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This paper presents an integrated investigation of deterioration process of corroded concrete by experiments a%

theoretical model. First of all, the porosities of concrete samples with different corrosion periods were measured by the mercury
intrusion porosimetry (MIP). Then the distribution of sulfate ions in the concrete was measured by the spectrophotometric
method. Afterwards, the compressive strength were measured. The results indicated that the porosity and the compressive
strength of concrete in water firstly increased and then progressively stabilized at a constant value due to the hydration of
cement. However, those values of concrete soaked in 5wt.% Na,SO, solution increased and then decreased, resulted from the
combination of cement hydration and the corrosion of sulfate ions. Moreover, a Stratified-Theoretical calculation model was
established with the input parameters of corrosion depth of sulfate ion, length of concrete specimen, strength of concrete
immersed in water and in sulfate solution. At last, the corrosion resistance coefficient of corrosion layer was firstly put forward
Qevaluate the deterioration process of concrete with high effectiveness.
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1. Introduction

Concrete is the most commonly material used
in construction field. As known, sulfate as a
corrosive media, was one of the most destructive
objectives for concrete [1]. Therefore, the studies
on deterioration mechanism and properties
variation of concrete caused by sulfates has been
conducted for decades.

Owing to chemical shrinkage, dry shrinkage,
autogenous shrinkage and loading, the micro-
cracks developed in concrete inevitably [2-5]. When
concrete contacted with external sulfate solution,
the sulfate ionic concentration gradient between the
external solution and the internal solution of
concrete formed, resulting in the progressive
diffusion of sulfate ions from high concentration
zones to low concentration zones through the
cracks and the pore structures [6,7]. Studies [8-11]
pointed that the external sulfate ions reacted with
the cement hydration products to generate ettringite
and gypsum. As ettringite and gypsum grew, the
swelling stress gradually exceeded the ultimate
tensile strength of the concrete, causing further
cracking. Moreover, the new generating micro
cracks accelerated the transport of sulfate ions and
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the deterioration process of concrete [12].

Clifton [13] established a chemical-
mechanical analysis model to study the relationship
between the volume change of expansive products
and the strain in the cement-based material under
sulfate attack. Additionally, many scholars [14-21]
built transport—chemical-mechanical models in the
basis of the volume change caused by the
resultants (ettringite and gypsum) and the transport
characteristics of sulfate ions to quantitatively
predict the deterioration process and the
mechanical properties of concrete attacked by
sulfate. However, the existing models cannot
accurately reveal the damage evolution of concrete
due to a lot of unresolved issues, such as
subsequent corrosion of concrete, decalcification of
C-S-H , leaching of portlandite [22,23] and crystal
growth of mirabilite [24].

In this study, the mercury intrusion
porosimetry (MIP), the distribution of sulfate ions
and the compressive strength were measured. In
order to accurately describe the damage evolution
of concrete, the corroded cubic concrete samples
were divided into corrosion layer and non-corrosion
layer and a Stratified-Theoretical calculation model
was established. At last, the corrosion resistance




74 Yue Li, Zhongzheng Guan, Zigeng Wang, Peng Wang, Guosheng Zhang, Qingjun Ding / A stratified — theoretical calculation

model of concrete under external sulfate attack

Table 1
Mineral composition of cement.
Composition CsS CsA C,AF
Content(%) 63.94 7.41 11.86
Table 2
Mix proportion of concrete samples.
W/C Water(kg/md) Cement(kg/m?®) Sand(kg/m®) Gravel(kg/m?®)
0.53 200 750 1125

coefficient were calculated to evaluate the
deterioration process of the concrete.

2. Materials and sample preparation
2.1. Materials

Pl 52.5 Portland cement was used in this
study with the mineral compositions shown in
Table 1. Natural river sand with fineness modulus
of 2.7 and mud content of less than 1 wt.% was
utilized. The size distribution of the gravel was
5~20 mm and the mixing water was tap water. The
mix design of the concrete is shown in Table 2.

2.2. Sample preparation

The original concrete sample was cubic with
a dimension of 100 mmx100 mmx100 mm. All the
samples were stored at 20+2°C for 24h before
demolding, then cured for 7 d with standard curing
condition (20£2°C, relative humidity of 95%). In
order to obtain the one-dimensional distribution of
sulfate ions in corroded concrete samples, two
opposite faces of each sample were exposed to air
and the other four surfaces were sealed with epoxy
resin before immersed in solutions. The samples
were divided into two groups, including immersed
in Na2SOs solutions with the concentration of 0
wt.% (water) and 5 wt.% at 20+2°C for different
periods. The Na2SO4 solution was replaced every 7
d to ensure a constant concentration.

