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Abstract.

This paper uses modelling and experiment to perform a quantitative analysis for the gypsum and ettringite

formations in cement pastes subjected to sulfate attack. Firstly, based on Fick’s law and chemical reaction Kinetics, a diffusion
model of sulfate ions in cement pastes is proposed, and then the model of the gypsum and ettringite formations is established to
analyze its contents in cement pastes with corrosion time. Secondly, the corrosion experiment of the specimens with cement
pastes immersed into 2.5%, 5.0% and 10.0% Na,SO, solutions are carried out, and by using XRD-Rietveld method, the phases
of powder samples from the specimens are quantitatively analyzed to obtain the contents of gypsum and ettringite in different
surface depth, solution concentration and corrosion time. Finally, the contents of gypsum and ettringite calculated by the models
are compared with the results from the XRD experiments, and then the effects of surface depth, corrosion time and solution
concentration on the gypsum and ettringite formations in cement pastes are discussed.
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1. Introduction

The deterioration of cement-based materials caused by
sulfate attack is a major threat to the durability of concrete
structures exposed permanently to the sulfate environments,
such as sea water, groundwater, decaying organic matter,
and industrial effluent (Sun and Yu 2001, Monteiro and
Kurtis 2003, Yang et al. 2005, Liu et al. 2014). Sulfate
attack on cement-based materials is a very complicated
process (Santhannam et al. 2001, Neville 2004). Despite
some controversy on the deterioration mechanisms of
cement-based materials caused by sulfate attack, the main
viewpoint is that the deterioration is associated with both of
the diffusion of sulfate ions in cement-based materials and
the chemical reactions between sulfate ions and the
hydrated products to form gypsum and ettringite (Neville
2004, Santhannam et al. 2003, Guneyisi et al. 2010, Xiong
et al. 2015). The formation of gypsum and ettringite are
accompanied with volume expansion, spalling, cracking,
softening of cement pastes, and inducing the tension stress
in the microstructures of materials (Tian and Cohen 2000,
Lothenbach et al. 2010, Rahman and Bassuoni 2014),
which cause the deterioration of the physical and
mechanical properties of cement-based materials such as
strength and stiffness (Shazali et al. 2006, Schmidt et al.
2009, Guneyisi et al. 2010, Sarkar et al. 2010, Kalipcilar et
al. 2016).

Thus, numerical investigation on the formations of
gypsum and ettringite in cement-based materials is very
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necessary for further analysis of the durability deterioration
of concrete structures subjected to sulfate attack.

There are two basic problems to numerically investigate
the formations of gypsum and ettringite in cement-based
materials subjected to sulfate attack: the modeling of the
diffusion process of sulfate ions and the quantification of
the formation process of gypsum and ettringite. Various
aspects of the first problem have already been studied by
researchers, and they have applied Fick’s law for setting up
some models to characterize the diffusion process of sulfate
ions in cement-based materials (Samson et al. 1999, Tixier
and Mobasher 2003, Gospodinov 2005, Zuo et al. 2012c).
In these models, not only the diffusivity of sulfate ion but
also the kinetics of the reactions between sulfate ions and
the hydrate products need to be considered, this is because
the sulfate ion dissipation caused by the chemical reactions
has a significant influence on the diffusion process. The
diffusivity of sulfate ions in cement-based materials has
presently attracted more attention, but the reaction kinetics
is mainly attributable to the first order reaction between
sulfate ion and calcium hydroxide (Clifton et al. 1994).
Most studies of the second problem are focused on the
expansion mechanisms caused by the gypsum and ettringite
formation (Sarkar et al. 2010, Rahman and Bassuoni 2014).
Some studies have been carried out to observe the alteration
of the phases of hydrated cement in the process of sulfate
attack by using Scanning Electron Microscopy, SEM
(Gollop and Taylor 1992, Diamond and Lee 1999, Brown et
al. 2004), and describe the morphology of gypsum and
ettringite in the regions close to the material surface (Bonen
1992, Santhannam et al. 2003). The other studies have also
used the XRD and SEM to investigate the influences of
sulfate attack on the microstructures of cement hydrated
products, and make a confirmation that the expansion
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Fig. 1 Diffusion model of sulfate ions in the
prismatic specimen

mechanism in cement pastes is related to the ettringite
formation, which occur in the region of the highly localized
gypsum formation (Gonzélez and Irassar 1997). These
studies have explained the qualitative formation and
expansion mechanism of gypsum and ettringite in cement-
based materials under sulfate attack, but the time-varied
formation of gypsum and ettringite have not been further
quantitatively investigated to characterize the evolution of
sulfate expansion in cement-based materials. Thus, a
general framework, which can conjugate two problems in
an integrative model to predict quantitatively the formations
of gypsum and ettringite in cement-based materials, should
be further developed. These models may help researchers
and engineers to study the durability deterioration of
concrete structures.

