provided by Iran

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
o NG is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.



M. Jafari Nadoushan and A. A. R

Table 1. Alkali-activated mortar mixture proportion

Mix Alkali Based Pumice Activator  Aggregat
Solution  Material (%) to Based e to Based
(kg /m3) Material Material
Na6- NaOH 463.8 0 0.9 2.75
Pul
Na6- NaOH 463.8 10 0.9 2.75
Pul0
Ke6- KOH 463.8 0 0.9 2.75
Pul
Ke6- KOH 463.8 10 0.9 2.75
Pul0

Table 2. OPC mortar mixture proportion

Mix Cement Waterto Aggregate Superplasticizer
(kg/m*>)  Cement to Dosage (Cement
Cement Weight Percent)

OPC  592.60 0.487 2.75 0.3

Silicate Company in the form of a solution with a silicate
modulus of 2.33.

2- 2- Mixture Preparation and Test Procedure

Alkali-activated and OPC mortars mixture proportions are
presented in Tables 1 and 2, respectively. The optimum values
of sodium silicate to alkaline solution, modulus of sodium
silicate and alkaline solution concentration were taken from
our previous study [5] are 0.4, 2.33 and 6 respectively.

Alkali-activated slag and OPC mortar cubes of 50x50%50
mm? dimensions were casted for the compressive strength test.

Alkali-activated slag and OPC mortar cubes of
100x100x100 mm?*® dimensions were cast for chloride
penetration test to determine the apparent chloride diffusion
coefficient of the specimens by bulk diffusion. The specimens
were submerged in the Persian Gulf in Bandar Abbas. The
chloride penetration profiles of specimens were measured
after 12 months of exposure. The error function solution of
Fick’s second law was then fitted to the data, and a diffusion
coefficient was determined by iteration. The Mercury
injection (MIP) porosimetry test was used to investigate the
condition of the cavities in mortar samples.
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Fig. 1. Compressive strength results of alkali-activated
slag/pumice and OPC mortars
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Fig. 2. Chloride ions diffusion coefficient (Ds) of sub-
merged specimens in the Persian Gulf

3- Results and Discussion

The compressive strength of alkali-activated slag and OPC
mortars are presented in Figure 1. As can be seen in Figure
1, the alkali-activated slag mortar specimens containing
potassium hydroxide had higher compressive strength at
various ages up to 28 days when compared to the specimens
containing sodium hydroxide. It can be concluded that 10%
slag replacement with pumice increases the compressive
strength of the alkali-activated slag mortars.

Figure 2 shows the chloride ions diffusion coefficient
(Ds) of mortar specimens submerged in the Persian Gulf
after 12 months. As can be seen, the chloride ions diffusion
coefficient of alkali-activated slag mortar specimens is lower
than the OPC mortar specimens and the best performance
was exhibited by the Na6-Pul0 mix that contains sodium
hydroxide solution and 10% pumice. It can be related to the
lower pores in alkali-activated slag mortar specimens when
compared to OPC mortar specimens.

Figure 3 shows the total amount of 10 nm to 10-micron
pores in alkali-activated and Portland cement mortars. As
can be seen, Na6-Pul0 mix has the lowest amount of pores
and OPC mix has the highest. According to the results, it can
be said that pumice particles reduce the micron pores. Also,
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Fig. 3. 10 nm to 10 pm pores of mortars

nano-pores in the alkali-activated mortar containing pumice
are less than those without pumice. It can also be said that
samples activated with sodium hydroxide have fewer nano
pores when compared to samples containing potassium
hydroxide.

4- Conclusions

The following general conclusions can be drawn:

1- The compressive strength of alkali-activated slag
mortars is greater than OPC mortars. Slag replacement with
pumice increases the compressive strength of the alkali-
activated slag mortar.

2- Because of lower pores, the chloride ions diffusion

o Amirkabir J. Civil. Eng., 55(3) (2023) 111-114, DOI: 10.22060/ceej.2023.20867.7552

coefficient of alkali-activated mortars is lower than Portland
cement mortar.

3- The best performance in the chloride diffusion was
exhibited by the Na6-Pul0 mix which is in accordance with
capillary absorption coefficient results.
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Fig. 1. XRD patterns of raw materials
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Fig. 2. Particle size distribution of raw materials
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Fig. 3. SEM images of raw materials
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Fig. 4. Particle Size Distribution of Silica Sand

