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Abstract: A preloading frame is firstly designed to accurately apply external flexural stress to concrete specimens. Then a
method is developed to measure one and two dimensional (1D and 2D) chloride ion concentrations at different distances from the
surface of concrete under flexural stress. Using this method and the preloading frame, 1D and 2D stress-diffusion is systematically
investigated for fly ash concretes made with different fly ash contents (0%, 10%, 20%, 40%, and 60%), and water to binder ratios
(0.3, 0.35, and 0.4). The stress accelerating effect on 1D and 2D chloride ion diffusion is also quantitatively analyzed through a
comparison between stress-diffusion and nonstress-diffusion. A diffusion accelerating effect caused by external flexural stress can
clearly be observed through the comparison. In order to quantify the stress accelerating effect, a stress accelerating factor is
proposed in this paper. The relationship between stress accelerating factor and external stress-to-ultimate stress ratio is given as an
exponential function. Finally, the process of the initiation, prorogation, and distribution of microcracks on the tensile face of
specimen is observed in-situ by using a small-sized loading frame and scanning electron microscope (SEM). The above research
provides an insight into chloride attack on the edge reinforcing bars of concrete structures under flexural stress, such as large-span
beam and board in the field of civil engineering.
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1 Introduction concrete structures (Tang and Nilsson, 1993; Maage

et al., 1996; Mehta, 1997; Weyers, 1998; Liang et al.,

Chloride ion induced corrosion is a primary
cause of the durability deterioration in reinforced
concrete structures (Mehta, 1997). Since the 1960s,
studies on chloride ion diffusion in concrete have
been becoming a topic of interest in the area of con-
crete structural durability. Many experimental results
and conclusions about chloride ion diffusion charac-
teristics in concrete have been obtained and success-
fully applied in the service life prediction of field
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1999; 2009; Khatri and Sirivivatnanon, 2004;
Friedmann et al., 2004; 2008; Suwito and Xi, 2008;
Darmawan, 2010). However, it can be found that
these observations are mostly obtained by one di-
mensional (1D) diffusion tests on concrete exposed to
chloride salt solution. As it is well known, some im-
portant locations of the field concrete structures such
as the corners or edges of beams and columns are
subjected to the simultaneous attack of two dimen-
sional (2D) chloride ion flows. The 2D diffusion of
the edge concrete is quite different from 1D diffusion
of the other locations. In practical engineering, the
diffusion rate and depth of the edge concrete exposed
to 2D chloride ion flows are much larger than those of
the other concretes only exposed to 1D chloride ion
flow. The steel bars embedded in the edge concrete
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are easily corroded initially, which can be found in
many investigative reports across the world (Maage et
al., 1996; Zhang et al., 2011). Thus, it is very impor-
tant to study the 2D diffusion of concrete exposed to
chloride salt solution. In addition, concrete structures
normally bear certain levels of loads in actual opera-
tions. Consequently, the chloride ion induced corro-
sion of the field concretes should be a consequence of
the combined actions of loads and 1D or 2D chloride
ion diffusion. In addition, use of fly ash as a cement
replacement material has become common practice in
marine concrete structure in recent years (Dhir and
Jones, 1999; Thomas and Bamforth, 1999; Montemor
et al., 2002; Choi et al., 2006; Chalee et al., 2007,
Chindaprasirt ef al., 2007; Rukzon and Chindaprasirt,
2008). Fly ash is used in concrete for economical and
environmental reasons. Moreover, the fly ash parti-
cles react with calcium hydroxide producing hydra-
tion products that strongly decrease concrete porosity.
This leads to smaller chloride diffusivity and higher
resistivity, and therefore, the fly ash concrete are less
susceptible to the ingress of harmful chloride ions.
There are some long-term field and laboratory studies
of chloride ingress in fly ash concrete (Dhir and
Jones, 1999; Thomas and Bamforth, 1999; Montemor
et al., 2002; Choi et al., 2006; Chalee et al., 2007,
Chindaprasirt et al., 2007; Mien et al., 2009; Rukzon
and Chindaprasirt, 2009). Whereas few papers are
available on 1D chloride ion diffusion of fly ash
concrete under loads, not to mention 2D diffusion

under loads (Dhir and Jones, 1999; Thomas and
Bamforth, 1999; Chalee et al., 2007; Chindaprasirt et
al., 2007).

