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ABSTRACT: Concrete is the most common materials for the construction. One of the most important ~ Review History:

issues about the concrete construction design is the service life of structure. The concrete sulfate attack  Received: Jan. 11, 2023

as the well-known concrete deterioration problem reduces the service life of concrete structures. In this ~ Revised: Mar. 09, 2024

study, LC3 cement (limestone calcined clay cement) as an eco-friendly cement due to the reduction of ~ Accepted: May, 15, 2024
clincker demand, and also as an effective solution for the increasing the cement durability in sulfate- ~Available Online: Jun. 17, 2024

rich environments has been studied. A thermodynamic simulation has been conducted to evaluate

the performance of LC3 cement (limestone calcined clay cement) against the sulfate attack, with  Keywords:

the consideration of the time parameter, using a thermodynamic software. The simulation results are | ~3 coment

compared with experimental and modeling results to the confirmation of present model accuracy. The Sulfate Attack
ultate ac

comparison of result shows the suitable conformity. In this study, different kinetics level for ettringite
and gypsum (as the main products of sulfate attack) formation has been introduced. Analyzing kinetics
diagrams show that high Calcined Clay/ Calcined Clay + Limestone ratio leads to reduction of ettringite
and gypsum formation amount and formation rate during the sulfate attack, however Calcined Clay/
Calcined Clay + Limestone ratio of 0.6 could be consider as the optimal ratio because of better kinetics
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performance.

1- Introduction

One of the most important issues in the design and
construction of concrete structures is their service life.
Durable concrete structures increase the useful life of the
construction, and also, decrease the irreparable damage to the
environment. Sulfate attack can be mentioned as one of the
most well-known deteriorations of concrete structures. The
difference in the concentration of chemical phases between
the internal and external environments of the concrete sample
in saturated conditions, or the flow of sulfate-rich solution
into the concrete sample in unsaturated conditions, causes
the penetration and diffusion of sulfate ions into the concrete
cement system. Penetration and diffusion of sulfate ions
into the concrete cement system disturbs the equilibrium
conditions of the system [1]. According to the second law of
thermodynamics, the cement system returns to equilibrium
due to the occurrence of chemical reactions between different
phases. Finally, in order to return to the equilibrium state
of the system, expanded phases such as gypsum, ettringite
and under certain conditions, thaumasite are formed as a
result of chemical reactions. Different theories with different
approaches have emphasized the main role of the formation
of expanding phases such as ettringite in the deterioration of
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concrete during sulfate attack. Therefore, one of the effective
solutions for increasing sulfate resistance of concrete is to
reduce the production of expanding phases in concrete during
sulfate attack. The reduction of aluminum and calcium
ions available in the cement system causes a reduction
in the production of expanding phases. Due to its high
pozzolanic property, calcined clay causes more portlandite
to be consumed during the cement hydration process, and in
this way, it significantly reduces the calcium in the cement
system. The reduction of available calcium ions in the cement
system, despite the presence of high amounts of aluminum
ions, causes a decrease in the production of expanding phases
such as ettringite during sulfate attack. Recently, a new type
of tenary cement called LC3 has been presented, which is
produced by replacing a part of cement clinker with calcined
clay and stone-lime. LC3 cement, as an environmentally
friendly cement, preserves natural resources and reduces
carbon dioxide production [2]. LC3 cement is expected to
perform well in sulfate environments due to the presence of
calcined clay.