Table 3. Physical characteristics of silica sand
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Table 4. Alkali- activated mortar mixture proportion
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Fig. 5. The workability of alkali- activated slag/pumice and OPC mortars
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Table 6. Compressive strength of K6-P0 by different curing methods
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Fig. 6. Compressive strength results of alkali- activated slag/pumice and OPC mortars
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Fig. 7. Compressive strength gain of alkali- activated slag/pumice and OPC mortars at different ages
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Fig. 9. Capillary absorption coefficient of alkali- activated slag/pumice and OPC mortars
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Fig. 10. Bulk water absorption of alkali- activated slag/pumice and OPC mortars at different ages
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Fig. 11. Scanning electron microscope (SEM) images after placing mortar specimens at 105 ° C for 72 hours,
(b and a): alkali- activated mortar specimen Na6-P0, (d and c): OPC mortar specimen
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Fig. 12. Amount of surface chloride (Cs) of submerged specimens in Persian Gulf
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Fig. 13. Chloride ions diffusion coefficient (Ds) of submerged specimens in Persian Gulf
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Fig. 14. Chloride ion diffusion profile in specimens located in tidal zone of Persian Gulf

Gl gy loww 9 JLRBLIE cCMo 49 ,Su0 F U pogili £ crood Ol b Y Jgin

Table 7. 6 nm to 4 pm pore distribution of alkali- activated slag/pumice and OPC mortars

1+ GO Ol gaox0 Vo G gl Ve Ol jo> £ g0 G Ol o> £ g0x0 Ol o> £ goxo
(mm’/g) ¢ (Mm*/g) 9,5 (MmM?/g) y9,5u0 Voo (mm’/g) et
AR f Y AAY IATAN Na6-Pul
MO ARTAR AIYA TVIVA Na6-Pull
AYY TEIAY AR #¥10- K6-Pul
Y/ Fa/AY AOA I INE K6-Pull
a/v¥ \A7AN TIAY ANIY - OPC- Mortar

0£d



el
(=)

(o]
o

-
(=]

[oN)
(=]

(2]
(]

N
(=)

W
()

[\
(=)

(mm¥/g) 19550 Ve G il )+ &l i £ gomo

—_
(=]

(=]

Na6-Pu0 Na6-Pul0

K6-Pu0
Tsbeb

K6-Pul0

095590 Vo U pogil Vo Ol pds 031050 & 397 gl N0 S

Fig. 15. 10 nm to 10 pm pores of mortars

inlejl ;3 3L3 le a5 Ve lod 3 ile,S i pbl
JWLE e 3 oS 5, el 3939 4 el (oo o Ll
o o ol e Al Gl Gl W ol 5 25 e
by Gloms Mo sladige]] b duglis ) JubLE Mo (sladiges]
Vb slod 3 iale)S Sl plsl €5 plgiee calnl Al e als
e 50995 cuslio o)l pus iy L JWLlE ¥ guasmo (gl 01,5 5l 42 0
ailo o35l sl 51 JSLE (sladigal 3,8 S jglaie 4 ol
ladigesl 05 41,3 L a8 clalod jd 5 SVgb o 4 ladigesl opols )3
2g0s odlatwl lae (slod ;0 dtan 93 Cido &

LIS sl og il G o g didge il oo IS ek 4
ool bl e dals cailiy loww Mo I S 8L oMo
Feslie lidle 5 JWLE oMo )5 jieS wlyis 3529 L 4 g909e
bl oo L5 35y o Mo b dumlia )3 JUbLS clacMa

sl JWLE e > LIS oy Ll (s
Al prlipieSgin sl slaige)l I a8 prtuspnSy um
2o 5 1Ll oy )Lanl co s 058 Na6-Pull b ioman
ol 48 13ba L |y IS (sl sy (il oy iy OPC- Mortar

L9y 30,5 oo dlan Mo a5 &55Slad .l 00 dunlie oo L VO S5 15 0

el ot LIS ela g 3985 ¢ O atnge Lls islejl s b guls

& 5 Az —F
JUSLE las plgd (g5, 48,5 O )90 dgazme Cliiod & ax g b
JWBLE (oMo plgs 5 (5pddsh Sluogad )y 4 dlie )
5 ol odds @ity LIS ol ey 3585 ply )3 usses 5 o)k (ol
oo § 0y (gol> J8ldE Mo L;LM;}A)‘Y ol 4 pladl Lusly ol
Mo g e SlSeles 5 sl oS ) A (o duspnS 5 b o Jlad
Cl Gla ()lid Cuglie (2 Glagislejl plol 5 guilip ol
0Bl (8ly e
Cood & gl 4 a2 g8 b ol 0 0gix 52y B9y 4 (R RIS

2 1L e 358 5 ez Ol e aldse

cas ulyu,o dlio (J)‘ 2 ool

oo 9 ol al b JWLE oMo (g5lid cuglis
9 u] 2 6)91 Jo& Cw) 03¢y Yl s L;.\».L)J u‘.o.u.o oMo wg‘.n.o
&lid Cwglie Linli8l el lan jo d)ﬁ] Jos 4 s 8 Kol Jolmo
Gl ods JBLE slacsMe

00«



(2022) 1-15.