2 Materials and methods
2.1 Materials

A Chinese standard (GB175, 2007) graded 42.5
P II type Portland cement with the compressive
strength of 47.6 MPa at 28 d is used, similar to ASTM
C150 (2005) type II cement.

Grade 1 fly ash (GB/T1596, 2005), similar to
class F fly ash according to ASTM C593 (2006), is
supplied by Nantong Power Plant, Jiangsu Province,
China. River sand with fineness modulus of 2.6 and
continuous grade crushed basalt stone with a maxi-
mum size of 20 mm are used as fine and coarse ag-
gregates. A polycarboxylic-type superplasticizer with
water reducing ratio of 25.8% is used, and the amount
is adjusted to keep the slump of fresh concrete mix-
ture in the range of 200-220 mm. The chemical
composition and physical properties of raw materials
are listed in Table 1.

2.2 Specimen preparation

A total of six batches are made in this study. The
details of experimental program are given in Table 2.
Batch “FAO00I35” to batch “FA60135” are used to
compare the influence of fly ash content (0%, 20%,

Table 1 Chemical composition and physical properties of raw materials

Raw Chemical composition (%) Specific surface Water demand
material ~ S$i0, ALO;  Fe,0;  TiO, CaO  MgO SO; Loss area(m’/kg) ratio (%)

PC 21.47 5.80 4.04 — 59.64 3.24 2.08 244 310 —

FA 4538 33.53 5.29 4.71 3.16 2.81 043 530 345 95

PC: Portland cement; FA: Grade I fly ash

Table 2 Experimental program

Batch Binde}r Fly ash Water to. Workability (mm)  Mechanical strength at 28 d (MPa)
(kg/m”)  Type Content (%) binderratio Slump Flowability Compressive Flexural
FA00135 458 I 0 0.35 205 550 77.0 9.85
FA20135 458 1 20 0.35 205 530 72.2 5.44
FA40135 458 1 40 0.35 210 580 65.5 498
FA60135 458 1 60 0.35 220 585 55.1 4.39
FA40130 458 1 40 0.30 205 530 64.9 5.73
FA40140 458 1 40 0.40 210 590 61.6 4.72

FAxxlyy: FAxx represents the fly ash content (xx), I represents Grade I fly ash, and yy represents water to binder ratio
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40%, and 60%). Batches “FA40130”, “FA40I35”, and
“FA40140” are specifically designed to investigate
the effect of water to binder ratio (W/B) (0.30, 0.35,
and 0.40). The mass ratio of sand-to-(sand+stone) is
maintained at 0.385 for all the batches.

2.3 Experimental program

According to Chinese standard test method
JTJ270-98 (1998) and the mixture proportions in
Table 2, fresh concrete mixtures are made in a com-
pulsory planetary mixer. Then cubic concrete speci-
mens with a size of 70 mmx70 mmx250 mm are cast,
and then kept at room temperature for 24 h. Thereaf-
ter, the cubic specimens are demoulded and cured
under the conditions of (20+3) °C and >95% relative
humidity (RH) for 28 d.