This paper presents a quantitative description of the
gypsum and ettringite formation, which are related to the
diffusion of sulfate ions and chemical reaction of gypsum
and ettringite formation, for predicting the time-varied
formation processes of gypsum and ettringite in the
specimens immersed into Na,SO, solutions. For that, an
integrative model for the diffusion process of sulfate ion
and the kinetics of gypsum and ettringite formation in
cement pastes is suggested. Then, the corrosion experiments
of the specimens under the different concentrations of
Na,SO, solution are carried out, and X-ray diffraction with
the full profile Rietveld method (XRD-R) is used for the
quantitative phase analysis on the powder samples from the
corroded specimens. Finally, an integrative model is
validated with the results from the X-ray microanalysis, and
the effects of the surface depth, the solution concentration
and the corrosion time on the formation of gypsum and
ettringite in the cement pastes are discussed.

2. Model
2.1 Diffusion of sulfate ions
The formation of gypsum and ettringite is related to the

diffusion of environmental sulfate ions in the cement-based
materials (Young 1998), so modeling the diffusion process

is necessary for calculating the formation of gypsum and
ettringite. The object of this study is a prismatic specimen
with cement pastes subjected to Na,SO, solutions, two ends
of which are sealed with the epoxies, as shown in Fig. 1.
Due to the coexistence of the ionic diffusion and chemical
reaction, the diffusion process of sulfate ions in the prism
can be obtained by using Fick’s second law and chemical
reaction kinetics (Laidler 1987), which can be expressed by

oc oc
a|p, % | o/ D, =
« P3) d0d) «

= +
ot 194 oy ot (1)

c(x,y,0)=0, (x,y)eQ
c(L/2,y.t)=c,, c(xL,/2,t)=c,
c(-L/2,y,t)=c,, c(x-L,/2,t)=c,

Where c=c(x, y, t) is the concentration of sulfate ion at
the point (x, y) at the time t, t is the diffusion time, C4=Cq(X,
y, 1) is the sulfate ion concentration dissipated by the
chemical reaction to form the gypsum, ¢y is the
environmental sulfate ion concentration, L; and L, are the
across section dimensions of specimen along the x and y
directions respectively, Q is the cross sectional area of the
specimen, D, is the diffusion coefficient of sulfate ion in
cement pastes, as given in Eq. (2).

2.1.1 Diffusion coefficient

The diffusivity of sulfate ion has a significant influence
on the gypsum and ettringite formation in cement-based
materials, and the diffusion coefficient in cement pastes is
related to its microstructure (mainly including porosity and
tortuosity) (Garboczi 1990, Zhang et al. 2011) and the ionic
concentration (such as ionic strength and conductivity of
pore solution) (Samson et al. 1999). The diffusion
coefficient of sulfate ion in cement paste is a time- and
space-varied functions associated with the sulfate ion
concentration. Based on the electrolyte solution theories
such as Davis model and Mode coupling theory treatment
of the electrolyte friction (Samson et al. 1999, Chandra and
Bagchi 1999), the diffusion coefficient of sulfate ion,
considering the influence of the ionic concentration on its
diffusivity, can be expressed as (Zuo, Sun et al. 2010d)

L = Z’“P RFTZ [AD —(1.073><10’5 +0.01A°)\/EJ (2)
T,

cp

Where R=8.314 J-K'mol™ is the gas constant, T is the
environmental temperature, K, F=96480 J-K™'mol™ is the
Faraday constant, A°=8.0x10° Sm?mol is the conductivity
of sulfate ion, ¢¢, and 7, is the pore-filled cement paste
porosity and tortuosity respectively.

2.1.2 Porosity

Porosity is an important parameter reflecting on the
microstructures of cement-based materials and influencing
the ionic diffusivity. In the process of sulfate attack, the
pores are gradually filled with the chemical products, and
the porosity decreases with the formation of chemical
products, which generate a gradient distribution from the
surface to the interior of specimen, so the porosity will vary
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with the spatial position and corrosion time. Considering
the filling of the pores, the porosity of the cement paste
specimen can be calculated using

DPep = Pepo — ¢pr0d (3)

Where ¢ is the time- and space- varied porosity, @y is
the initial porosity without considering the filling of pores
by the chemical products, and it is expressed as (Clifton et
al. 1994)

~w,—0.3%, 4
o0 =y 0,32 @

w, is the water-cement ratio, h, denotes the cement
hydration degree. @yroq is the porosity filled by the chemical
products such as gypsum and ettringite (Santhanam et al.
2003). The gypsum and ettringite are plates and hexagonal
needle crystals respectively, and their growth will result in
the honeycombed distribution in the pores (Gonzalez and
Irassar 1997, Yan et al. 2001), so the pores cannot be fully
filled with the gypsum and ettringite. In general, when the
pores are filled with gypsum and ettringite to 70-90 percent
of the total initial porosity, the expansion will be produced
(Tixier and Mobasher 2003). In order to simplify the
calculation of the pore-filled porosity (@prq), the filling of
gypsum and ettringite is assumed to be equivalent to the
ettringite formation, so the pore-filled porosity (¢prod)
associated with the feature of gypsum and ettringite filling
in the pores can be determined by (Zuo et al. 2012h)

Brog = 5-876x107Cy, (5)

Where cgy is the concentration of ettringite in the
specimen, as given in the following Eqg. (18).

