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� It investigates the evolution of surface hardness of concrete under sulfate attack.
� It reveals reinforcing effect and weakening effect in concrete during erosion.
� Reinforcing and weakening effect are all induced by delayed ettringite and gypsum.
� It uses an integral method to analyze the attenuation tendency of surface hardness.
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Under sulfate attack, the erosion damage is not uniformly distributed in concrete, but firstly takes place at
the surface since the sulfate radical ions diffuse from surface to inner of the material. In order to
investigate the damage degree, the variation of surface hardness of concrete was investigated in this
study. The corrosion experiments continued about 330 days, and the evolution of surface hardness of
concrete samples was detected by rebound method. Meanwhile, SEM observation and XRD test for con-
crete samples were also carried out. It was found that exist a competition mechanism of enhancement
effect and weakening effect, because the surface hardness of concrete monotone increases at the initial
stage. SEM observation and XRD test indicated that both enhancement and weakening effect are all
caused by delayed ettringite and gypsum. The enhancement mechanism is produced by the filling effect
of delayed ettringite and gypsum, and the weakening mechanism is induced by damage evolution due to
their expansion force. Based on the experimental results, a new method was suggested to express the
damage degree. The analysis results indicated that the water-to-cement ratio of concrete and the concen-
tration of sulfate solution strongly affect the attenuation of the surface hardness.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Durability of concrete structures under sulfate attack in marine
environment is an important topic, and it attracts some attentions
in research. It has been recognized that when sulfate ions diffuse in
concrete, the chemical reaction may take place, namely, sulfate
ions may be combined by the hydration solution in pores of
concrete to form gypsum and delayed ettringite. In this paper, such
ettringite formed by diffused sulfate ions is called delayed
ettringite. Under the expansion force of the ettringite and gypsum,
micro-damage evolution may occur and lead to the deterioration of
concrete material [1,2]. Efforts have been made to the analysis on
the attenuation of durability caused by sulfate attack. For instance,
Yimaz et al. studied the effect of sulfate ion and pH value on con-
crete [3]. Marchand et al. analyzed the influence of sulfate on dura-
bility of concrete [4]. Planel et al. obtained experimental results on
micro-crack nucleation in cement mortar due to sulfate attack [5].
Rozière et al. studied the mass evolution and expansion property of
concrete under sulfate attack and calcium separating out [6]. Pip-
ilikaki et al. studied the expansion of concrete immersed in calcium
sulfate solution of 5% concentration at 50 �C [7]. Plowman and Cab-
rera [8], and Chindaprasirt [9] studied the sulfate resistance of con-
crete added with fly ash and other components. Lee et al.
investigated the strength loss behavior of concrete filled with silica
[10]. Gospodinov et al. studied the effect of diffusion of sulfate ions
on the micro-structure of cement stone [11]. Mironova et al. inves-
tigated the effect of liquid push out of the material capillaries
under sulfate ion diffusion in cement composites [12]. Chen et al.
studied damage evolution in cement mortar immersed in sodium
sulfate solution for 425 days using ultrasonic techniques [13],
and measured the growth properties of delayed ettringite and
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Fig. 1. Samples immersed in sodium sulfate solution for rebound test.

Fig. 2. Samples immersed in sodium sulfate solution for SEM and XRD tests.
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gypsum by virtue of XRD method [14]; Zhang et al. tested the static
and dynamic modulus of ettringite [15], and investigated the evo-
lution of flexural strength of concrete due to sulfate attack [16];
Zhu et al. studied the expansion strain of concrete immersed in so-
dium sulfate solution, and developed an increment model for
expansion strain based on damage evolution [17].

Note that the erosion damage starts at the surface because the
nature of the diffusion of sulfate radical ions is from surface to in-
ner of concrete. In other words, the erosion damage is not uni-
formly distributed in a concrete. Hence, variation of surface
hardness could accurately reflect the degree of erosion. In the pres-
ent study, the rebound method was adopted to examine the evolu-
tion of surface hardness. SEM observation and XRD detect were
also carried out for finding the mechanism of such an evolution.

Generally, rebound surface hardness was used to approximately
predict the compressive strength or empirical constitutive relation
of concrete [18–20]. In this study, however, close attention was
only paid to the variation of rebound index due to sulfate attack
and related mechanism without considering the relation between
the surface hardness and compressive strength.

