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Abstract

Corrosion damage in three types of concrete (C25, C45, and CS55), resulting from HCI with various contents, was investigated by
comparing the mechanical properties of different types of concrete and their corrosion damage. The test samples that were cured for 360 days
were exposed in an aggressive environment (with 5%, 10%, 15%, and 20% HCI content, respectively) for 24 h. The mass loss, the dynamic
modulus loss, the flexural strength, and the compressive strength were measured using a series of the etched samples. The results indicate that
the mechanical properties of concrete were degraded with the increasing HCI content of the corrosion medium. The etched samples of both
the high- (C55) and normal-strength concretes (C25) exhibited the similar degradation of compressive strength. On the other hand, due to its
greater sensitivity to defects when bending load is applied, bending strength showed greater decline in the high- than in the normal-strength

concrete, which has greater loss of mass and elastic modulus.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the main causes for deterioration in concrete
structures is the corrosion of concrete due to its exposure to
harmful chemicals that may be found in nature, such as in
some ground waters, industrial effluents, acid rain, acid
mist, and seawater [1]. The chlorides and sulfates belong to
the most aggressive chemicals that affect the long-term
durability of concrete structures. The degradation of a
porous medium depends on two consecutive phenomena:
(1) material transport by diffusion, resulting from concen-
tration gradients between the solid interstitial solution and
the aggressive solution, and (2) dissolution-precipitation
chemical reactions, induced by the concentration variations
reached in the diffusion process. In the presence of waters
containing chlorides, cement mass is chemically exposed to
the pH of the incoming water that produces a progressive
neutralization of the alkaline nature of the cement paste,
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removing alkalies and dissolving portlandite and CSH gel
(dissolution produces the increase in porosity and perme-
ability). In the presence of Cl™, the release of calcium from
Ca(OH), and CSH could be controlled by the precipitation
of alteration solid phases. The chloride dissolved in waters
speeds up the rate of the leaching of portlandite and thus
increases the porosity of concrete, and then leads to the loss
of stiffness and strength. The degradation rate of the
concrete exposing in harmful chemicals depends mainly
on the fraction of the chemicals in water, the exposure time,
and the chemical resistance of concrete. The damage
mechanism and retained strength of concrete structures in
chemical environment therefore has drawn increasing
attention from material scientists and structural engineers
[1-9]. Delpak et al. [2] found that the strength of RC beam
element exposed to an acidic environment was decreased by
20% of initial level, compared with the control element.
Corrosion caused by H,SO,4 has been widely investigated
during the past decades [1,3,7,10—17]. Hidalgo et al. [7]
revealed that the resistance of hardened cement pastes to
chemical attack and physical degradation was due to a
combination of chemical composition and microstructural
factors. Wada and Kawano [3] studied the effect of rice husk
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ash (RHA) addition on the durability of mortar and concrete,
their results revealed that the mass loss of the mortar
immersed in 2 vol.% HCI and 1 vol.% H,SO, solutions
decreased markedly with increasing RHA content in the
mortar. The corrosion damage in concrete was also
evaluated by ultrasound [18], acoustic [19], Koch-Steineg-
ger test method [20].

Because failures of concrete structures are mostly caused
by bending stress, understanding the degradation of flexural
strength and stiffness is of importance for safe application
and lifetime prediction. However, the influence of HCI
corrosion on the stiffness is seldom reported. As two main
factors that control the stiffness of concrete, dynamic
modulus and mass loss, as well as their variation with
HCI content, are investigated in the present work.

This work focuses on exploring the influence of HCI
corrosion on the strength and stiffness of concrete with
various strength grades and the damage degree varying as a
function of the HCI contents. The flexural strength, the
compressive strength, the dynamic modulus of elasticity,
and the mass loss were measured using the etched and
nonetched samples to understand the corrosion resistance of
various types of concrete.