2.1.3 Tortuosity

Tortuosity is a very important pore structure parameter
of the cement paste (Coleman 2008), and it plays a
fundamental role in governing the transport processes that
influence the durability-based performance of cement-based
materials (Yoon 2009, Stroeven 2000). Based on the
compositions and geometric features of the cement pastes, a
geometrical approach is used to obtain a model for the
tortuosity of transport paths in the cement paste, and it can
be expressed as (Zuo et al. 2012, Zuo et al. 2014)

1 2 1
z.cp :a)wcnrha ﬁ\/(l_\/ _gacp) +Z (6)

Where w,, is the adjustment coefficient associated with
the water-cement ratio, #, is the shape factor of hydrated
cement particles.

2.2 Formation of gypsum and ettringite

2.2.1 Chemical reaction

Based on the mechanism of sulfate attack on cement-
based materials (Monteiro and Kurtis 2003, Santhannam et
al. 2003, Rahman and Bassuoni 2014), the formations of
gypsum and ettringite are associated with the chemical
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Fig. 2 Curve describing equilibrium between calcium
ions concentrations in the pore

reaction between the sulfate ions and the cement hydration
products, and the process may be expressed by the
following chemical reactions

CH(Ca®* +OH ) +S0}” — CSH, +20H’ ©)
C,A+3CSH,+26 H — C,AS,H,, (8)
C,AH,;+3CSH, +14H — C,AS,H,, + CH 9)
C,ASH,,+2CSH, +16 H— C,AS,H,, (10)

For the convenience of calculation, Egs. (8)-(10) may be
briefly replaced by

CA +qCSH, — C,ASH,, (11)

Where CA refers to the calcium aluminates, q is the
equivalent reaction coefficient of the gypsum dissipation to
produce ettringite (Tixier and Mobasher 2003).

2.2.2 Dissipation of sulfate ions

The gypsum formation may be calculated by the sulfate
ion concentration dissipated by chemical reaction in Eq. (7),
which can be regarded as a second-order reaction in the
pore solution. Based on the chemical reaction kinetics
(Laidler 1987, Zang 1995), the sulfate ion concentration
dissipated by the chemical reaction, namely the second term
in the right-hand-side of Eq. (1), can be expressed by

oc,

P =—k,-Cg,-C (12)

Where Kk, is the chemical reaction rate constant in Eq.
(7), cca is the calcium ion concentration in the pore solution.

By the integration of Eq. (12) over the time (0, t), the
sulfate ion concentration Cy4 dissipated by the chemical
reaction in cement pastes can be calculated by

Cy = [ (K, -cc, -c)dt (13)
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2.2.3 Concentration of calcium ions in pore solution

In the process of sulfate attack, the calcium ions in pore
solutions are continuously dissipated by chemical reaction
in Eq. (7). The reduction of the calcium ion concentration
can cause the dissolution of calcium hydroxide (CH) and
calcium silicate hydrate (CSH) gel (Mainguy et al. 2000,
Kamali et al. 2008, Wee 2001, Sarkar et al. 2012).
Assuming a chemical equilibrium between calcium ion
concentrations in the solid phases (CH and CSH) and in the
pore solution, the solid-liquid equilibrium relationship for
calcium may be described by a phenomenological
chemistry model (Gerard et al. 2002, Wan et al. 2013), as
shown in Fig. 2, which may be expressed by

Coan — %o
= (Cs —Cesn )+ X, Cesh < Cs < (CCSH + CCH)
Cen
C ’ X :
CCa = Csatu [ > ] CCSH[ ] < Cs < CCSH (14)
CSH Coau
1 C X1 %
2 3
(Xl Csatu) : 0 < Cs < CCSH ( j
Cesh Coatu

Where ccsy is the calcium concentration in the CSH gel,
and ccy is the calcium concentration in the CH phase, both
of them in cement-based materials are measured by the
XRD-Rietveld method (Scrivener et al. 2004). Cqy, is the
saturated calcium ion concentration, c, is the total calcium
concentration in the solid phase (CH and CSH), and it can
be calculated by the previous sulfate ion concentration Cyq
dissipated by the chemical reaction in Eq. (7):
Cs=Ccnu+Ccsyt+Cy. X is the calcium ion concentration in the
liquid below which no CSH gel exists, and x, is the calcium
ion concentration at which CH has completely dissolved.
For computational ease, X, is taken as (Cegw-3) mol/m?
(Nakarai et al. 2006).