2.4 Method
2.4.1 Chloride ion diffusion test under flexural stress

Concrete specimens are taken from the curing
room at 28 d, then are oven-dried at 60 °C for 48 h,
and coated with gas-tight epoxy resin on the specified
faces according to the 1D or 2D chloride ion diffu-
sion, which is subsequently described in detail. The
flexural stress is applied to the above treated speci-
mens. After that, the preloading concrete specimens
are placed together with the loading frame into chlo-
ride solution (NaCl solution: 350 g/L) for 1, 3, 6, 9,
and 12 months, respectively. In order to keep the
constant ClI concentration, the NaCl solution is re-
freshed every week for the first 3 months, and then
refreshed every 3 weeks in the later 9 months. The
temperature was kept constant at 20 °C throughout
the entire test period. At the specified immersion
period, the specimen is taken out and dried for 2 d at
(20£3) °C and (50+5)% RH. The preloading frame is
removed. Subsequently the powder samples at suc-
cessive layers from different depths (0-5, 5-10,
10-15, and 15-20 mm, respectively, from the external
surface), are obtained by drilling the specimen along
1D and 2D diffusion directions. The coarse particles
are removed through a 0.63 mm sieve. The fine
powders are used to determine the free and total CI
concentrations of the concrete specimen by employ-
ing the chemical titration methods in compliance with
Chinese standard test method JTJ270-98 (1998). The
keys in this study are the external stress application
and 2D CI diffusion.

1. Preloading frame and flexural stress
application

In this study, a spring type of preloading frame is
specially designed to accurately apply external flex-
ural stress to concrete specimens, as shown in Fig. 1.
The frame is made of stainless steel, and the load
which is applied comes from elastic forces of spring
compression (Zhang et al., 2007). Before applying
flexural stress, the beam concrete specimens are
firstly placed in the preloading frame (the support
span is 210 mm on the bottom, 70 mm on the top,
respectively) according to Fig. 1, then applying flex-
ural stress by using MTS810 materials testing ma-
chine (MTS Systems Corporation, USA) at a rate of
0.01 mm/s. When the specified stress ratio, i.e., the
ratios of externally applied flexural load to the ulti-
mate flexural load capacity, is reached, the MTS810
machine is immediately stopped and the screw caps
are tightly screwed.

1
Stress sensor — Screw cap
S Spring NaCl solution
A - P NP .)
L) Abutment
& = —— Concrete
W L}
l |
A A

Fig. 1 Sketch of the preloading concrete subjected to 1D
and 2D chloride ion attacks

The flexural stress is monitored in real time by
the stress sensors connected with computer. Once the
stress loss exceeds 3%, it will be restored to the
original one through screwing the caps. In this study,
five flexural stress ratios (0.20, 0.35, 0.50, 0.65, and
0.80) are applied to batch FA40140 (28 d), while only
the stress ratio of 0.35 is applied to the other batches.

2. 1D and 2D stress-diffusion test

(1) 1D stress-diffusion

Concrete specimens are coated with epoxy on
five faces (two end faces, the forming face, one bot-
tom face, and one side face), leaving free one side
face to be exposed to the combination actions of NaCl
solution and flexural stress. When the chloride ion
immersion test reaches the specified exposure peri-
ods, chloride sampling was undertaken by drilling the
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specimen on the free face at the middle region, as
shown in Fig. 2a. The powder samples are collected
from the surface to the inner region of the specimens
at 5-mm intervals using a diamond aiguille. At least
5 g of fine powders are required to measure the free
and total CI contents of each layer concrete.

The chloride analysis was undertaken according
to JTJ270-98 (1998), similar to ASTM C1152 (2004)
and ASTM C1218 (2008) for free and total chloride
concentrations, using the Volhard titration method
(NT Build 208, 1996). The chloride content is always
expressed as percent Cl by mass of concrete. The
chloride content was plotted against the distance from
the concrete surface, presenting the chloride penetra-
tion profile in concrete.