2. Experimental materials and test procedure
2.1. Specimen preparation

Specimens with sizes of 100x100x400 and 100X
100x 100 mm?® were prepared to investigate the degradation
of the mechanical properties of the concrete (curing
ages=360 days, curing in tap water refreshed every week)
corroded in various HCI contents for 24 h. The 360-day
cured samples were used in the corrosion test because the
concrete samples would nearly finish hydration at the age of
360 days, and then, the strength would be stable. As a result,
HCI corrosion tests are not influenced by strength change
with age. Type I portland cement was used as cementitious
materials. The strength properties are shown in Fig. 1, and
the chemical compositions are displayed in Table 1. Washed
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Fig. 1. Measured flexural strength and compressive strength of cement
paste, varying with the curing age.

Table 1
Chemical compositions of Portland cement

Chemical compositions Weight ratio to total

Portland cement [%]

SiO, 21.06
ALO; 6.04
F6203 3.63
CaO 63.98
MgO 2.67
SO3 0.23
K,O 0.67
Na,O 0.25
TiO, 0.32
Loss 1.06
SUM 99.91

river sand with a specific gravity of 2.7 and water absorption
of 1.46% and crushed granite with a nominal maximum size
of 25 mm and a specific gravity of 2.61 were used as the
fine and coarse aggregates, respectively.

Table 2 shows the mixture proportions of the three types
of concrete used in this study. The ratios of water to
cementitious materials, w/cm, were 0.44, 0.52, and 0.7,
respectively. A naphthalene sulfonate-based, high-range
water-reducing agent (HRWR) was used to improve the
workability of all mixtures.

2.2. Test device and procedure

The concrete ingredients were mixed in a forced mixer
with smooth inner surface and blades moisture-conditioned
to avoid adsorption of mixing water. The fresh concrete in
the cuboid molds was compacted using a vibrator to ensure
the uniform distribution of concrete and to reduce the
amount of entrapped air. All molds were stored for 24 h at
a controlled temperature of 20 °C and a relative humidity
of 65% before the specimens were taken out from the
molds. The specimens were then cured in a bath and
maintained at 20 °C in the curing process until they were
removed for testing at the curing age of 360 days. The
cured samples were divided into many groups and then
respectively placed in corrosion solution with various HCI
contents (5%, 10%, 15%, and 20%) to prepare the samples
with different corrosion damage. The flexural strength was
measured using four-point bending tests with an inner span
of 100 mm and outer span of 300 mm. The compressive
strength was measured using uniaxial compression test
with the specimen dimension of 100x100x 100 mm®. The
compressive strength, dynamic modulus of elasticity, and
mass of the etched and nonetched samples were measured
by means of the universal test machine, the apparatus of
dynamic modulus of elasticity, and the balance, respec-
tively. The dynamic modulus of elasticity of the concrete
(100x100x400 mm®) was measured according to a
national standard of China GBJ82-85 [21]. The basic
principle for this test is to determine the elastic modulus
through measuring the basal frequency of the concrete
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Table 2
Concrete mixture proportions per m’
Concrete type. w/c [%] S/A (%) Water [kg] Cement [kg] Fine aggregate Coarse aggregate HRWR?

k. k.

[ke] [ke] [%]b [kg]
C25 70 42 175 250 835 1153 0.5 1.25
C45 52 40 172 330 748 1123 0.5 1.65
C55 44 39 167 380 713 1117 0.5 1.90

S/A Weight ratio of fine aggregate to total aggregate.
? High-range water-reducing admixture.
® Weight ratio of HRWR" to cement.

sample. The etched samples by different HCI contents were
observed using optical microscope with a camera.

3. Results and discussion
3.1. Permeability

Under the impact of HCI, damage induced by surface
denudation, neutralization, and intensive dissolution of
cement stone would occur in the concrete structure. The
permeability of concrete is mainly attributed to the
diffusivities of aggressive ions in concrete, which depends
on material microstructure and fluid properties. However,
in general, chemical reactions are much faster than the
diffusion rate, and thus, the overall rate of the degradation
processes will be governed by the slower diffusion of one
of the species (reactant or product). The diffusivities of
chloride ion have significant effect on the corrosion
resistance of concrete to HCl. As a result, the Nernst—
Einstein—Lu method [22] was used to measure the
diffusion coefficients of chloride ion in the three types of
concrete in this study. The results shown in Table 3
suggested that the diffusion coefficient of chloride ion
decrease with increasing strength grade of the concrete and
implied that the normal-strength concrete (C25) showed
greater mass loss caused by HCI corrosion.