Despite extensive studies about the cement hydration
or sulfate attack, the kinetic-chemical investigation of
the cements, especially LC3 cement, as an eco-friendly
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Table 1. Characteristics of cementitious mixture

samples
Cement replacement
amount
CC/(CC+L) Mixture ID
0 - C100

15% 0.2 C85-L12-CC03
0.4 C85-L09-CC06

0.6 C85-L06-CC09

0.8 C85-L03-CC12

30% 0.2 C70-L24-CC06
0.4 C70-L18-CC12

0.6 C70-L12-CC18

0.8 C70-L06-CC24

45% 0.2 C55-L36-CC06
0.4 C55-L27-CC18

0.6 C55-L18-CC27

0.8 C55-L09-CC36
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Fig. 1. The process of kinetic changes of ettringite phase

for 15% replacement of cement exposed to 30 g/l sodi-

um-sulfate solution (Na,SO,) during 28 days of hydra-
tion and 365 days of sulfate attack

cement, has received less attention during the attack. Sulfate.
Therefore, in this study, the behavior of LC3 cement, kinetic
changes of ettringite and gypsum as the main products of
sulfate attack has been studied, using thermodynamic science
and considering the time parameter.

2- Methology

In this study, the thermodynamic and kinetic simulation
has been used to study the kinetic changes of ettringite and
gypsum, as the main products of cement sulfate attack. The
behavior of LC3 cement samples with different ratios of
CC/CC+L (the ratio of calcined clay to the total amount of
calcined clay and limestone) and different percentages of
substituted cement have been investigated. Thermodynamic
calculations have been done using PHREEQC geochemical
code [3]. In addition to the equilibrium reactions, the kinetic
reactions of the material during hydration and sulfate attack
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Table 2. Physical characteristics and chemical composi-
tion (XRF) of portland cement, limestone and calcined
clay and simulation conditions as input parameters of

the model [4]

wt.% Cement  Limestone Calcined
clay
SiO, 19.51 0.11 52.00
ALOs 4.42 0.00 43.80
Feyo3 3.12 0.04 0.33
CaO 63.85 54.96 0.03
MgO 2.10 0.15 0.01
SOs 3.25 0.03 0.10
Na,O 0.19 0.06 0.14
K,O 0.83 0.00 0.29
TiO, 0.31 0.00 1.53
P05 0.33 0.00 0.16
MnO 0.05 0.00 0.01
Physical composition
Loss on Ignition (LOI) 1.54 42.25 1.47
Specific Surgace Area (A) 141 3.60 13.56
(m*/g)
Mixing conditions

w/b 04

T (°C) 20

RH (%) 1

have also been modeled. The materials used in this research,
as input parameters, include ordinary Portland cement,
calcined clay containing 95% metakaolin and limestone. In
this study, Portland cement sample (C100) is considered as
a reference model. The characteristics of the studied cement
samples are presented in Table 2. The physical characteristics
and chemical composition of the materials and simulation
conditions are given in Table 3.

Cemdatal8 software has been used as the thermodynamic
database to define the thermodynamic properties of cement
phases. The C-S-H phase is modeled using the CSHQ ideal
model [5]. The alkaline members of the CSHQ model, has
been used as a solution for simulating the absorption of
alkalis. In addition to the absorption of sodium and potassium
ions on the C-S-H surface, the absorption of other ions is also
considered using DDL (diffuse-double layer) surfaces in
PHREEQC. In this study, cement samples were exposed to
a 30g/l sodium sulfate solution for 365 days, after 28 days
of hydration. The results of cement hydration have been
compared with the experimental [6], and numerical studies
[7]. The validation results show that the present model is able
to predict the composition of pore solution and precipitated
phases very well.

3- Discussion and results

Figures (1) and (2) show the process of kinetic changes
of ettringite phase during the hydration p and sulfate attack.
The production rate of ettringite increases at the beginning
of the hydration process and sulfate attack, and after that, the
kinetics of ettringite production gradually decreases. During
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Fig. 2. The process of kinetic changes of ettringite phase

for 45% replacement of cement exposed to 30 g/l sodi-

um-sulfate solution (Na,SO,) during 28 days of hydra-
tion and 365 days of sulfate attack
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Fig. 3. The process of kinetic changes of gypsum phase