2D sampling locations

Tensile face ¢

(b)
Fig. 2 2D sampling location (a) and 2D sampling (b)

(2) 2D stress-diffusion

2D accelerated CI diffusion test is similar to the
1D diffusion. The differences between 1D and 2D are
as follows: for 2D stress-diffusion test, the concrete
specimen is coated with epoxy on four faces (two end
faces, the forming face, and one side face), leaving
free two vertical side faces to be exposed to NaCl
solution and flexural stress action. One free side face
is used to bear tensile stress. The preloaded specimens
are immersed in NaCl solution. At specified exposure

periods, the specimens are taken out, and the pre-
loading frames are removed. Subsequently the
specimens are placed into a specially machining fix-
ture to ensure that the powder samples are always
drilled along the diagonal face (<45°) of the speci-
men, i.e., 2D direction, as shown in Fig. 2b. The free
and total chloride contents are obtained by titrating
the collected fine powder samples in compliance with
Chinese standard test method JTJ270-98 (1998).

2.4.2 In-situ observation of microcracks prorogation
under stress

In order to investigate the mechanism of chloride
ion accelerating effect caused by the external flexural
stress, a small-sized loading frame with a length of
50 mm, width of 20 mm, and height of 50 mm is also
manufactured for in-situ observation of the whole
process of the initiation, prorogation, and distribution
of microcracks in the flexural zone of specimen under
different stress ratios (Zhang et al., 2007), as shown in
Fig. 3. The frame is so small that it can be placed in the
sample chamber of the scanning electron microscope
(SEM). The specimen of 10 mmx10 mmx40 mm is
made with the mortar taken from batch “FA40I35”
excluding the coarse aggregates. In order to easily
find the same locations at different observations, the
grid of 1 mmx1 mm is drawn on the tensile faces of
the mortar specimen with black ink pen (Fig. 4).
When performing the SEM observation, the micro-
cracks distribution is firstly observed on the surface of
the specimen without stress. Then, the specimen is
taken from the chamber of SEM and placed in the
small-sized frame. The flexural stress with the stress
ratio of 0.2 is applied by screwing the bolt with one
slot on the top surface. The stress ratio is controlled
by the compression length. The preloaded specimen is

Bolt with one slot
on the top surface

Steel frame

Specimen

Abutment

Fig. 3 Sketch of the small-sized preloading setup
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Tensile faces

=*

Origin

Fig. 4 Microcracks observation locations on the tensile
faces of specimen under flexural stress

taken back the SEM chamber and the microcracks are
observed at the same locations. Then the flexural
stress with the ratio of 0.35 is applied by further
screwing the bolt, and then SEM observation is con-
ducted. In an orderly way the flexural stress ratio of
0.80 is reached. The typical image, size and distribu-
tion of microcracks are compared on the tensile faces
of specimen at the same locations with different stress
ratios.

3 Results and discussion

1D and 2D chloride ion diffusion behaviors of
the fly ash concretes under flexural stress are sys-
tematically investigated at different NaCl immersion
agesof 1, 3, 6,9, and 12 months, respectively.

3.1 Effect of fly ash content

Fly ash content plays an important role in stress-
diffusion of fly ash concrete. The effects of fly ash
contents on 1D and 2D stress-diffusion with the stress
ratio of 0.35 are illustrated in Figs. 5a and 5b,
respectively.

It can be seen from Fig. 5 that both 1D and 2D
Cl diffusion under stress exhibit a rapidly decreasing
trend with an increase in the distance from the surface
for various fly ash concretes. Compared to the con-
crete without fly ash, the free chloride ion concentra-
tion in fly ash concrete is clearly reduced. When fly
ash content is less than 40%, fly ash addition clearly
reduces the chloride ion diffusion, resulting in low
free chloride ion concentration in various distances
excluding the first layer of fly ash concrete compared
with the concrete without fly ash, as shown in Fig. 5.
The free chloride ion content in the first layer (0-5
mm) is easily misjudged due to carbonation of the
surface layer concrete. Thus, when analyzing chloride

ion diffusion behavior, the data in the surface layer is
often discarded. When too much fly ash (60%) is
incorporated, the compressive strength is greatly
reduced. About 28% strength loss can be observed, as
shown in Table 2. The porosity is also considerably
increased (Fig. 6). As a result, the chloride ion diffu-
sion coefficients show an incremental trend (Table 3).
The chloride ion easily transports into the concrete
with high volume fly ash.