2.2.4 Concentration of gypsum and ettringite

Known from the chemical reaction Eq. (7), the total
gypsum formation in cement pastes, is equal to the sulfate
ion concentration Cy dissipated by chemical reaction, and
the parts of gypsum are dissipated by the chemical reactions
with the calcium aluminates to produce ettringite, as shown
in Egs. (8)-(11), but the chemical reactions between calcium
aluminates and gypsum are the complicated solid-solid
reactions. Based on the principle of the solid-solid reactions

(Suresh and Ghoroi 2009), the chemical reaction kinetic
equation in Eq. (11) may be expressed by

C,
‘ A= _le .C::IA .Cf
ot » (15)

Cea (X, O) = Ccao

Where cca is the concentration of calcium aluminates in
cement pastes, Cgyp is the concentration of gypsum in
cement pastes, ky; is the chemical reaction rate constant, t
refers to the diffusion-reaction time, ccao is the initial
concentration of calcium aluminates in cement pastes, « and
p are the chemical reaction order of calcium aluminates and
gypsum respectively, which can be obtained by the
experiment of reaction kinetics (Zang 1995).

In the diffusion-reaction process, the dissipation of
calcium aluminates caused by the ettringite formation in
cement pastes can be calculated by (Ccao—Cca). Based on
the stoichiometric reaction in Eq. (10), the concentration of
gypsum dissipated by the ettringite formation in cement
pastes is g(Ccao—Cca). Thus, in the process of the ettringite
formation, the real concentration of gypsum should be a
difference between the total amount of gypsum formed
(Cy) and the concentration of gypsum dissipated,

d(Ccao—Cca)
Copp =Ca — q(CCAO _CCA) (16)

Substituting Eq. (16) into Eq. (15), it can be obtained
that

oc «
% =k, -c;, '[Cu = 0(Cenr —Cea )]ﬁ

Cea (X’ 0) = Ccao

17

According to the stoichiometric reaction in Eq. (11), the
formation of ettringite in cement pastes is equivalent to the
dissipation of calcium aluminates, namely

Cet = Ccmo —Cca (18)

In the above Egs. (1), (13), (14), (16)-(18), Egs. (1) and
(14) are used to calculate the concentrations of sulfate ion (c)
and calcium ion in cement pastes (cc,) respectively. The
sulfate ion concentration (C4) dissipated by chemical
reaction in cement pastes can be calculated using Eq. (13),
and by the numerical solution of Eq. (17), the concentration
of calcium aluminates in cement pastes (cca) can be
obtained. Finally, using Egs. (16) and (18), the
concentrations of gypsum and ettringite in the cement paste
may be calculated. The above differential equations in Eqgs.
(1), (12) and (17) are numerically solved by the Finite
Different Method with Alternating Direction Implicit
scheme(ADI) (Sun 2005, Zuo et al. 2012c).

2.3 Numerical approaches

2.3.1 Mesh

In order to solve the diffusion-reaction Eq. (1) to obtain
the formation of gypsum and ettringite, the cross-sectional
area Q(L;xL,) of specimen is meshed with the same space h
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Table 1 Chemical composition of ordinary Portland cement
(CEM 1 52.5)
Mineral CsS C,S CA C,AF  Gypsum
components
(mass %) 555 191 65 10.1 5

sio, ALO; CO MO SO,

Chemical 2135 467 6260 3.08 225
composmons
(mass %) Fe,O;  Na,O K,0 LOlI  Others

3.31 0.21 0.54 0.95 1.04

along both of L; and L,, as shown in Fig. (3), and the time
interval is selected as At. Two clusters of the parallel lines
are defined: x;=ih (i=0, 1, 2, ..., i, ..., M; M is the number of
grid in the x direction), y;=jh (=0, 1, 2, ..., j, ..., N; N is the
number of grid in the y direction), and t,=kAt (k=0, 1, ..., k,
..., K; K is the number of diffusion time). The section area
Q is divided into square grids (MxN), and the grid nodes are
(Xi, ¥j, t). Thus, the concentration of sulfate ion, calcium

ion, gypsum and ettringite at the state (x;, yj, t) may be

K k k
expressed by ¢, C'caij, Coypijs Ceyij -

2.3.2 Iterative solutions from ADI difference scheme

Eg. (1) is a nonlinear partial differential equation, and it
can be solved by the finite different method with
Alternating Direction Implicit scheme, ADI (Sun 2005), in
which the transition time t., is used to divide the time
interval (ty, ty.1) into two intervals, (ty, tc1) and (tes1so, tees)-
The solving process of Eq. (1) is divided into two steps to
obtain the iterative solution of sulfate ion concentration in
Eq. (2).