3.2. Mechanical properties

3.2.1. Original flexural and compressive strengths

Fig. 2 shows the flexural strength measured from three
types of concrete (C25, C45, and CS55) and their variation
with the curing ages. It was noticed that the flexural strength
of the three types of concrete was greatly enhanced during
the curing period of 28 days and then kept very slight
enhancement up to 360 days.

Table 3
Diffusion coefficients of chloride in three types of concrete measured by the
modified Nernst-Einstein method

Concrete type C25 C45 C55
Diffusion coefficients of chloride [10~% cm?/s]  5.60  3.84 271

The relationship between the measured compressive
strength and curing ages for the three types of concrete is
shown in Fig. 3. It indicated that the measured compressive
strength of the concrete approximately keeps a linear
increase from 7 to 360 days.

3.2.2. Flexural and compressive strengths after HCI
corrosion

Figs. 4 and 5 show the influence of corrosion with
various HCIl contents on the flexural and compressive
strengths, respectively. It was noticed that the law of the
strength degradation depended on both the strength grades
of the concrete and the HCI content of corrosion. The loss of
the flexural strength as a function of HCI contents for the
three types of concrete is shown in Fig. 6. On the basis of
the data fitting, the strength variation with the HCI content
of the corrosion resolution was approximately described by
an exponential function,

f=4e” (1)

where 4 and B are constants related to strength grades of the
concrete, f is the measured strength, and x is HCI contents
(5%, 10%, 15%, and 20% were used in this study).

It is obvious that the measured strength loss increased
with increasing HCI content from 0% to 20% in this study.
Based on the experimental data, the parameters 4 and B
were estimated so that the flexural and compressive
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Fig. 2. Measured flexural strength of three types of concrete (C25, C45, and
CS55) vs. the curing age.
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Fig. 3. Measured compressive strength of three types of concrete (C25,
C45, and C55) vs. the curing age.

strengths for three types of concrete were described
approximately as follows:

fi = 6.3694¢ 004 R* = 8804  for C25 (2 —a)
fi = 8.1765¢ 700802 R2 — 9954 for C45 (2 —b)
fi =9.5024¢ 010 R2— 9644  for C55 (2-—¢)
fo=55871e %19 R?=9779  for C25 (3 —a)
fo = T4.14¢ 012662 R*=.9549  forC45 (3-b)
fo=181.867¢ %078 R?— 8607  for C55 (3 —c)

where f¢ is the measured flexural strength, f is the measured
compressive strength, and x is the HCI content. It can be
seen from the above functions that the correlation coef-
ficients, R?, are all higher than 85%, which indicate that the
formula listed above coincide with the experimental data.
The remarkable degradation of flexural strength in C55
samples and relatively less strength loss in C25 samples
indicate that the high-strength concrete is more sensitive to
the HCI corrosion than the normal-strength concrete is. It

10
= 24 hours in HCI solution mC25
E 8 W C45
et ocss
% 6
=
[-5]
&
2t
=
St
g
5 2
&=

0

5% 10% 15% 20%

HCI solution

Fig. 4. Measured flexural strength of three types of concrete (C25, C45, and
C55) etched for 24 h, showing the strength degradation with increasing HCI
contents.
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Fig. 5. Measured compressive strength of three types of concrete (after
corrosion of 24 h), showing the strength degradation with increasing HCI
contents.

was noticed that, after the corrosion in 20% HCI for 24 h,
the measured flexural strength of the three types of concrete
were almost at the same level.

On the other hand, the degradation of the measured
compressive strength with increasing HCl contents shows
similar law for the three types of concrete. The different
influences upon the flexural and compressive strengths
implied that the damage result from HCI corrosion is more
dangerous for concrete structure subjected to tensile load
than that subjected to compressive load.