3.2 Effect of water to binder ratio

W/B also exhibits a great impact on stress-
diffusion of fly ash concrete. The effects of W/B on 1D
and 2D stress-diffusion are illustrated in Figs. 7a and 7b
in the stress ration of 0.35, respectively.
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Fig. 5 Effect of fly ash content (FA) on 1D (a) and 2D (b)
chloride ion diffusion of concrete under flexural stress
with the stress ratio of 0.35

30r

25k

Porosity (%)
- N
(4] o

-
S o
T T

o

0 60
Fly ash content (%)

Fig. 6 Effect of fly ash content on porosities of concrete
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It can be seen from Fig. 7 that when fly ash con-
tent is kept constant (40%), Cl1 diffusion concentra-
tion despite 1D and 2D clearly increases with an in-
crease in W/B. It is especially true for W/B ranging
from 0.30 to 0.35. When W/B varies from 0.35 to
0.40, an increase in W/B will have comparatively
little influence on the CI diffusion. CI diffusion
coefficients of fly ash concrete with different W/B
also exhibit a similar trend. This may be attributed to
an increase in porosity caused by the high W/B
(Fig. 8), resulting in a rapid Cl1  diffusion.

Table 3 Chloride ion diffusion coefficients of various
fly ash concrete in the flexural stress with the ratio of
0.35 and six month immersion

Effective chloride ion diffusion

Batch coefficient (x10°® cm%/s)
1D 2D

FA00135 7.1 13.9
FA20135 3.0 12.3
FA40135 3.9 7.5
FA60135 12.0 235
FA40130 34 6.8
FA40140 4.7 9.2

FAxxlyy: FAxx represents the fly ash content (xx), I represents
Grade I fly ash, and yy represents water to binder ratio
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Fig. 7 Effect of water to binder ratio on 1D (a) and 2D (b)
chloride ion diffusion of concrete under flexural stress
with the stress ratio of 0.35
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Fig. 8 Effect of W/B on porosities of concrete

3.3 Effect of dimensions on stress-diffusion

The effect of dimensions on stress-diffusion of
fly ash concrete is shown in Fig. 9. Theoretically, if
there is no diffusion interaction effect, 2D Cl con-
centration of the edge concrete at the same distance

should be /2 times larger than 1D C1 concentration.
However, the experimental results show that 2D CI
concentration is much larger than the theoretical one,
as shown in Fig. 9. In addition, 2D chloride ion dif-
fusion profile does not exhibit an orthogonal angle
outline, but a round one, as shown in Fig. 10. All these
indicate the existence of an obvious dimensional
interaction effect, resulting in rapid chloride ion
transportation in 2D diffusion zone. Thus, more at-
tention should be paid to the 2D stress- diffusion of
the edge locations of concrete structures, especially
for long-span beams in flexural or tensile stress state.
The chloride ion diffusion rate and depth of these
locations are much larger than 1D diffusion of the
other locations. The steel bars embedded in these
locations subjected to combined actions of 2D chlo-
ride ion flow and flexural stress firstly suffer from
corrosion, which will become an important deterio-
ration resource.

3.4 Effect of stress ratios

Flexural stress ratios show important influence
on the chloride ion diffusion of fly ash concrete.
Fig. 11 shows the 1D and 2D chloride ion diffusion
behaviors of fly ash concrete made with 40% fly ash
(FA40I35) subjected to different flexural stress ratios
of 0, 0.20, 0.35, 0.50, 0.65, and 0.80, respectively.