In this study, three different experiments
were conducted, including MIP, distribution of
sulfate ions and compressive strength. For MIP
test, the selection and preparation of the concrete
samples is shown in Fig. 1. Firstly, the concrete
cubic sample was perpendicularly cut with the
corroded surface as shown in Fig. 1 (a). Then a
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small cubic samples with 10 mmx10 mmx10 mm
was cut off from the cubic sample as shown in Fig.
1 (b). Fig. 1 (c) exhibits the sample for MIP test. In
order to obtain the distribution of sulfate ions, the
powders of each sample were obtained by a
concrete bench drill with the sampling depth of 0
mm, 1.5 mm, 3.5 mm, 7.5 mm, 12.5 mm, 17.5 mm,
22.5 mm and corrosion periods of 0 d, 30 d, 120 d.
For the uniaxial compression test, 3 cubic concrete
samples were selected for each group with the
corrosion period of 0 d, 10 d, 20 d, 30 d, 40 d, 60
d, 90 d, 120 d, 150 d and 180 d, meaning 60
samples in total.

3. Experimental analysis
3.1. Porosity

An Auto Pore IV9500 mercury intrusion
porosimeter (MIP) produced by MICROMERITICS
Co., USA was used to measure the porosity of the
concrete samples. Fig. 2 shows that the porosities
of the concrete samples over corrosion periods.
The porosity of concrete samples soaked in water
decreases promptly at the early stage (before 60
d) because of the further hydration of cement.
After 60 d, the rate of corrosion significantly
decreases and the porosity of concrete stabilizes
at approximate 13.65% because the hydration of
cement gradually completed over time. However,
the porosity of concrete samples immersed in 5
wt.% Na2SO4 solution drops faster than that
soaked in water at the early stage, caused by the
combination of the hydration of cement and the
generation of expansive products. Then the
porosity reaches the lowest value of approximate
7.86% at 60 d, decreasing by about 45% of the
porosity (14.27%) of concrete samples soaked in
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Fig. 1 - Samples selection and preparation: (a) Concrete sample; (b) Cutting perpendicularly to the exposed surface; (c) Samples for

SEM and MIP.
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water with the same period. With increase of the
corrosion time, the porosity gradually exceeds the
value of the water group. The porosity of the
concrete sample in 5 wt.% Na2SOs4 solution is
14.42% at 120 d, which is greater than that in
water at 120 d with the value of 13.67%. The
difference between the porosity of concrete sample
in 5 wt.% Na2SOs solution and that in water is
4.87% at 180 d.
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Fig. 2 - Variation in the concrete’s porosity over time.

3.2. Distribution of sulfate ions

The spectrophotometric method was
adopted to measure the mass fraction of sulfate
ions in concrete samples in this section. Fig. 3
shows the concentration variation of sulfate ions in
the concrete samples with different corrosion
periods. Firstly, the concentration of sulfate ions in
concrete sample with corrosion period of 0 d is
approximate 0.3% due to original sulfate ions
existing in the cement. After the corrosion of 30 d,
the concentration of sulfate ions in the sample
surface is 1.5% which is much higher than that in
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the interior of concrete sample. In addition, with
the increase of depth to the sample surface, the
concentration of sulfate ions decreases, reaching
to a stable value of 0.3%. The corrosion depths of
sulfate ions in concrete samples with corrosion
periods of 30 d and 120 d are 9.49 mm and 16.44
mm, respectively. It can be found that the
concentration of sulfate ions in the concrete
sample at the same depth increases with the time
of corroded in 5 wt.% Na2SO4 solution.
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Fig. 3 - Distribution of sulfate ions in concrete.