The first step, at the interval (ty, tc1/2), Using the implicit
and explicit scheme in the x and y directions respectively.
The iterative solutions of Eq. (1) at the time ty.1, can be
obtained by

{C;(H_/Z} — [A']_l [B’{C'j(_l} +C'{Clj(+1} + D’{C;( } +{e’}:| (19)

The second step, at the interval (ty.12, tk+1), USing the
explicit and implicit scheme in the x and y directions
respectively, the iterative solutions of Eq. (1) at the time ty.;
can be expressed by

{Cik+1} _ [A,,]—1|:B,,{Cikf11/z} +Cw{cik++11/2} 4 Dn{cik+1/2}+ {en}:| (20)

In Egs. (19) and (20), {c;""?} refers to Mx1 order vector,
which represents the concentrations of sulfate ions at points
X, i i=1,2, ..., M) at the time te1;; {c*'} refers to Nx1
order vector, which is the concentrations of sulfate ions at
every points (x; y;; j=1,2, ..., N) at the time t,;. The other
matrix and vectors in Egs. (19) and (20) are presented in
Appendix A.

Using the Chasing method to solve the combination of
Egs. (19) and (20), the numerical solutions of Eq. (1) at the

time intervals (t, tc.1), namely the sulfate ion concentrations

k+1

Cj  atthe points (x;, y;) and the time ty.,, can be obtained.

After numerical discretization, and considering the
initial concentration of sulfate ions dissipated is zero, Eq.

(16) can be changed into a numerical model, which is
expressed as

& 1)

dij

k+1 k ko k4l
{Cdij+ = Cdij - kaCaijCij+ At

In Eq. (21), the concentration of calcium ion Céa” may
be determined by Eq. (14). Substituting sulfate ion
concentration Ci';” calculated by ADI difference scheme

and calcium ion concentration C(k;aij in Eq. (14) into Eqg.

(21), the accumulative concentration of sulfate ions Cdi'}*l

dissipated in the cement pastes can be obtained.
By discreting the Kkinetics Eq. (17), the calcium

. - k
aluminate concentration CC: can be expressed by

a s
kel _ k. k k+l _k
Cos = Cony kvl[cm,] [Cau q(CCAo Cons )J At 22)
C;,j =Ccno
Placing the accumulative concentration of sulfate ions
Cd:‘j” dissipated in Eq. (21), the concentration of the
calcium aluminates c:;l in the cement pastes can be

obtained by the iterative solution at every time in Eq. (22)
Thus, numerically discreting Egs. (16) and (18) of
gypsum and ettringite formation

czy*pt = Cd;ﬂ —q (CCAO - CE:) (23)
k+l _ ~k+1 _ _ ket
CEnu - CCAI] - CCAO CCAu (24)

And placing the concentration of the calcium aluminates

¢’ in Eq. (22) and the concentration of sulfate ions

dissipated Cdi'}*l in Eq. (21) into Egs. (23) and (24)
respectively, the concentration of gypsum and ettringite
formation at every time can be obtained by numerical
iteration. Therefore, Based on the above proposed models
and calculating process, and using MATLAB language, the
computing programme NIFGESA.M have been completed
to investigate numerically the formation of gypsum and
ettringite in cement pastes caused by the environmental
sulfate attack.

3. Experiments
3.1 Materials and specimen

The cement used in this study is an ordinary Portland
cement (CEM 1 52.5), and its mineral and chemical
compositions are presented in Table 1. The density of the
cement is 3150 kg/m®, and its specific surface area is 369.6
m?/kg. The pure cement pastes were mixed at water-cement
ratio of 0.35, and its normal compression strength and
flexural strength for curing 28 days are 60.5 MPa and 8.7
Mpa, respectively.
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(6) [20111020-16-JJ1-2.5%-2a-6+A.raw ]
(5) [20111020-15-JJ1-2.5%-2a-5+A.raw ]

S-5
S-5
(4) [20111020-14-JJ1-2.5%-2a-4+A.raw ] S-5
(3) [20111020-13-JJ1-2.5%-2a-3+A.raw] S-5
(2) [20111020-12-2J1-2.5%-2a-2+A.raw ] S-5
S5

(1) [20111020-11-JJ1-2.5%-2a-1+A.raw ]

(6) [20111025-3-1J2-5%-2a-6+A.raw ]
(5) [20111025-2-1J2-5%-2a-5+A.raw ]
(4) [20111025-1-1J2-5%-2a-4+A.raw |
(3) [20111020-25-J2-5%-2a-3+A.raw ] S-5
(2) [20111020-24-J2-5%-2a-2+A.raw ] S-5
(1) [20111020-23-1J2-5%-2a- 1+A.raw ] S-5

50
Theta(® 60 70

(b) 5.0% sodium sulfate solution

(6) [20111020-22-1J3-10%-2a-6+A.raw | S-5
(5) [20111020-21-1J3-10%-2a-5+A.raw | S-5
(4) [20111020-20-1J3-10%-2a-4+A.raw | S-5
(3) [20111020-19-1J3-10%-2a-3+A.raw | S-5
(2) [20111020-18-JJ3-10%-2a-2+A.raw ] S-5
20111020-17-JJ3-10%-2a-1+A.raw ] S-5

(c) 10.0% sodium sulfate solution

Number in figure 1 2

4 5 6

Powder sample | 0-1 mm | 1-2 mm

2-4 mm

4-6 mm 8-10 mm

Fig. 4 XRD patterns of powder samples at every layer of specimen under different concentrations of Na,SO, solutions at
720 days (@-Ettringite, @-Gypsum, -Calcium hydroxide, @-Calcite)

Cement paste specimens with 40x40x160 mm® prism
were cast according to the mixtures of water and cement
with the water/cement ratio 0.35, and they are cured in 20°C
water. After 24 hours, the pure paste specimens were
demoulded and continue to be cured in a standard curing
room (temperature, 20+2°C; relative humidity, over 95%)
for 57 days before the corrosion experiments.

