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This paper aims to realize a full scale modelling of reinforced concrete (RC) beam enhanced
by externally bonded fibre reinforced polymer (EBRFP), considering both longitudinal bars
and stirrups. To this end, several previous revisions to Fick’s second law of diffusion were
incorporated to establish a revised diffusion model. During the modelling, the following
factors were taken into account simultaneously: time-dependent diffusion coefficient, time-
dependent surface chloride ion content, chloride binding effect, material inhomogeneity and
load effect. Then, the boundary conditions were properly changed to fit the enhancement
behaviour. Later, the revised diffusion model was numerically solved by the FEA on Abaqus,
aiming to reveal the effect of enhancement on chloride diffusion, the effect of longitudinal bars
and stirrups on chloride diffusion, and the results and efficiencies of 2D and 3D models.
Through the analysis of simulation results, the author drew the following conditions: First, the
EBRFP enhancement led to an obvious decrease of chloride ion content, thus extending the
initial time of rebar corrosion; Second, the longitudinal rebars greatly boosted the chloride ion
content at the front faces of rebars, while the effect of stirrups can be neglected if the
longitudinal rebars have been considered; Third, 2D model is more recommended than 3D

model if the surface chloride ion content remains invariant along the RC beam.

1. INTRODUCTION

In recent years, externally bonded fibre reinforced polymer
(EBFRP) has been widely adopted to enhance concrete
structures, thanks to the high performance of composite
materials [ 1-2]. Nevertheless, the enhanced structures still face
the problem of corrosion amidst the service environment. In
marine or de-icing environment, the reinforced concrete (RC)
structures mainly suffer from chloride-induced rebar corrosion
[3-4]. In general, the structural deterioration under chloride
ingress evolves through two stages [5]: rebar depassivation
(initiation) and rebar corrosion (propagation). Traditionally,
the service life depends on the initiation time (73), which is
computed based on the chloride diffusion rate and the critical
chloride content (Cy) that initiates corrosion. To predict and
prolong the service life of EBFRP-enhanced RC structures, it
is necessary to identify the features of chloride ingress in the
enhanced structures, which are different from that in
unenhanced RC structures. Nevertheless, the existing studies
on chloride ingress, ranging from field test, lab experiment to
theoretical analysis, mainly concentrate on unenhanced
structures. There is almost no report on chloride ingress in
enhanced RC structures.

In an EBFRP-enhanced RC structure, the diffusion
pathways of chloride ions are partially blocked by the bonding
material. Moreover, the stress within concrete member is
redistributed and partly relieved through the enhancement,
leading to the closure of micro cracks and slowdown of
chloride diffusion. Specifically, the rebar acts as a barrier to
chloride diffusion, pushing up the chloride content on its front
face [6-7]. As a result, it takes a much shorter time for the
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chloride to reach the critical content that initiates steel
corrosion. This effect of rebar on chloride ingress has been
reported before. Hansen [8] was the first to point out the effect
after noting the higher chloride content on the front face of the
rebar than that in unenhanced positions of the same depth.
Wang and Li [9] conducted experiments and finite-element
analysis on the impact of rebar presence on chloride diffusion;
the results show that chloride tends to accumulate at the apex
of rebar, and that chloride content escalated more quickly with
the increase of rebar diameter. Oh and Jang [10] found that the
corrosion initiation time dropped by 30~40% after the addition
of rebar, an evidence to the chloride accumulation at the apex
of rebar. Kranc [11] and Wang [12] argued that the effect of
rebar is nonnegligible in the calculation of chloride ion
distribution in RC concrete. Comparing the results of a 1D
model and a 2D model, Yu [6-7, 13] concluded that the rebar
with a big size, a thin cover and a flat front face can accelerate
chloride accumualtion and reduce the initiation time. In
summary, most of the above studies failed to build full-scale
models for the discussion on chloride ingress in RC structures;
the few studies that created full-scale models took no account
of stirrups. Owing to the high modelling complexity and
computing cost, the existing models for chloride ingress are
one- or two-dimensional rather than three-dimensional. Of
course, even 3D models require further improvement to
accurately reflect the actual situations.

In addition, the previous research has revised the Fick’s
second law of diffusion [14-15], a well-received theory on
chloride ingress in concrete. For instance, References [16-18]
put forward the time-dependent diffusion coefficient for
chloride ingress. References [19-20] describe the time-varying



chloride ion content on concrete surface by linear function,
power function and exponential function. To make the
chloride diffusion analysis more realistic, Nillson [21] defined
the binding capacity of chloride, and developed several
modified diffusion models. References [22~28] demonstrate
that chloride ion accumulation is accelerated by external load.
These revisions are incorporated in this research to build a
rigorous and comprehensive model for chloride diffusion.

In light of the above, this paper aims to build a rigorous and
comprehensive model for chloride ingress considering the
time-dependence of diffusion coefficient, the time-
dependence of surface chloride ion content, the binding
capacity of chloride, the inhomogeneity of material and the
effect of external load. To this end, the chloride diffusion in
EBFRP-enhanced RC beam was simulated to reveal the effect
of enhancement on chloride diffusion, the impacts of both
longitudinal bars and stirrups on chloride ingress were
discussed using full-scale model for realistically enhanced RC
beam, and 2D and 3D diffusion models were compared in
terms of modelling results and computing costs.