3.3. Compressive strength

The compressive strength of the cubic
concrete samples was tested by a microcomputer -
controlled electro - hydraulic servo pressure
testing machine (YAWG6303) with a constant
loading of 0.5 MPa. Table 3 shows the
compressive strengths of concrete samples with
different corrosion periods. It is seen that f,, and f¢
are the average compressive strengths of concrete
samples in water and 5 wt.% Na2S0s4 solution,
respectively. Ss and Sy are the standard

Table 3
The compressive strength of concrete samples

f (MPa) furt fu2 fus fuw Sw fe1 feo fes fe Sk
0d 33.45 36.08  34.27 34.60 1.35 3345 36.08 34.27 34.60 1.35
10d 38.68 37.92 4298 39.86 2.73 43.13  41.06 39.83 41.34 1.67
20d 42.39 4528 46,52  44.73 2.12 4563  48.21 47.82  47.22 1.39
30d 47.65  46.89  48.08 4754 0.60 50.35 52.25 51.57 51.39 0.96
40d 48.06 48.86 49.33  48.75 0.64 54.62 57.86 53.39  55.29 2.31
60d 49.15 4796 4956  48.89 0.83 57.28  59.26 58.06 58.20 1.00
90d 47.69 48,58 50.52  48.93 1.45 54.92 52.36 55.17  54.15 1.56
120d 4827 4956  48.66  48.83 0.66 50.05 5226  49.88 50.73 1.33
150d 49.69 50.58  47.75  49.34 1.45 46.18  48.82 50.35  48.45 2.1
180d 50.69  48.39  48.88  49.32 1.21 46.56 4489 4733  46.26 1.25
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deviations of the compressive strengths of the
concrete samples in water and 5 wt.% Na2SO4
solution, respectively. The standard deviations
within 2.5 are much smaller than the average
values, indicating that the data are reliable. The
compressive strength of concrete samples soaked
in water undergoes a process of increasing first,
then gradually stabilizing at a constant of 48.8
MPa. However, the compressive strength of
concrete samples in 5 wt.% Na2S04 solution
rapidly increases at the early stage, reaching peak
of 58.2 MPa at 60 d. Compared to the group of
concrete samples in water, the compressive
strength soaked in 5 wt.% Na2SOs solution
increases by 21.7% at 60 d. After corroded of 60 d,
the compressive strength of the concrete sample
decreases and the value is lower than that soaked
in water after 150 d. With the increase of soaking
time, the downward trend develops more
apparently. It can be deduced that the compressive
strength of concrete samples are consistent with
the changes of the porosity [25].

4. Establishment of the Stratified-Theoretical
calculation model

In this section, the mechanism basis is the
Fick’s second law of diffusion, the modified sulfate
ion diffusion coefficient and the corrosion depth of
sulfate ions obtained from the first two factors.
Then based on the corrosion depth of sulfate ions,
the concrete attacked by sulfate is divided into non-
corrosion layer and corroded layer. Subsequently,
a Stratified-Theoretical calculation model was
established with the input parameters of corrosion
depth of sulfate ion, the length of concrete
specimen, the strength of concrete immersed in
water and in sulfate solution. The output results of
the model were the compressive strength of the
corroded layer and the corrosion resistance
coefficient of concrete attacked by sulfate.

4.1. Calculation of sulfate ion diffusion
coefficient and corrosion depth
The Fick’s second law of diffusion was used to
describe the transport behavior of sulfate ions in
Na2SOs solution. The sulfate concentration can be
expressed as

C(x,0)=C, +(C, - CO){I - erf(z—\/xD_tH (1)

where C(x,f) represents the sulfate concentration of
the sample with depth of x below the surface at
time t, %. t is the diffusion time, d. Co is the initial
concentration of sulfate ions in concrete, %, Co
=0.3. Cs denotes the surface concentration of
sulfate ions, %, Cs =1.5. D is the sulfate ion
diffusion coefficient, mm?/d. In this study, D was
calculated based on the sulfate ions concentrations
of the seven points at 30 d in Fig. 3. For the point
(1.5,1.054), the variable D(1.5,30) was calculated
as 0.123 mm?/d at 30 d by Eq.(1). Then the other
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six values of D were calculated, averaged as 0.122
mm?/d at 30 d. In the same way, D was 0.099
mm?/d at 120 d. In addition, when C(x,30)=0, the
corrosion depth of sulfate ions was 9.21 mm at 30
d by Eq. (1). The corrosion depth of sulfate ions
can be calculated by Eq. (2) [26]

b= /2Dct 2
a

where h is the corrosion depth of sulfate ions, mm.
c is the mass concentration of sulfate ions in the
solution, %. a is the capacity of concrete to absorb
sulfate ions. Given ¢=0.05, t=30d, D=0.122mm?/d
and h=9.21mm, a was calculated as 4.315x10-3,