Before being immersed into the Na,SO, solutions, the
two end surfaces with dimension 40 mmx40 mm of the
specimens were sealed with a low viscosity of the epoxy
resin, and the other four surfaces with dimension 40
mmx160 mm were polished to remove uniformly the thin
layer of cement pastes. After being saturated for 2 days
(total 60 days curing), all of the specimens were
immediately immersed into 2.5%, 5.0% and 10.0% by mass
of Na,SO, solutions respectively. The Na,SO, solutions
were replaced at every three months to maintain a constant
corrosion environment, and the containers filled with the
specimens and solutions were placed in the room
temperature and closed to protect from carbonation.

3.2 Preparation of X-ray diffraction powder samples

The contents of the gypsum and ettringite formation in
the specimens are associated with the surface depth of the
specimens, the concentration of Na,SO, solution and the
corrosion time. Their effects on the gypsum and ettringite

formation are investigated by the powder X-ray diffraction
(XRD), and the powder samples for the X-ray diffraction
analysis are prepared by the following approach.

The specimens were removed from the Na,SO,
solutions every 90 days (87 days in solution), and placed
into the vacuum dryer at a temperature of 50°C for 2 days
drying. Immediately, the powders at the surface depth 0-10
mm of the specimens were drilled out according to the six
layers: 0-1 mm, 1-2 mm, 2-4 mm, 4-6 mm, 6-8 mm and 8-
10 mm while 6-8 drilled points were respectively selected
from four exposed surfaces of every specimen. The
powders from 6-8 drilled points at the same layer were
mixed to pack into a sealing bag, and again placed into the
vacuum dryer at a temperature of 50°C for 1 day drying.
After cooling to the room temperature, the powder mixtures
were screened by the 80 um square hole screen, and the
screened powders were mixed with the standard a-Al,O3
powders of less than 80 uzm size according to the mass ratio
9:1. This was followed by dropping the anhydrous ethanol
into the powders and continues to grind for 1 hour by using
an agate mortar and pestle. Finally, all of the powder
samples prepared were placed into a vacuum dryer for the
powder X-ray diffraction analysis.

3.3 X-ray powder diffraction analysis

The powder samples were packed into the back-filled
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Table 2 List of main parameters used in the models

Parameters Symbol Value Equation
Specimen
Dimensions of specimen L% Ly (mxm) 0.04x0.04 (Known) Eq.(1)
Materials
Shape factor of hydrated cement particles Iy 1.77 (Zuo et al.2012a)
Adjustment coefficient Owe 1.28 (Zuo et al. 2012a) Eq.(4)
Cement hydrate degree h, 0.78 (Known)
Initial calcium concentration in CSH Cesn (Mol/m?) 8126 (Measured by XRD-R)
Initial calcium concentration in CH ey (mol-m) 4716 (Measured by XRD-R)
Saturated Ca’+concentration in pore Ceatw (MOl-M™®) 21.25 (Nakarai et al. 2006) Eq.(13)
Calcium ion concentration without CSH X, (mol-m?) 2.0 (Nakarai et al. 2006)
Calcium ion concentration without CH X, (mol-m=) 18.25 (Nakarai et al. 2006)
Initial concentration of calcium aluminates Cepo (Mol-m3) 361.0 (Measured by XRD- R) Eq.(14)
Environment
Concentration of sodium sulfate solution Co(%) 2.5,5.0, 10.0 (Known) Eq.(1)
Environmental temperature T(°C) 25 (Known) Eq.(2)
Reaction
Equivalent reaction coefficient q 3 (Tixier and Mobasher 2003) Eq.(10)
Reaction rate constant of gypsum ky(m®-s*-mol™) 3.05x107 (Gospodinov 2005) Eq.(11)
Reaction rate constant of ettringite kyo(m®st-mol™) 1.22x10™ (Zuo et al. 2012c)
Reaction order of calcium aluminates a 1.72 (Zang 1995) Eq.(14)

Reaction order of gypsum

0.33 (Zang 1995)

sample holders (to minimise preferred orientation), and
measured by a Bruker-Axs D8 DISCOVER X-ray
diffractometer with LynxEye Array detector, using Cu
target, and operating at a voltage of 40 kV, current of 30
mA and the environmental temperature of 298 K. A soller
slit of 4°, a scanning speed of 4°26/min and a step size of
0.02° 26 were used to examine the samples in the 5°-80° 20
to cover the phases under investigation. Fig. 4 presents only
the XRD patterns of the powder samples from the six layers
of the specimen when immersed for 720 days into the
Na,SO, solutions.