[5] D.E.A. Ramirez, W.G. Valencia-Saavedra, R.M.
Gutierrez, Alkali-activated concretes based on fly ash
and blast furnace slag: Compressive strength, water

absorption and chloride permeability, Ingenieriae
Investigacion, 40 (2) (2020) 72-80.
[6] Z. Zhang, X. Yao, H. Zhu, Potential application of
geopolymers as protection coatings for marine

concrete: 1. Basic properties, Applied Clay Science, 49
(2010) 1-6.

[7] A.A. Adam, Strength and durability properties of alkali
activated slag and fly ash-based geopolymer
concrete, PhD thesis, RMIT University, 2009.

[8]E. Rodriguez, S. Bernal, R. Mejia de Gutierrez, F. Puertas,

Alternative concrete based on alkali-activated

slag, Journal of Materiales de Construccion, 58 (291) (2008)
53-67.

[9] S.A. Bernal, R. Mejia de Gutierrez, A.L. Pedraza, J.L.
Provis, E.D. Rodriguez, S. Delvasto, Effect of

binder content on the performance of alkali-activated slag

concretes, Cement and Concrete Research, 41
(1) (2011) 1-8.

[10] T. Hakkinen, The permeability of high strength blast

furnace slag concrete, Nordic Concrete Research,
11 (1) (1992) 55-66.

[11] S. Bernal, R. De Gutierrez, S. Delvasto, E. Rodriguez,

Performance of an alkali-activated slag concrete

reinforced with steel fibers, Construction and Building

Materials, 24 (2) (2010) 208-214.
[12] A.A. Adam, T.C.K. Molyneaux, 1. Patnaikuni, D.W.

Law, Strength, sorptivity and carbonation of

geopolymer concrete, In: Ghafoori, N. (ed.) Challenges,

Opportunities and Solutions in Structural

Engineering and Construction, CRC Press, Boca Raton

(2009) 563-568.

[13] F. Alapour, A.A. Ramezanianpour, Feasibility study of

production of geopolymer mortars from several

supplimentry cement materials, Master Thesis, Amirkabir

00)

2 cdillas (Sipge ol la s @l b ggsse

98 plie J5 g g 32 (PP 0 &S W e (LS gl
st sl @iy Gloss Mo gladigeil 3 LLIS oy
A5l Jllds EMe (gladige;]

4 JWLE oMo gladigell 3 dge gl Clis
iz il a8 by o wigofl I glalasde b5 5
G Blord Jld moduodenSgyam b o JWbllE cMe sladige)]
ol )l (558 (sl Sl prliiSg)ie sl sladigeil 4
S g e 3 )Sloe VL s 53 &8 Cul ol oins (LS g5
clotalef] @l 5 g9o9e () & 039 preslipinSg)den 5l Fewslis
ol 0l odalie 315 plgd

Cobs JWLE <o sladigejl )3 dgmge  SgySue iy
oximd (LS gdge ol dlise a8 (rosy ig SBig0l 5l ey
o L)l gad 5 (39,50 Sl (1l coly Guagy S &Sl
Sy e ]

oS 5y L oads Jlub bzl S lgicen (IS sk 4
39 plgd> bl 3 1) 5o (pyite ey 2op3 Ve ol

Slools L

&lbe
[17 A.A. Ramezanianpour, T. Parhizkar, A.R. Pourkhorshidi,
A.M. Raisghasemi, The effect of

environmental conditions on the southern coast of Iran on

the long-term durability of concrete with different

cements and pozzolans, Building and Housing Research

Center, 434 (1996). (In Persian)
[2] K. Audenaert, Q. Yuan, G. De Schutter, On the time

dependency of the chloride migration coefficient

in concrete, Construction and Building Materials, 24 (2010)
396-402.

[3] C. Shi, Strength, pore structure and permeability of

alkali-activated slag mortars, Cement and Concrete
Research, 26 (1996) 1789—-1799.
[4] M. Ka, D. Hoffmann, L. Molez, Ch. Lanos, Alkali-

activated mortars: porosity and capillary absorption,

European Journal Of Environmental And Civil Engineering,



On the Development of Fly Ash- Based

Geopolymer Concrete, ACI Material Journal, 101 (6) (2004)
467-472.

[24] A. Nazari, Gh. Khalaj, Sh. Riahi, ANFIS-based
prediction of the compressive strength of geopolymers

with seeded fly ash and rice husk-bark ash, Neural Computing
and Applications, 22 (2013) 689-701.

[25] M. Jafari Nadoushan, P. Dashti, S. Ranjbar, A.A
Ramezanianpour, A.M. Ramezanianpour, R. Banar,

RSM-based Optimized Mix Design of Alkali-activated Slag
Pastes Based on the Fresh and Hardened

Properties and Unit Cost, Journal of Advanced Concrete
Technology, 20 (4) (2022) 300-312.