Owing to the hydration of cements and the
complicated physical and chemical behaviors of
sulfate ions in concrete, the changes of the pore
structure and porosity led to the variation of
concrete density. Thus, the diffusion coefficient of
sulfate ion changed over time. So the time
variation coefficient m was introduced to optimize
D, as shown in Eq. (3)

4
D, =D, (70)'" @)

where D is the diffusion coefficient of sulfate ions
at time t, mm?2/d. Do is the diffusion coefficient of
sulfate ions at time t, mm?2/d. m is the time
variation coefficient. Given =30 d, Do=0.122
mm?2/d, t=120 d, D120=0.099 mm?2/d, m was
calculated as 0.13. Then Eq. (3) can be expressed
as

0.13
D, = 0.122(?] (4)

The change in the sulfate ion corrosion
depth h can be obtained from Egs. (2) and (4). The
theoretical values and experiment values of the
sulfate ion corrosion depth are shown in Fig. 4.
The sulfate ion corrosion depth of the theoretical
values are 9.21 mm and 16.63 mm at 30 d and
120 d, which are close to the experiment values
9.49 mm and 16.44 mm at 30 d and 120 d,
respectively. Therefore, the theoretical values can
be used as the corrosion depth for the following
section.
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Fig. 4 - Variation in the erosion depth of SO, over time.
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4.2. Establishment of the Stratified-Theoretical
calculation model based on the corrosion

depth
The sulfate ions reacted with hydration
products of cement to create expansive

productions in the concrete. With the amount of
expansive productions increasing, the same region
of the concrete experienced the process from
densifying to cracking. Due to the sulfate ion
diffusion, the corrosion of concrete occurred from
the exterior to the interior and the corrosion layer of

concrete progressively thickened. In order to
establish the Stratified-Theoretical calculation
model and obtain the corrosion resistance

coefficient of the corrosion zone of the concrete
samples, the following assumptions were drawn:

1) The initial micro-pores and micro-cracks
were uniformly distributed in the concrete matrix.

2) The cubic concrete sample was defined as
non-corrosion layer lo and corroded layer It (dense
zone I and cracking zone lr).

3) The expansion and the damage from the
reaction between sulfate ions and hydration
products of cement in the concrete were uniform in
the same layer.

In the early stage of cement hydration,
sulfate ions diffused into the concrete surface,
reacting with Ca2* and [AI(OH)]?* in pore solution to
form ettringite and gypsum as the expansive
products filling the pore structure of the concrete
surface zone and enhancing the degree of
compactness. This stage was called strengthening
stage and the corresponding zone experiencing
this process was called dense zone, I (Fig. 5 (a)).
Subsequently, the corrosion depth of sulfate ions
gradually increased and the dense zone of
concrete migrated into the interior of concrete.
Meanwhile, the ettringite crystallites gradually grew
to trigger the swelling stress and micro-cracks in
the external region around the dense zone, turning
the external area of the dense zone into cracking
zone, shown in Fig. 5 (b). Fig. 5 (c) displays the
sulfate-attacked concrete sample with corrosion
layer and non-corrosion layer. This stage was
called deterioration stage. In the strengthening
stage, the corrosion zone of the concrete was the
dense zone. In the deteriorating stage, the
corrosion zone of the concrete was the dense zone
plus cracking zone.

model of concrete under external sulfate attack

The corrosion depth of sulfate ions can be
used as an effective parameter to evaluate the
mechanical properties of concrete corrosion zone
[1]. The chemical reaction rate of sulfate ions was
much faster than the diffusion rate [1, 26].Then the
thickness of corrosion layer of concrete dr can be
obtained from the corrosion depth by Eq.(5).

d,=h (6)

where dr is the thickness of concrete corrosion
layer and h is the corrosion depth of sulfate ions,
mm.