3.4 Rietveld analysis

Considering little of gypsum and ettringite formation in
two layers in the specimen depth 6-10 mm, the patterns of
powder samples from four layers in the depth 0-6 mm have
been selected and further quantitatively analyzed by using
the full profile Rietveld method (Scrivener et al. 2004,
Young 1993), which is implemented in the TOPAS
software package (Coelho 2011, Schmidt and Kern 2001).
Fig. 5 presents the refined patterns and X-ray diffraction
patterns of the powder samples from the 0-1 mm depth of
the specimen under 2.5%, 5.0% and 10.0% Na,SO,
solutions for 720 days. It can be seen from the figure that
after the Rietveld refinements, the refined patterns
approached the X-ray diffraction patterns, and have no
residual diffraction peak, so the refined structure models of
the powder samples may be used to analyze quantitatively

the contents of gypsum and ettringite in the specimens. The
results show that the mass fraction of gypsum and ettringite
in the powder samples of the surface layer of the specimen
are respectively 2.14%, 6.70%, 7.04% and 3.07%, 5.26%,
5.97% when immersed into 2.5%, 5.0% and 10.0% Na,SO,
solutions for 720 days.

4. Comparison between model and experimental
results

4.1 Modeling parameter

In the modelling analysis, the calculation parameters are
listed in Table 2.

4.2 Results and discussion

4.2.1 Effects of surface depth

Based on the above models and XRD-Rietveld
experiments, the formations of gypsum and ettringite in the
cement pastes can be obtained. Fig. 6 presents the mass
fraction of gypsum and ettringite formation with the surface
depth of the specimens when immersed into Na,SO,
solutions for 20 days. It can be seen from the figures that
the formations of gypsum and ettringite are basically within
the surface layer 5-mm depth, and decrease with increasing
surface depth. Especially in the surface layers 1-4 mm of
more volumetric expansion and expansive strain gradient.
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Fig. 6 Formations of gypsum and ettringite with the depth

of the specimens immersing into Na,SO, solutions for
720 days (w/c=0.35)

The volume expansion caused by the ettringite
formation in the surface layers results in the expansive
cracks of cement pastes. Thus, under sulfate attack, the
peeling of the surface layer in the specimen is the main
characteristics of the damage and failure of cement-based
materials (Frank and Raoul 1999, Siad 2013). The
quantitative analysis of the gypsum and ettringite formation
offers a basis for further analyzing the expansion
deformation and damage of cement-based materials
subjected to sulfate attack. In addition, Fig. 6 also shows
that the formations of gypsum and ettringite obtained by the
models are in accordance with the experimental results.

Under the high concentration of Na,SO, solutions in Fig.
6(b) and (c), the gypsum formation is more than the
ettringite formation in the surface layer 0-1 mm of the

(c) Portlandite in 8-10 mm layer
Fig. 7 SEM photograph of specimens in different

depths immersed into 5.0% Na,SO, solution for 720
days

specimen, but the ettringite formation is greater than the
gypsum formation within the surface layer 1-5 mm of the
specimen. Fig. 7 presents SEM microscopic morphologies
in the surface layers 0-1 mm, 3-5 mm and 8-10 mm of the
specimen immersed into 5.0% Na,SO, solution for 720
days. It can be observed in the figure that many of plate-
shaped gypsum are produced in the surface layer (0-1 mm),
while in the middle layer (3-5 mm), a lot of needle-shaped
ettringite are observed in the pores. However, in the interior
layer (8-10 mm), calcium hydroxide produced by the
cement hydration is the main product, and the cement paste
in the interior layer of the specimen has not been damaged
by sulfate attack during the 720 days.

Thus, the modeling and experimental results essentially
agree with the observation from SEM micrograph.

4.2.2 Effects of corrosion time

Fig. 8 presents the modeling and experimental results of
the gypsum and ettringite formation in the surface layer 0-1
mm with the corrosion time when the specimens are
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Fig. 8 Gypsum and ettringite formation in the surface
layer 0-1 mm of the specimens with the corrosion time
under different concentrations of Na,SQO, solutions

immersed into 2.5%, 5.0% and 10.0% Na,SO, solutions
respectively. It can be seen from the figure that the
formations of gypsum and ettringite increase with the
corrosion time. During the early days of the corrosion, the
formation of gypsum is greater than that of ettringite, but
with increasing corrosion time, the concentration of Na,SO,4
solution has an important influence on the gypsum and
ettringite formation.