It can be seen through a comparison of 1D and
2D chloride ion diffusion of fly ash concrete between
those in loading state and non-loading state that
stress-diffusion is considerably larger than non-stress
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ash concrete under flexural stress
(a) FA20I35 (b) FA401I35

2D chloride ion diffusion

X“fr
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diffusion, i.e., flexural stress accelerates the chloride
ion diffusion. The accelerating effect is more obvious
with the development of immersion ages. In addition,
higher stress ratios show faster chloride ion diffusion.
However, cracks are not seen on the tensile faces of
the specimen in the stress range employed in this
study. To know the possible reason that leads to the
rapid chloride ion diffusion of fly ash concrete in the
stress state, the microstructure of the tensile faces is
observed and compared on the specimen at the same
locations with different stress ratios (Fig. 12).

It can be clearly seen that the microstructure
becomes relatively loose for the specimen in the stress

state. Some microcracks are initiated, as shown in the
rectangular section of Fig. 12. The size of micro-
cracks also gradually increases with an increase in the
stress (Table 4). This indicates that some defects ex-
isted in the concrete matrix, such as pore, air bubble,
and microcracks, which will further increase and
develop in the stress state and become accessible
pathways of aggressive medium. Hence, the reason
for stress accelerating diffusion is mainly that the
external flexural loading accelerates the initiation
and propagation of microcracks, and increases the
amount and size of microcracks in tensile zone, re-
sulting in chloride ion rapidly penetrating into the
concrete. Since it is quite difficult to characterize
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Fig. 11 Effect of stress ratios (65) on 1D (a) and 2D (b)
chloride ion diffusion of concrete

Table 4 Microcrack size development on the tensile
faces of specimen under different stress ratios

Stress ratio Length (um) Width (um)
0.2 31 16
0.35 32 19
0.5 34 21
0.6 37 21
0.8 42 27
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Fig. 12 In-situ SEM observations of the microcrack prorogation on the tensile faces of specimen under different
stress ratios: 0 (a), 0.2 (b), 0.35 (c), 0.50 (d), 0.65 (e), and 0.80 (f)

the microcracks network in tensile zone, the exter-
nally applied flexural stress ratio os is chosen as the
main parameter reflecting the microcracks network in
a loading state. Moreover, os can be a durability cri-
terion as a threshold microscopic for damage of the
concrete.

In order to quantify the chloride ion diffusion
accelerating effect caused by the external flexural
stress, a stress accelerating factor is proposed and
defined as follows:

K, ==, (1)

where D, is the chloride ion diffusion coefficient of

concrete in loading state with flexural stress ratio of
os, and Dy is the chloride ion diffusion coefficient of
concrete in non- loading state.

Fig. 13 illustrates the relationship between the

stress accelerating factor (K, ) and the flexural
stress ratios (os). It can be observed that K, is a

function of os. At low stress ratios, K exhibits a

comparatively small increase with an increase in os.
At higher stress ratios, K, shows a rapid increase

with an increase in os. An exponential relationship

K, =1+05 log® can be found through regression of

experimental results, as shown in Fig. 13.
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Fig. 13 Relationship between the stress accelerating factor
and the flexural stress ratios

4 Conclusions

1. Compared to 1D nonstress-diffusion, 2D
chloride ion diffusion of fly ash concrete in flexural
loading state exhibits a much larger diffusion rate.
This will lead to more serious stress-corrosion in the
edge locations of long-span beams in fly ash concrete
structures exposed to chloride ion environment. Thus,
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the steel bars embedded in these locations will be
prone to suffer from chloride ion attack and begin to
initiate corrosion.

2. Fly ash content and W/B have great impact on
1D and 2D chloride ion diffusion of fly ash concrete
in loading state. Stress-diffusion will increase with an
increase in fly ash content. A reduction in W/B is
helpful for enhancing the resistance to stress-
diffusion attack.

3. Flexural stress accelerates 1D and 2D chloride
ion diffusion of fly ash concrete. The stress accelerat-
ing factor K, increases with an increase in stress ratio

os. An exponential relationship K _ =1+0.510y°

between K, and o5 can be found through regression

of experimental results.
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