Firstly, the cement mortar samples were formed and then put
into sodium sulfate solutions of different concentrations. Secondly,
the rebound testing was carried out at different erosion times. In
order to more accurately detect the variation of surface hardness
of samples due to sulfate attack, the rebound testing was carried
out at the random 16 points on the surface, and taking average
value as rebound index by ignoring 3 maximum values and 3 min-
imum values. Thirdly, the micro-observation of ettringite growth
at the surface of samples was performed by means of SEM method.
It was found that the variation of surface hardness is dominantly
caused by the filling effect and damage evolution due to the action
of delayed ettringite and gypsum. Finally, the mechanism of varia-
tion of surface hardness is analyzed, and a new method was
suggested to describe the attenuation of the surface hardness of
concretes under sulfate attack.

2. Test on the variation of surface hardness of cement mortar

In this study, samples of cement mortar have been produced
using ordinary Portland cement (CEM I-32.5). Mix design of sam-
ples is presented in Table 1.

Two types of samples were prepared, one was for measuring the
surface stiffness, which are denoted as Hi (i = 1–4) with a size of
150 � 150 � 150 mm (shown in Fig. 1), the other was for observing
growth of ettringite, which are denoted as Zi (i = 1–3) with size of
10 � 10 � 60 mm (shown in Fig. 2).

Samples Hi (i = 1–4) were immersed in sodium sulfate solution
of 3% and 8% concentration for 330 days. Under sulfate attack, the
change of mechanical properties of concrete may occur, such as
compressive strength, modulus, Poisson’s ratio, and surface hard-
ness. In this study, the rebound method was adopted to measure
the variation of the surface hardness (presented by rebound index)
of samples during the erosion time.

Owing to sulfate attack, the surface hardness, R, should be a
function of erosion time t, namely,

R ¼ RðtÞ ð1Þ
Table 1
Mix design of concrete.

Number Cement:sand:water

H1, Z1 1.0:3.0:0.4
H2, Z2 1.0:3.0:0.6
H3 1.0:3.0:0.7
H4, Z3 1.0:3.0:0.8
The relative variation of surface hardness is defined as

RrðtÞ ¼ ðR� R0Þ=R0 � 100% ð2Þ

where R0 is the initial surface hardness.
The testing procedure of test on the variation of the surface

hardness is as follows:

(1) Taking the samples out of solution, and dying for 1 h.
(2) Randomly selecting 16 different points on one surface, and

testing the surface hardness by means of ZC5 rebound
instrument of mortar (shown in Fig. 3).
Fig. 3. ZC5 rebound instrument.



Table 2
Critical time tcr (d).

Na2SO4 (%) w/c

0.4 0.6 0.7 0.8

3 60 60 60 60
8 14 28 60 90

Delayed ettringite 

Fig. 5. SEM photo of delayed ettringite crystal.
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(3) Calculating the average value of the test results by ignoring 3
maximum values and 3 minimum values, and taking such an
average value as rebound index.

(4) Repeating such a process twelve times during erosion time
of 330 days.

The experimentally obtained results were plotted in Fig. 4, in
which the symbol ‘‘w/c’’ stands for water-to-cement ratio.

It was found from Fig. 4 that there exists a critical time, tcr.
When t< tcr, the surface hardness increases with erosion time
(except for the sample with w/c = 0.4 immersed in sulfate solution
with concentration of 8%). When t > tcr, however, the surface hard-
ness does not increase any further, and in some cases even tends to
decrease. Table 2 lists the values of tcr.

Fig. 4 also shows that the variation of the surface hardness sig-
nificantly depends on the magnitude of water-to-cement ratio (w/
c) and the concentration of sulfate solution. For w/c = 0.4, 0.7, and
0.8, surface hardness of samples immersed in sulfate solution of 3%
concentration was found to be remarkably greater than that in
sulfate solution of 8% concentration. However, for w/c = 0.6, such
a difference is not so significant. The mechanism of this phenome-
non would be explained in the next section.

3. Mechanism of the variation of surface hardness

It was generally believed that the change of mechanical proper-
ties of concrete under sulfate attack is caused by the enhancement
effect of delayed ettringite crystal and weakening effect of damage
evolution [3,4,10]. When sulfate radical ions diffuse in concrete,
the chemical reaction between sulfate radical ions and pore
solution may occur according to the following steps,

Na2SO4 þ CaðOHÞ2 ¼¼ CaSO4 þ 2NaðOHÞ ð3Þ

3CaSO4 þ 4CaOAl2O312H2Oþ 20H2O
¼¼ 3CaOAl2O33CaSO431H2Oþ CaðOHÞ2 ð4Þ
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Fig. 4. Relative variation of surface hardness vs. erosion time. (a) Sample H1 (w/c = 0.4)
The first term on the right hand side of Eq. (4) is delayed
ettringite.

For validating such a deduction, micro-structure features of
samples Zi (i = 1–3) were examined using X-ray diffraction (XRD)
and scanning electron microscope (SEM).