According to Fig. 5 (c), the compressive
strength of concrete under external sulfate attack
can be expressed as:

¢ A (6)
where fc, fo, and f; are the compressive strength of
the total zone, non-corrosion layer and corrosion
layer of concrete subjected to sulfate attack, MPa,
respectively. f, is the compressive strength of
concrete in water, so fo=f,. A, Ao, and A are the
area of the entire zone, non-corrosion layer and
corrosion layer of concrete, mm2, respectively. In
this study, A=L2, Ao=(L-2dy?, Ar =A-Aoc=4h(h-dy).
Moreover, the model can be used as the cylinder
specimen by changing the length of concrete cubic
specimen L to the diameter of concrete cylinder
specimen R. The chemical reaction rate of sulfate
ions was much faster than the diffusion rate [1,
21]. The compressive strength of the concrete
corrosion layer obtained by Eq. (6) is:

A—f A

ff:f; fw 0 (7)
Af

The compressive strength variation of the

corrosion layer was the result of the hydration of
cement paste and the corrosion of sulfate ions.
Then the change of compressive strength in
corrosion layer caused by sulfate ions is:

fs = ff _fw (8)
where fs is the change of compressive strength in
the corrosion layer, MPa. To describe the change
in compressive strength of the concrete corrosion

layer over time, the corrosion resistance coefficient
of concrete is defined as

Izl Io %/I/ﬂ Io T I -
(lxl d (lf -
d; \ / ' 5
< L = ! L [ L
(a) (b) (c)

Fig. 5 - The corrosion process of concrete: (a) The strengthening stage; (b) The deterioration stage; (c) The schematic diagram.
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The compressive strength fr and the corrosion resistance coefficient kr of the concrete corrosion layer. Table 4
f (MPa)
t(d) h(mm) ke (%)
fw fe fy

0 0.00 34.6 34.6 - -
10 5.90 39.86 41.34 46.52 -
20 7.76 44.73 47.22 53.43 20
30 9.21 47.54 51.39 59.13 29
40 10.42 48.75 55.29 66.35 60
60 12.39 48.89 58.20 70.45 20
90 14.71 48.93 54.15 59.33 -37
120 16.63 48.83 50.73 52.26 -23
150 18.28 49.34 48.45 47.85 -16
180 19.75 49.32 46.26 44.49 -11

. fS(n+l) _fS(n)
! ]:’l+l 4y
where Kk; represents the corrosion resistance
coefficient of concrete. fsi+1) and fs(,) represent the
change of compressive strength in the corrosion
layer at time T,+1) and T, MPa, respectively.

x100%  (9)

5. Analysis of corrosion mechanism based on
the Stratified-Theoretical calculation model

Based on the Stratified-Theoretical calculation
model, the corrosion depth of sulfate ion in Fig. 4
and the average values of the compressive
strength in Table 3, the compressive strength f; in
the corrosion layer was calculated by Egs. (7) and
the corrosion resistance coefficient ki was
calculated by Egs. (9). All the results are displayed
in Table 4. It is observed that in 5 wt.% Na2SO4
solution, f firstly increases, reaching a maximum
value of 70.45 MPa at 60 d, then dropping to the
lowest value of 4.49 MPa at 180 d. kr increases
constantly in the first 40 d, indicating that
compressive strength of the corrosion layer
increases over time with an increasing growth rate
at the strengthening stage. Then kr with positive
values noticeably reduces at 60 d, compared with
the value at 40 d. It means that the compressive
strength of the concrete corrosion layer still grows
with a decreasing growth rate. After the corrosion
period of 60 d, the concrete corrosion layer
includes dense zone and cracking zone. After the
corrosion of 90 d, the values of k; are negative,
indicating that the damage of concrete caused by
the expansion cracking zone played a critical role
and the concrete started to enter the deteriorating
stage.

6. Conclusions

In this paper, MIP, distribution of sulfate
ions and compressive strength of the concrete
under sulfate attack were measured.
Subsequently, a Stratified-Theoretical
calculation model of concrete was
established. Then the corrosion resistance
coefficient as the output of the model was
presented to evaluate the deterioration process of
the concrete. The conclusions can be drawn as
follows:

(1) The porosity variation of concrete soaked
in water firstly increases and then progressively
stabilizes at a constant value. However, the
porosity variation of concrete soaked in 5wt.%
Na2S0Os+ solution decreases after the initial
increase.

(2) The variations of the compressive strength
of concrete are essentially consistent with the
change of the porosity variations of the corroded
concrete.

(3) The corrosion resistance coefficient kr can
be used to precisely evaluate the deterioration
process of concrete under Na2SO4 solution attack.
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