[26]ASTM, 2012. C778, Standard Specification for Standard
Sand, ASTM International, West

Conshohocken, PA, (2012).

[27]1 ASTM C305, Standard Practice for Mechanical Mixing
of Hydraulic Cement Pastes and Mortars of

Plastic ASTM
Conshohocken, PA, (2012).

Consistency, International, ~ West

[28] ASTM C1437, Standard Test Method for Flow of
Hydraulic Cement Mortar, ASTM International,

West Conshohocken, PA, (2012).

[29] ASTM (39, Standard Test Method for Compressive
Strength of Cylindrical Concrete Specimens,

ASTM

International, West Conshohocken, PA, (2012).

[30] BS EN 1881-122, Testing concrete. Method for

determination of water absorption, British Standard,
(2011).

[31] BS EN 480-5, Admixtures for concrete, mortar, and
grout test methods- Part 5: Determination of

capillary absorption, British Standard, (2005).

[32] ASTM C1152, Standard Test Method for Acid-Soluble
Chloride in Mortar and Concrete, ASTM International,
West Conshohocken, PA, (2012).

[33]1H.M. Giasuddin, J.G. Sanjayan, P.G. Ranjith, Strength of

geopolymer cured in saline water in ambient conditions,

ooy

University of Technology, 2012. (In Persian)
[14] S.A. Bernal, R. Mejia de Gutierrez, V. Rose, J.L. Provis,

Effect of silicate modulus and metakaolin

incorporation on the carbonation of alkali silicate-activated

slags, Cement and Concrete Research, 40 (6)
(2010) 898-908.

[15] F. Collins, J. Sanjayan, Unsaturated capillary fl ow

within alkali activated slag concrete, Journal of
Materials in Civil Engineering, 20 (9) (2008) 565-570.

[16] A. Runci, M. Serdar, Effect of curing time on the

chloride diffusion of alkali-activated slag, Case
Studies in Construction Materials, 16 (2022) ¢00927.

[17] A. Noushini, A. Castel, Performance-based criteria to

assess the suitability of geopolymer concrete in

marine environments using modified ASTM C1202 and
ASTM C1556 methods, Materials and Structures,
(2018) 51:146.

[18]J. Fan, H. Zhu, J. Shi, Z. Li, S. Yang, Influence of slag

content on the bond strength, chloride

penetration resistance, and interface phase evolution of

concrete repaired with alkali activated slag/fly ash,
Construction and Building Materials, (263) (2020) 208-214.
[19] E. Douglas, A. Bilodeau, V.M. Malhotra, Properties and

durability of alkali-activated slag concrete,
ACI Mater. J., (89) (5) (1992) 509-516.

[20] G. Fagerlund, On the capillarity of concrete, Nordic
Concrete Research, 1 (1982) 1-20.

[21] D. Wimpenny, P. Duxson, T. Cooper, J.L.J. Provis, R.,

Zeuschner, Fibre reinforced geopolymer

concrete products for underground infrastructure, In:

Concrete 2011, Perth, Australia. CD-ROM
proceedings, Concrete Institute of Australia (2011).

[22] X. Hu, C. Shi, Zh. Shi, L. Zhang, Compressive strength,

pore structure and chloride transport properties

of alkali-activated slag/fly ash mortars, Cement and Concrete

Composites, 104 (2019) 92-119.
[23] D. Hardjito, S.E. Wallah, M.J. Sumajouw, B.V. Rangan,



D.G. Brice, A.R. Kilcullen, S. Hamdan, J.S.J. Van
Deventer, Influence of fly ash on the water and chloride
permeability of alkali-activated slag mortars and
concretes, Construction and Building Materials, 48

(2013) 1187-1201.
[371 R.J. Thomas, E. Ariyachandra, D. Lezama, S.

Peethamparan, Comparison of chloride permeability

methods for Alkali-Activated concrete, Construction and

Building Materials, 165 (2018) 104—111.

Journal of Fuel, 107 (2013) 34-39.

[34] H. Xu, J.S.J. Van Deventer, The geopolymerisation
of aluminosilicate minerals, International Journal of

Mineral Processing, (2000) 59-66.

[35] T. Yang, X. Yao, Z. Zhang, Quantification of chloride
diffusion in fly ash-slag-based geopolymers by X-ray
fluorescence (XRF), Construction and Building

Materials, 69 (2014) 109-115.

[36] 1. Ismail, S.A. Bernal, J.L. Provis, R.S. Nicolas,

55(3) (2023) 531-554.

DOI: 10.22060/ceej.2023.20867.7552

M. Jafari Nadoushan, , A. A. Ramezanianpour, Performance of alkali-activated slag and
pumice mortars against chloride ions penetration in the Persian Gulf, Amirkabir J. Civil Eng.,

a2 gl | Ao ol 4 digSer

ooy