3.2.3. Relative dynamic modulus of elasticity

The measured dynamic modulus of elasticity as a
function of HCI contents is shown in Fig. 7. It is interesting
that, with the increase of the HCI content, the degradation of
the measured dynamic modulus of the high-strength
concrete is lower than that of the normal-strength concrete,
although the measured flexural strength of C55 concrete
degraded faster than that of the C25 concrete. This is
probably due to deeper corrosion in C25 concrete, which
has high permeability, which leads to greater loss of the
dynamic modulus and mass, while the higher defect
sensitivity of the high-strength concrete results in the fact
that the flexural strength degraded faster in C55 concrete
than in C25 concrete after the same corrosion. In some
cases, the flexural strength was not considered [20] as a
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Fig. 6. Flexural strength loss of three types of concrete corroded for 24 h,
varying with various HCI contents.
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Fig. 7. Measured dynamic modulus of elasticity of three types of concrete
(C25, C45, and C55) corroded for 24 h and their variation with HCI
contents.

good parameter to evaluate the degradation degree of
cement paste in acid medium due to two effects were
supposed to take place, with opposite consequences on the
measured flexural strength as a result of acid attack: the
densification of the cement paste in the specimen core and a
degradation of the outer surface with loss of resistance.
Experimental results drawn from this study, however, did
not confirm the densification of the cement paste in the
specimen core. Meanwhile, as shown in Fig. 7, the influence
of HCI corrosion on the stiffness of concrete can be
characterized by the loss of the dynamic modulus of
elasticity. Elements in the cement, with the exception of
the alkaline salts, generally remain in the form of sparingly
soluble hydroxides. These hydroxides, in some cases
together with nonsoluble Ca salts, form a loose slime
coating on top of the unreacted concrete. This coating
provides a certain protection against continued destruction
because the aggressive acid must first diffuse through the
hydroxide layer before it can reach and attack the
undamaged concrete. In other words, the layer delays the
attack.

3.2.4. Surface damage and mass loss

The samples from the three types of concrete subjected to
HCI corrosion for 24 h were examined by optical micro-
scope, and the surface damage is shown in Fig. 8. The
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Fig. 9. Measured mass loss of three types of concrete (C25, C45, and C55)
after corrosion in various HCI contents for 24 h.

surface cavity caused by the HCI corrosion in C25 concrete
was obviously larger than that in C55 concrete. This
phenomenon confirmed that the mass loss of the normal-
strength concrete is more serious than that of the high-
strength concrete. It was found that the degree of the
corrosion damage decreases with increasing depth. A
deteriorating effect of HCIl corrosion is highest at the
surface of the samples. The mass loss versus HCI content is
shown in Fig. 9, which indicates that the measured mass
loss is in converse proportion to the strength grade of
concrete. A main reason for the fact abovementioned is that
the normal-strength concrete has higher permeability of
chloride than the high-strength concrete does. Our experi-
ments using modified Nernst-Einstein method [22] pro-
vided evidences that the diffusion coefficients of chloride
increased with decreasing strength grade of concrete, and
the results are listed in Table 3.

4. Conclusion

The damage resulted from HCI corrosion is dangerous
for safe application of concrete structure, especially when
the structure is subjected to tensile or bending load. After
HCI corrosion, the flexural strength loss of the high-strength
concrete is larger than that of the normal-strength concrete,
which indicates that the sensitivity to HCIl corrosion

Fig. 8. The profiles of C25 and C55 concrete after corrosion in various HCI contents (from 0% to 20%) for 24 h, showing different surface damages.
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increases with increasing strength grade of concrete. The
measured compressive strength of the three types of
concrete (C25, C45, and C55) exhibited similar degradation
trend with growing HCI content. The strength degradation
was approximately described as an exponential function of
HCI content. The experiments demonstrated that surface
corrosion caused by HCI solution strongly affects the
flexural and compressive strengths and the elastic modulus
of concrete, and that the effect degree is an increasing
function of the HCI content. The study revealed that the
degradation of the flexural strength was more remarkable
for the high-strength concrete than for the normal-strength
concrete due to higher defect sensitivity in the high-strength
concrete than in the normal-strength concrete. On the other
hand, the loss of both the mass and the elastic modulus,
caused by HCI corrosion, was in reverse proportion to the
strength grade of concrete. The tests of the diffusion
coefficient of chloride by using modified Nernst-Einstein
method demonstrated that the greater mass loss occurred in
the normal-strength concrete was due to higher chloride
permeability in C25 concrete.
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