For the specimens immersed into 5.0% and 10.0%
Na,SO, solutions, as illustrated in Fig. 8(b) and (c), the
formation of gypsum is still more than that of ettringite, and
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Fig. 10 Numerical results of changes of sulfate ion
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the gypsum and ettringite formations increased linearly with
the corrosion time, and the increasing rates are basically
identical. But for the specimens immersed into 2.5%
Na,SO, solution, as shown in Fig. 8(a), the formation of
ettringite is less than that of gypsum for the first 140 days,
and with the increase in the corrosion time, the formation of
ettringite increases gradually and faster than that of gypsum,
resulting in more formation of gypsum after 140 days. This
is because, the diffused sulfate ions firstly react with
calcium hydroxide to produce gypsum, and then part of the
produced gypsum reacts with the aluminates phases to
generate ettringite. At the early stage of sulfate attack, the
concentration of sulfate ion in cement pastes is very low, so
the formations of gypsum and ettringite in cement pastes
are also very slow. But with the increase in corrosion time,
the formation of gypsum gradually increases, and the
formation rate of ettringite increases with the content of
gypsum. In addition, the concentration of Na,SO, solution
has an important influence on the diffusion and distribution
of sulfate ion in cement pastes, and further affects the
formation of gypsum and ettringite. Under the lower
concentration of Na,SO, solution like 2.5%, the distributed
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concentration of sulfate ion diffusing into cement pastes is
low, so the formation of gypsum and ettringite are slow. But
under the high concentration of Na,SO, solutions such as
5.0% and 10.0%, the sulfate ion concentration greatly
increases, and it accelerates gypsum formation in the
cement pastes.

4.2.3 Effects of solution concentration

Fig. 9 presents the contents of the gypsum and ettringite
in the depth 0-1 mm of the specimens with the
concentrations of Na,SO, solution for 360 days immersion.
It can be seen from the figure that under the low
concentration of Na,SO, solutions, the contents of gypsum
and ettringite increase with the solution concentration, and
the formation of ettringite is greater than that of gypsum in
the surface layer. Whereas under the high concentrations of
Na,SO, solution, the contents of gypsum and ettringite in
cement pastes increase slowly, and the formation of
ettringite is less than that of gypsum in the surface layer, but
when the solution concentration goes up to 6%, the gypsum
and ettringite produced in cement pastes increase slowly
and tends to be stable.

In the surface layer, the formation of gypsum is less than
that of ettringite when the solution concentration is less than
3.2%, and it is greater than the ettringite formation when the
solution concentration is greater than 3.2%. With increasing
solution concentrations from 1.0% to 6.0%, the formation
of gypsum is greater than that of ettringite. The sulfate ion
distribution in the specimen has a significant effect on the
gypsum and ettringite formation. Using the computing
programme NIFGESA.M, numerical simulations on the
changes of the distribution concentrations of sulfate ion in
the surface depth 0-1 mm with the concentration of Na,SO,
solutions are described in Fig. 10 when the specimens are
immersed for 360 days. It can be obtained from the
comparison of Fig. 10 to Fig. 9 that when the gypsum
formation is equal to that of ettringite, the mass fraction of
which is 2.6%, the distribution concentration of sulfate ion
in the surface layer is about 1625 ppm. Further calculation,
gypsum and ettringite are established to quantitatively
analyze the time- and space-varied formation of gypsum
and ettringite in cement pastes subjected to sulfate attack.
Furthermore, the experiments on the corrosion of the
cement paste specimens with the different concentrations of
Na,SO, solutions have been performed, and the powder
samples from the specimens during the corrosion of Na,SO,
indicates that, in the different surface depth of the specimen
the formations of gypsum and ettringite are basically the
same when the sulfate ion concentration of is about 1650
ppm, so the penetrated sulfate ion concentration is an
important parameter influencing the gypsum and ettringite
formation in cement-based materials.

5. Conclusions

The sulfate attack on cement-based materials is a very
complicated physical and chemical process associated with
the diffusion of sulfate ion, and the formation reactions of
the corrosion products such as gypsum and ettringite. This

paper has modeled this process and numerically
investigated the formation process of gypsum and ettringite
in cement pastes under sulfate attack.

Using the chemical reaction kinetics, in which the
second-order reaction between sulfate ions and calcium ions
in the pore solution, and the multi-order solid-solid reaction
between the gypsum and calcium aluminates in cement
pastes are considered, the models for the diffusion-reaction
behavior of sulfate ions and the formation process of and
solutions were quantitatively analyzed to obtain the time-
space-varied formation of gypsum and ettringite in these
specimens using X-ray diffraction with the full profile
Rietveld method. The results show that the formations of
gypsum and ettringite obtained by the proposed models
have good agreements with the experimental results, and
under the high concentration of Na,SO,4 solutions, gypsum
is the main corrosion product in cement pastes, whereas
under the low concentration of Na,SO, solutions, the main
corrosion product is ettringite. However, the numerical
investigation of the time- and space-varied formation of
gypsum and ettringite helps to model the damage evolution
of cement-based materials due to the volume expansion
caused by the formation of the corrosion products.
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