for 15% replacement of cement exposed to 30 g/l sodi-

um sulfate solution (Na,SO,) during 365 days of sulfate
attack

the sulfate attack, due to the entry of a large amount of sulfate
ions into the cement system, the monosulfate phase enters
into a chemical reaction. This chemical reaction begins with
the influx of a large number of sulfate ions. It leads to the
monosulfate conversion into the secondary ettringite. Sulfate,
calcium and aluminum ions are the main components required
to produce ettringite phase. The production of ettringite is
gradually limited by the consumption of the main components
required for the production of ettringite phase. Therefore, the
production kinetics of ettringite gradually decreases after an
initial peak. The replacement of cement clinker with calcined
clay and limestone leads to a decrease in the production
of ettringite phase compared to the reference sample. LC3
cement has more effect on the production of the secondary
ettringite rather than primary ettringite. The Control of the
first stage of secondary ettringite production leads to reduction
of sudden stress due to the sudden formation of large amounts
of ettringite with a high production. The uniformity of the
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Fig. 4. The process of kinetic changes of gypsum phase

for 45% replacement of cement exposed to 30 g/l sodi-

um sulfate solution (Na,SO,) during 365 days of sulfate
attack

ettringite formation rate is disturbed in samples with CC/
CC+L ratio, higher than 0.6. Therefore, CC/CC+L ratio equal
to 0.6, can be considered as the optimal value.

Figures (3) and (4) show the process of kinetic changes
of the gypsum phase. The amount of gypsum production
decreases with the increase of two parameters, the percentage
of cement replacement and CC/CC+L ratio, during sulfate
attack. At first, the diagrams of kinetic changes of the gypsum
phase indicate a period of the quiescent stage. In this stage, no
amount of the gypsum phase is consumed or produced during
the sulfate attack (the first stage of the kinetic changes of the
gypsum phase). Obviously, the expanding and destructive
gypsum is produced later when the path of the first stage of
gypsum production is longer. Therefore, the longer path of the
first stage of gypsum changes (quiescent stage) leads to a delay
in gypsum production and a delay in the development of stress
caused by the production of the expanding phase of gypsum in
the cementitious system. Then, in the next stage, the gypsum
phase starts to be produced during the sulfate attack (second
stage). Gypsum phase is produced to the maximum amount
in the second stage. In this stage, gypsum phase is formed
with two different production rates, low and high rates. The
second stage of kinetic changes of the gypsum phase is the
stage of starting production of gypsum up to the maximum
value. At this stage, the gypsum phase starts to be produced
and the production rate of the gypsum phase accelerates to
the final amount of gypsum phase production. The increase
of two parameters, cement replacement percentage and CC/
CC+L ratio, decreases the amount of gypsum production
rate kinetically, in addition to the final amount of gypsum
phase production. Finally, the gypsum phase moves towards
a stable value (third stage). In the third stage of the kinetic
changes of gypsum, the amount of gypsum remains constant
or decreases slightly. It finally tends to a constant value and
reaches equilibrium during sulfate attack. The conversion of
the gypsum phase to ettringite phase is the reason of gypsum
reduction in the third stage.
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4- Conclusions

The results of this study show that three different kinetic
stages can be considered for the formation of secondary
ettringite and gypsum during sulfate attack. In general,
the increase of two parameters, the percentage of cement
replacement and the ratio of calcined clay to the total of
calcined clay and limestone leads to a decrease in the amount
and production rate of destructive phases of ettringite and
gypsum in LC3 cement, during sulfate attack. The first stage
of ettringite formation has a high rate. By increasing the ratio
of calcined clay to total calcined clay and limestone, the
production of secondary ettringite is kinetically controlled in
the first stage of ettringite formation. Therefore, the initial
sudden stress due to the rapid formation of the expanding
phase of ettringite no longer occurs during the sulfate attack.
In LC3 cement, the production of the gypsum is delayed
during sulfate attack due to the increase in the duration of the
first stage of the kinetic change of the gypsum. Therefore, the
sudden stress resulting from the production of the expanding
phase of gypsum is also delayed and controlled kinetically.
Due to the production of the secondary ettringite phase in a
lower amount and with a more uniform production rate, the
parameter of the ratio of calcined clay to the total of calcined
clay and limestone equals 0.6 (not the higher ratio, equal to
0.8) can be introduced as the optimal value in LC3 cement.
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Table 3. Physical characteristics and chemical composition (XRF) of portland cement, limestone and
calcined clay and simulation conditions as input parameters of the model