Results of SEM observation and EDS spectrum of delayed
ettringite crystal were shown in Figs. 5 and 6, respectively. The
size and shape of delayed ettringite due to sulfate attack can
be observed from Fig. 5, and the chemical components of the de-
layed ettringite were given by EDS spectrum in Fig. 6. It can be
seen from Fig. 4 that the delayed ettringite may fill pores of
samples.
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Fig. 6. EDS spectrum of delayed ettringite crystal.

10 20 30 40

0

200

400

600

800

1000

1200

1400 a

In
te

n
s
it
y

2 Theta (deg)

E-Ettringite
G-Gypsum

E

G

E
E

10 20 30 40
0

200

400

600

800

1000

1200

1400

1600

1800

2000 b
In

te
n
s
it
y

2 Theta (deg)

E-Ettringite
G-Gypsum

E

G

E

G

E

Fig. 7. XRD analysis of samples (w/c = 0.4). (a) Erosion time: 210 days and (b) erosion time: 250 days.
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Fig. 8. Variation of / with time (a) Na2SO4: 3% and (b) Na2SO4: 8%.
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Form this result we may deduce that there exists a competition
mechanism for the variation of the surface hardness of concrete
under sulfate attack, namely, enhancement effect of delayed
ettringite and weakening effect of damage evolution due to the
expansion force of delayed ettringite. In the first stage of sulfate at-
tack, the nucleation and growth of delayed ettringite crystal fills
the pores of samples. Such a filling effect may lead to decrease of
the porosity of concrete, therefore, the surface hardness of samples
increases. In the second stage, the damage evolution induced by
the expansion force of the delayed ettringite may lead to the
decrease of the surface hardness.

For w/c = 0.4, hydration is not sufficient in the formation
processes. Hence the strength of those samples is lower. In this
case, damage evolution may easily take place under the action of
delayed ettringite. This was why the surface hardness of such
samples monotonously decreases from the beginning of sulfate
attack when they are immersed in the sulfate solution of 8% con-
centration (Fig. 4a).



Table 3
Parameters ai.

w/c Parameters

a0 a1 a2 a3

(a) (Na2SO4: 3%)
0.4 �69.6223 1.2422 �0.00144 3.14 � 10�7

0.6 �19.93974 1.26449 �0.00246 1.98 � 10�7

0.7 �77.6472 1.36273 �0.00141 1.69 � 10�6

0.8 �78.8716 1.37254 �0.00118 7.57 � 10�7

(b) (Na2SO4: 8%)
0.4 �89.32722 1.53379 �0.0007671 5.22 � 10�7

0.6 �36.938 1.33673 �0.0009889 4.56 � 10�7

0.7 �95.7983 1.62922 �0.00104 8.19 � 10�7

0.8 �157.23 2.13677 �0.0049 6.60 � 10�6
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When w/c = 0.7 or w/c = 0.8, the porosity of those samples are
much larger, which supplies sufficient space for the growth of de-
layed ettringite. Hence, the increase of surface hardness of those
samples at the first stage of sulfate attack is much greater than that
of the samples of w/c = 0.4 or 0.6 (shown in Fig. 4c and d).

Fig. 4a, c, and d indicates that the variation of surface hardness
depends on the concentration of sulfate solution. Solution with
higher concentration leads to more quickly decrease of surface
hardness. However, Fig. 3b presented a different situation. When
w/c = 0.6 (Fig. 4b) the initial rebound index of those samples is
greater than that of the others, which implies that the initial com-
pressive strength of this type of samples is greater than that of
other samples. In this case, damage nucleation dose not easily take
place, and the enhancement effect is dominant for the variation of
the surface hardness. Even in the sulfate solution of 8% concentra-
tion, the surface hardness of the samples remains a constant from
t = 28 days to t = 120 days, which is much greater than that in other
cases shown in Fig. 4a, c, and d.

In order to further investigate the growth of chemical reaction
products, the experiment of XRD was carried out. The results for
the sample (numbed Z1) immersed in the sulfate solution of 8%
concentration were plotted in Fig. 7.
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Fig. 9. Variation of R⁄(t) with time. (a) Sample H1 (w/c = 0.4), (b) sample H
Fig. 7 indicated that not only delayed ettringite, but also
gypsum increase with the erosion time. It was well known that
gypsum may supply expansion force within concrete materials,
therefore, the effect of gypsum on the damage evolution in con-
crete attacked by sulfate should be also taken into account.
4. Numerical analysis for attenuation tendency of surface
hardness

Although the decrease of surface hardness is induced by the
evolution of erosion damage, it is still hard to directly determine
the damage evolution by the variation of surface hardness since
its magnitude is oscillating when erosion time t is greater than
the critical time tcr. Therefore, it is needed to select a stable param-
eter to describe the degree of the damage evolution.