Wlao g 3lgo
B oS ) S
(Wt.%) o2 Loouds oS 55 (Cement) wili ) ylowws (Limestone) a1 Sow
(Calcined clay)
Si0, 19.51 0.11 52.00
Al,03 4.42 0.00 43.80
Fe, 03 3.12 0.04 0.33
CaO 63.85 54.96 0.03
MgO 2.10 0.15 0.01
S0; 3.25 0.03 0.10
Na,O 0.19 0.06 0.14
K,O 0.83 0.00 0.29
TiO, 0.31 0.00 1.53
P,0; 0.33 0.00 0.16
MnO 0.05 0.00 0.01
Bogue formula and
Normative phase
composition (g/100 g)
Cs3S (Alite) 66.5 - -
C,S (Belite) 4.0 - -
C;A (Aluminate) 4.9 - -
C4AF (Ferrite) 9.6 - -
CaS0,.2H,0 63 i i
(Gypsum)
Physical composition
Loss on Ignition (LOI) 1.54 42.25 1.47
Specific Surface Area
(A) (m?/g) 1.41 3.60 13.56
bMWS byl i
(Mixing conditions)
w/b 0.4
T (°C) 20
RH (%) 1
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Table 4. Constant parameter of reaction rate (k) and specific surface area (A) required for chemical
reaction rate equation

3 A (m?/ k (mol/m?
(Phases) 2) (mol/m-“.s)
C-S-H 41.00 [26] 2.75E-12 [26]
Portlandite 16.50 [27] 2.24E-08 [27]
Ettringite 9.80 [26] 7.08E-13 [26]
Hydrotalcite 9.80 [28] 1.00E-09 [28]
Gypsum 9.80[29] 1.60E-03 [29]
Monosulfoaluminate 5.70 [26] 6.76E-12 [26]

Monocarboaluminate 5.10 [30] 1.00E-11 [31, 32]
Hemicarboaluminate 2.70 [30] 1.00E-11
ool s gl Cemdatal8  Selodge s ol oL
Rate =+A k [1-0°[' )
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Fig. 1. Comparison of the results of this study with the experimental [32] and numerical studies
[33], concentration of pore solution composition versus hydration time
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Fig. 2. Comparison of the results of this study with the experimental [32] and numerical studies [33],
phase weight of precipitated phases versus hydration time
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Fig. 3. The process of kinetic changes of ettringite phase for 15% replacement of cement exposed to 30
g/l sodium-sulfate solution (Na, SO,) during 28 days of hydration and 365 days of sulfate attack.
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Fig. 4. The process of kinetic changes of ettringite phase for 30% replacement of cement exposed to 30
g/l sodium-sulfate solution (Na, SO,) during 28 days of hydration and 365 days of sulfate attack.
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Fig. 5. The process of kinetic changes of ettringite phase for 45% replacement of cement exposed to 30
g/l sodium-sulfate solution (Na, SO,) during 28 days of hydration and 365 days of sulfate attack.
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Fig. 6. The process of kinetic changes of gypsum phase for 15% replacement of cement exposed to 30 g/l
sodium sulfate solution (Na, SO,) during 365 days of sulfate attack.
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Fig. 7. The process of kinetic changes of gypsum phase for 30% replacement of cement exposed to 30 g/
sodium sulfate solution (Na, SO,) during 365 days of sulfate attack.
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Fig. 8. The process of kinetic changes of gypsum phase for 45% replacement of cement exposed to 30 g/l
sodium sulfate solution (Na, SO,) during 365 days of sulfate attack.

Ol pgd sl po ) &5 My 2980 Wy pgd galapo ) Sl
& 3B el yo cpl 30,5 0 ygo Oglite £ 90 b @S B (Sutipw
St OlyesS g3 (galx po 398 00 S5 bj g o5 g5 £ 9 L
J6 el po el )3 sl Sl ke U &5 5B g5 98 (sl yo S 516
B g e )i U g B ags 25 9 WS o0 0 M5 g9y &5
CC s Gl oo (A) b (F) slaJsis allae 2355 oo Sl g5
g5 g8 3B e e plosw (2 jle Lo Glil ea 5 CCHL
b GWgw salos (b ) @ B (Setiow Sl pg> (saleyo 53 0
Juoyd iyl 93 iul38l &S cunl opl Cuedl Pla a5 Ly o LialS
Jaie  ogMe 995 o o CCICCHL s 5 sl iz jSol
sabox (b )d (St ja0 ] 55 85 M5 &5 e @5 B My 2l

(g gales (o > Gl dged oplply b el SlWew

veg

F Vs @ b (Sete e Jgl gdloye e a2 jp a8 il
9o Mg 3 Slosw wlsw 3 &5 © e g ogblante B L3l
055 50)93) & 316 (St s Jgl sl yo (092 SV sl
Jlesl )3 530 iy ool 4 g 9800 &5 S8 g5 ) 3L 4 e
Db Sloww g ) & ogblanie B Ay | (U i
M (oS (50)93 229 (0 odalie (A) U (7) sla JSS o psblen
S0 Sl 4398 0 5 Vg (CC/CCHL s il3dl b &S 56
Capund 05 diunlS o) Ao > ey ¢ loges (Rl aw S5 )
ooy e (a3l yui CCICCHL ) w3l iy SalKiw 4
My losw ) SWaw galon Sl 3 &8 B TS o0 Job (st
salox (b )3 b M5 4 98 &5 B g gl g0 5D g 139
e b g 516 (&5 B (St Sy pgd gl o) 35 o Sgus



Lgod Lgl)g ‘G’;Lé.]y» LIRS UL;»I C)\fﬁm.’xa 019;.: L Qf 9 wli.;)_»l
dosbatndS oy 5 Sl St g5l (G 4w Glos) LC3 (sloploges
Clacuns 9 (1o FO 5 ¥ V0) losw Silite sla 350l o) L
oslatwl b ¢;§sz&;\»9 oddbdianlS” uy Egoome 4y odddimlS )y Ggldte
M8 sy 2590 PHREEQC (oliasd ) (uagisS (e Jl38le 5 5l
g 95 Jo5 0 | SedlS (Suoliyoges (silutd J .85
sl Saiw lyus o bges gl sl cas ( olbewd slaiiSy
b lses . Canlords odlitl lilgw cales Jsb 5 g5 ¢ colSa i
Jsb 0 & 5 calluyl B 9o )18, gadlae Ban b o St Oy
S LAl losw (250l (sie gaw (8L (Sllgw gl (o
@l cwlie Billas . cwslaid 5518 Ll g 4555 3)90 @ 5 ol ]
(@il 5 o3ae Sldlae plo b o Seolizdge s (¢5loanns 5| Juols
o o cwload pll slagiluand Cddy Cono (godimdlis
St Olpsi glaylaged (NS Mgy 4 dogi b ad o ol dalllas
S el glise (St (gl yo dw (g0 @S 9 oSyl 5B
b 485 a5 > iy stlao g 3 6 5 4t culSn gl
oAbl o) o g Gl (2JKole dop> el 93 Rl S
il salos plEin 15 LC3 sloses )3 55 5 Colfi gl 0o yeo (slajl
selos b 3 il B S5 (St Jg sl 39300
@ odddinlS ) s bl GRIEIL ) VL £ Sllge
b o 3 456 ol 1 16 15 (Sl Sty obdiyndS o) gg0mo
Loy by oladises sly pogad 4 ¢ Colf il 1 LSS (St ol
Satige B 51 Gl 2350l Y07 5 ¥47) o 5YL (03500
Osllen 8 by Slilgugise S A5 Codgams .39 0 S
2 SWae gales Job 3 1) 4l ol il 1 adg oliee ool
2 oogde S oo S8 Sl 56 Sl (Setipw Jol sl
G gl CulSu T 51 g 25 gl ol 515 g e el
SR oyl Jlael ol o G208yl siloge 55 o
i b ol gl gotgslaie B o JuSis 31, ddsl
Oil38l s 4 LC3 oo 50 cqu )50 5108l s 55 500 ¢ Sl gu
b 2 & 8 My @S B (St Sl Jgl gl ye ploj e