In fact, the less the damage evolution, the less the surface hard-
ness decreases, and thus the greater the integrating value of the
surface hardness with respect to time. Hence, a new method of
potential function is suggested to describe the decrease tendency.
In this method, a non-dimensional potential function, /, is defined
as follows:

/ðtÞ ¼
Z t

tcr

R�ðtÞ
t0

dt ðt P tcrÞ ð5Þ

where the positive parameter R⁄(t) = R(t)/R0 is a non-dimensional
surface hardness, and t0 is a reference time (taking t0 = 1 day). It is
easy to see that the greater the /, the less the erosion damage.

According to the experimental results shown in Fig. 3, the
numerical results of / using Eq. (5) is obtained and plotted in
Fig. 8. From Fig. 8 one can see that / is a smooth monotone in-
crease function of time. Although the potential function, / is still
unknown, it can be expanded as a power series of time t as the
following:

/ðtÞ ¼ a0 þ a1ðt=t0Þ þ a2ðt=t0Þ2 þ a3ðt=t0Þ3 þ � � � ðt P tcrÞ ð6Þ

Note that
0 60 120 180 240 300 360

0.0

0.4

0.8

1.2

1.6

2.0
Experiment Na

2
SO

4
: 3%

Experiment Na
2
SO

4
: 8%

Curve fiting Na
2
SO

4
: 3%

Curve fiting Na
2
SO

4
: 8%

Time (days)

b

R
*

0 60 120 180 240 300 360

0.0

0.4

0.8

1.2

1.6

2.0
Experiment Na

2
SO

4
: 3%

Experiment Na
2
SO

4
: 8%

Curve fiting Na
2
SO

4
: 3%

Curve fiting Na
2
SO

4
: 8%

Time (days)

d

R
*

2 (w/c = 0.6), (c) sample H3 (w/c = 0.7), and (d) sample H4 (w/c = 0.8).
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d/
dt
¼ R�ðtÞ

t0
¼ RðtÞ

t0R0
; ðt P tcrÞ ð7Þ

Experimental results shown in Fig. 4 that decrease tendency of
R(t) (t > tcr) is not a linear function, in other word, d//dt is not a lin-
ear function of time. Therefore, the most simple form of / should
be a cubic function. Because of this reason, / is approximately
taken as follows:

/ðtÞ � a0 þ a1ðt=t0Þ þ a2ðt=t0Þ2 þ a3ðt=t0Þ3; ðt P tcrÞ ð8Þ

The coefficients ai (i = 0–3) were determined by the best fit of
the equation with experimental data, as shown in Fig. 8, and listed
in Table 3.

From Fig. 8 one can see that if the solution concentration is 3%
and t = 330 days, the maximum value of / is /|w/c=0.8 = 358.9,
which means that the minimum erosion damage takes place in
samples of w/c = 0.8, since its porosity is much greater than that
of other samples, and the expansion force induced by delayed
ettringite and gypsum is much less than that in other samples.
Otherwise, if the solution concentration is 8% and t = 330 days,
the maximum value of / is /|w/c=0.6 = 313.7. This means that the
minimum erosion damage occurs in samples of w/c = 0.6, because
the initial surface hardness of this type of samples is greater than
that of other samples, indicating that the property of corrosion
resistance of this type of samples is better than that of other
samples.

From Eqs. (5) and (6), the non-dimensional surface hardness of
concrete under sulfate attack may be obtained as follows:

R�ðtÞ ¼ t0
d/
dt
¼ a1 þ 2a2ðt=t0Þ þ 3a3ðt=t0Þ2 ðt P tcrÞ ð9Þ

Eq. (9) can perfectly predict the attenuation tendency of the
surface hardness (shown in Fig. 9), which means that the potential
function method may be used to effectively describe the decrease
tendency of surface hardness of concrete under sulfate attack.

5. Conclusions

This paper has presented a study on the surface hardness of
concrete subject to sulfate attack. The following are the conclu-
sions drawn from this study.

5.1. Under sulfate attack, variation of surface hardness of con-
crete is dominantly caused by the enhancement effect of delayed
ettringite and weakening effect of damage evolution due to the
expansion force of delayed ettringite and gypsum.

5.2. Generally, sulfate attack may be approximately divided into
two stages, in the first stage, the enhancement effect is dominant,
and the surface hardness increases; in the second stage, the weak-
ening effect is dominant, and the surface hardness dose not
increases, or tends to decreases.

5.3. A new method, i.e., /-potential function method, was pro-
posed to analyze the attenuation of rebound index. The smooth
increasing /-potential function and its derivative function can be
applied to effectively describe the attenuation tendency of surface
rebound hardness of concrete materials used in erosion
environment.
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