B g 5l ol SlSU i coplply a0 p30 @ ¢ SWgw (sales

yeo

Wy Ep b g wonigblanie 5l o3k w2 Wy Sl > SLSL i
b Gloge 5 (pi80 53)5 3l 50> Ol a8 ped 25 ) YL
et 9 (plops (2350 20> (al33l) Sol Sis 5 oudaipnds )
s (S > Sl St &y Cannd 0t oy iy o ) o0z
caw (CC/CCHL s il 331) loww (03R0ls do )3 asciie
298 395 (5 yieS (lime 4 S sl (b )3 &5 e b 395 0
WP s yieS Co iy b g sodigblanio 1 5l (6358 )ake (pinen 9
29550 o &5 Gogblanto 18 5l (g aS ke atual S5 000
Copmd ) (5108 (o1 15 ¢ W (atlon (0 )20 ) (Slowws (s4iged
S8 ecoles y3 48 425 @5 B @y 93k Wi b Sleww sladiges 4
Stz Oy pows (54l 10) 39,000 Gy sl ke S Cuns 42 S
ol M3 &S 36 jlude @ B Stiw s pow (sl o 0 (&5 5
Dloe (il (Sl olie b Slo oo (b ol o GWgw galox (Lo )
Uil s iy ol a5 S o il e S Cunns 4 Colgs 0
& 38 i @5 B (St Sy pgws (gl 0 53 85 516 jlde Sl

ol SH e 4 Col80 5156 &

& S azmis - ¥
g ) FeSne lalad a5l 5 cumex g3l gy Ll
o g cols Cato (I > 4 Canjlae o 55 g g S
o 3l Ot 1) ok bl g plpdl olaojle wg @ Sl g S0 ]
SN olyis @ i ojle (B3 gy yee Gl Cuslodly ]38
cage 0jle udo yoe GRIEL » oMo dmojlu Elgl (p 520 5 ]
IMowesl 20,5 o Camjlaze 4 phbole slo,ld  als
gyl crield I (S olys 4 SWlge gales 1 i slaojle
IRl cuslio dlge (8L (clp (AW 09 00 aBld 2 slaolS
ollaol 15U pas g (Sllgu Cunglio il do o il Ban b Glewe
5 el clasMe (8,5 a5 3 b g Clogad plo )3 dlge
walllas cpl o ol fhes wlige phe Olegsgs I Jaote G
Rl bl b 5l pless G plgie 4 LC3 o
DB (o 2y90 Sl Sis g oabainads o) b losms SES 5 o
Sl Sis 5 ondainnls oy (25l oy psbaie 4 Cuslad S
Wl jl gf lome ;0 leww 3,Sles 5 LC3 slaylows diges
Sl cwld S 50 5)S ko dn > S Sioliadge 5 (5 5lodnd



[8]Z. HUANG, T. LIANG and C. Lijie, Experimental
studies on durability performances of ultra-lightweight
low-carbon LC3 cement composites against chloride
ingression and carbonation. Construction and Building

Materials, 395 (2023) 132340.

[9] W. Kunther, Z. Dai and J. Skibsted, Thermodynamic

modeling of hydrated white Portland cement—
blends
kinetics from 29Si MAS NMR spectroscopy, Cement

and Concrete Research, 86 (2016) 29-41.

metakaolin—limestone utilizing  hydration

[I0]T. Schmidt, B. Lothenbach, M. Romer, .
Neuenschwander and K. Scrivener, Physical and
microstructural aspects of sulfate attack on ordinary
and limestone blended Portland cements. Cement and

Concrete Research, 39(12) (2009) 1111-1121.

[11] B. Lothenbach, B. Bary, P. Le Bescop, T. Schmidt, and
N. Leterrier, Sulfate ingress in Portland cement. Cement

and Concrete Research, 40(8) (2010) 1211-1225.

[12] D. Damidot, B. Lothenbach, D. Herfort, and F. Glasser,
Thermodynamics and cement science. Cement and

Concrete Research, 41(7) (2011) 679-695.

[13] W. Kunther, B. Lothenbach and K. Scrivener, Influence
of bicarbonate ions on the deterioration of mortar bars
in sulfate solutions. Cement and concrete research, 44

(2013) 77-86.

[14] W. Kunther, B. Lothenbach and K Scrivener, On the
relevance of volume increase for the length changes of
mortar bars in sulfate solutions. Cement and Concrete

Research, 46 (2013) 23-29.

[15] Z. Dai, W. Kunther, S. Ferreiro, D. Herfort and J.
Skibsted, Phase Assemblages in Hydrated Portland
Cement, Calcined Clay and Limestone Blends From
Solid-State 27 Al and 29 Si MAS NMR, XRD, and
Thermodynamic Modeling. In Calcined clays for

sustainable concrete, (2015) 109-115.

[16] W. Kunther and B. Lothenbach, Improved volume
stability of mortar bars exposed to magnesium sulfate in

the presence of bicarbonate ions. Cement and Concrete

9 8l o 3190 b lBliio o Slilgw sdlax 3l 10 &8 soligdlamn

VL i b LC3 el ylases digas 55 255 o S Satizes Lo
a eI Ll «Sal Sy ondanls o) ggame & ordainls )
{bpogllys Ssige 5 Sloogll S can) yudr Sho slajl s2g >
Sl 5 JSis (St pod gl e ) gl ol 5 56 g
J @ S (e o0 (Sl gdlen Job o ) (Bl £
Fel)ly FEleSe g 5 Ly a8 Glise 4wl ol 5 51 Wy

l.g ﬁ‘ﬁ ‘&1&.&»5 me BURE omw o) Cumd

Wged ) dino ylde lgie 4 g oo Ly (/AL ply YL cons &)+ /5
55 e LC3 sl

Xl
[1] A. Neville, The confused world of sulfate attack on
concrete, Cement and Concrete research, 34(8) (2004)

1275-1296.

[2] S. Siegesmund and R. Snethlage, Stone in architecture:
properties, durability, Springer Science & Business

Media, (2011).

[3]R. Tixier and B. Mobasher, Modeling of damage in
cement-based materials subjected to external sulfate
attack Formulation, Journal of materials in civil

engineering, 15(4) (2003) 305-313.

[4]R. Flatt and G. Scherer, Thermodynamics of
crystallization stresses in DEF, Cement and Concrete

Research, 38(3) (2008) 325-336.

[5] S. Joseph, S. Bishnoi and S. Maity, An economic analysis
of the production of limestone calcined clay cement in

India. Indian Concrete Journal, 90(11) (2016) 22-27.

[6]S. Barbhuiya, J. Nepal and B. Das. Properties,

compatibility, environmental benefits and future
directions of limestone calcined clay cement (LC3)
concrete: A review, Journal of Building Engineering:

107794 (2023).

[7]1J. Sun, F. Zunino and K. Scrivener, Hydration and phase
assemblage of limestone calcined clay cements (LC3)
with clinker content below 50%, Cement and Concrete

Research, 177 (2024) 107417.

ver



[25] A. Lasaga, J. Soler, J. Ganor, T. Burch and K. Nagy,
Chemical weathering rate laws and global geochemical
Acta, 58(10)

cycles. Geochimicaet Cosmochimica

(1994) 2361-2386.

[26] I. Baur, P. Keller, D. Mavrocordatos, B. Wehrli and C.A.
Johnson, Dissolution-precipitation behaviour of ettringite,
monosulfate, and calcium silicate hydrate. Cement and

concrete research, 34(2) (2004) 341-348.

[27] S. Gali, C. Ayora, P. Alfonso, E. Tauler and M. Labrador,
Kinetics of dolomite—portlandite reaction: Application
to Portland cement concrete. Cement and Concrete

Research, 31(6) (2001) 933-939.

[28] T. Tambach, M. Koenen, L. Wasch and F. Van
Bergen, Geochemical evaluation of CO2 injection
and containment in a depleted gas field. International

Journal of Greenhouse Gas Control, 32 (2015) 61-80.

[29]J. Palandri and Y. Kharaka, A compilation of rate
parameters of water-mineral interaction kinetics for
application to geochemical modeling. Geological

Survey Menlo Park CA (2024).

[30] L. Baquerizo, T. Matschei, K.L. Scrivener, M.
Sacidpour and L. Wadsod, Hydration states of AFm
cement phases. Cement and Concrete Research, 73

(2015) 143-157.

[31] A. Ipavec, R. Gabrovsek, T. Vuk, V. Kauci¢, J. Macek
and A. Meden, Carboaluminate Phases formation
during the hydration of calcite-containing Portland
cement. Journal of the American Ceramic Society, 94(4)

(2011) 1238-1242.

[32] B. Lothenbach, G. Le Saout, E. Gallucci and K.
Scrivener, Influence of limestone on the hydration of
Portland cements. Cement and Concrete Research, 38(6)

(2008) 848-860.

[33]1Y. Elakneswaran, E. Owaki, S. Miyahara, M.
Ogino, T. Maruya and T. Nawa, Hydration study
of slag-blended cement based on thermodynamic
considerations. Construction and building materials, 124

(2016) 615-625.

ey

Research, 109 (2018) 217-229.

[17] K. Scrivener, T. Matschei, F. Georget, P. Juilland and A.
Mohamed, Advances in hydration and thermodynamics
of cementitious systems, Cement and Concrete

Research, 174 (2023) 107332.

[18] P. Li, W. Li, K. Wang, J.L.. Zhou, A. Castel, S. Zhang
and S Shah, Hydration of Portland cement with seawater
toward concrete sustainability: Phase evolution and
thermodynamic modelling. Cement and Concrete

Composites, 138 (2023) 105007.

[19] D. Parkhurst C. Appelo, Description of input and
examples for PHREEQC version 3a computer program
for speciation, batch-reaction, one-dimensional transport,
and inverse geochemical calculations. US geological

survey techniques and methods, 6 (2023) A43.
[20] R. Hay, L. Li and K. Celik, Shrinkage, hydration, and

strength development of limestone calcined clay cement
(LC3) with different sulfation levels. Cement and
Concrete Composites, 127 (2022) 104403.

[21] K. Scrivener, F. Martirena, S. Bishnoi and S. Maity,
Calcined clay limestone cements (LC3). Cement and

concrete research, 114 (2018) 49-56.

[22]1 F. Zunino and K. Scrivener, The reaction between
metakaolin and limestone and its effect in porosity
refinement and mechanical properties. Cement and

Concrete Research, 140 (2021) 106307.

[23] D. Kulik, Improving the structural consistency of CSH
solid solution thermodynamic models. Cement and
Concrete Research, 41(5) (2011) 477-495.

[24]D. Gawin and M. Wyrzykowski, Modelling and
experimental study of hydration for ordinary

Portland cement. Architecture Civil Engineering

Environment, 3(3) (2010) 45-54.



o3 gl sl o ol 4 g
S. Karkhaneh, A. Tarighat, S. Ghaffarpour Jahromi, Thermodynamic and kinetic study of LC3
cement during sulfate attack , Amirkabir J. Civil Eng., 56(6) (2024) 729-748.

DOI: 10.22060/ceej.2024.22088.7901

YeA



https://dx.doi.org/10.22060/ceej.2024.22088.7901