2 REVISED DIFFUSION MODEL
2.1 General diffusion equation

The target EBFRP-enhanced RC beams reside in marine
environment, where chloride ingress is the leading factor
affecting the beam durability. As the environment is humid all
year around, the relative humidity inside the concrete is
assumed to be 100%. In this case, chloride ingress mainly
takes place in the form of diffusion. The diffusion of chloride
ions, free and bonded, is generally believed to obey Fick’s
second law. The unrevised general diffusion equation can be
expressed as [29]:

d& =D, -di-div[grad (Cf )J
dt dc,

(1)
where C; is the total content of chloride ions per concrete
weight (%); Cris the content of free chloride ions per concrete
weight (%); t is the diffusing time; D¢ is the diffusion
coefficient; dC¢/dC; is the binding capacity.

Both C; and Cr are functions of the distances from exposed
surfaces x, y, z and time ¢.

Several revisions were made to Fick’s second law of
diffusion based on Equation (1) before developing a
comprehensive diffusion model.

2.2 Time-dependent diffusion coefficient and surface
chloride ion content

The diffusion coefficient of chloride ions varies with time,
as the micropores appear and propagate under concrete
hydration. Let D(t) be the time-dependent form of the
diffusion coefficient at time ¢ Then, the time-dependent
diffusion coefficient can be expressed as a decay function [18]:

2

where 5 is the concrete age of 28 days; Dag is the diffusion
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coefficient at #,3; m is a constant for the decay rate of diffusion
coefficient, which depends heavily on the mix proportion of
fly ash and slag [18].

In the course of ingress, the content of chloride ions on
exposed surfaces also varies with time, adding to the
complexity of boundary conditions. The previous studies have
proved that the surface chloride ion content increases with
time all the way to the saturation point. Here, the time-
dependent surface chloride ion content is depicted by the
power function [19, 20, 30].

2.3 Material inhomogeneity and load effect

In Fick’s diffusion model (Equation (1)), concrete is
assumed to be a uniform and isotropic material. In reality,
however, concrete is not necessarily uniform or isotropic due
to the damages induced by the environment, external load and
autogenous shrinkage. For better accuracy, D(t) in Equation
(1) was replaced with an equivalent diffusion coefficient D¢(t)
[6,7,13]:

De (t) =K- Dcl (t) (3)

K=K, K, K, 4

where K is a comprehensive adjustment coefficient; K. is the
environmental coefficient for environmental degradation; K,
is the material coefficient for concrete elf-deterioration due to
alkali-aggregate reaction or autogenous shrinkage; K, is the
load coefficient for external load. K., Km and K, are
subordinate to K.

In a flexural member like RC beam, the microcrack
propagation is exacerbated by external load, leading to greater
damages and faster chloride diffusion. Considering this
phenomenon, the load coefficient K, was proposed as an
amplifying factor for the load effect in a previous study on
chloride ingress in concrete under flexural stress [31]. The
factor reflects the overall situation, eliminating the need to
differentiate between cracked and intact sections. In actual
practice, it is rational and convenient to apply this factor. The
load coefficient Ky can be expressed as:

0.6
K, =1+0.51-(£J

O-U

(%)
where o is the flexural stress of tensile zone; oy, is the concrete
flexural strength.

In this research, the EBFRP-enhanced RC beams are
designed to withstand bending load. Hence, the load
coefficient was computed by Equation (5), while the values of
K. and K, were taken from previous research [32-34].

2.4 Chloride binding capacity

Some chloride ions entering the concrete are bonded, and
do not directly induce rebar corrosion. The chloride binding
capacity hinges on the amount of calcium silicate hydrate
produced from concrete hydration. The rebar corrosion is
mainly attributed to free chloride ions. Hence, the chloride
resistance may be underestimated if binding capacity is not
included in diffusion analysis [35]. If the content of free



chloride ions Cr remains at a low level, the binding isotherm
will be nearly constant:

binding isotherm=3%e = &

=k _R
dCc, C,

(6)

where Gy, is the content of bonded chloride ions per concrete
weight (%); R is a constant.

The content of bonded chloride ions and that of free chloride
ions add up to the total content of chloride ions per concrete
weight Cy:

C,=C, +C, ™

2.5 Enhancement behaviour

In the EBFRP-enhanced RC beams, the ERP sheets at the
beam bottom are bonded by epoxy resin. With excellent
sealing performance [36], epoxy resin has been widely
adopted in engineering projects to protect rebars from
corrosion. Many scholars have sealed up non-diffusional
surfaces of concrete specimens [37-39] with epoxy coating,
thus achieving 1D diffusion. Previous research has shown that
epoxy coating can significantly reduce the chloride diffusion
rate in both saturated and non-saturated conditions. Therefore,
the enhancement behaviour in our research is considered as the
closure of diffusion pathways at the bottom of the beams. It
requires a proper change of boundary conditions in diffusion
analysis.

2.6 Revised diffusion equation

Considering the above factors like time-dependent diffusion
coefficient, time-dependent surface chloride ion content,
material inhomogeneity, load effect, binding capacity and
bonding behaviour, a revised diffusion equation was
established by substituting Equations (2)~(7) into Equation (1):

dCf Ke : Km : Ky ! Dzs 'tzsm
dt 1+R

A" ~div[grad (c )]
(8)

The term containing time ¢ on the right side increases the
complexity in the solution to Equation (8). For simplicity, the
second term on the right side was moved to the left side, and
two new parameters 7 and De. were introduced below:

dCf Ke : Km . Ky : Dzs 'tzem
t".dt

~div[grad (Cf )J

1+R )
aT=[t"dt = T=[t"d=—t"
¢ ° 1-m (10)
Ke : Km : Ky : Dzs ‘tzsm
* 1+R (11)

where T and D, are nominal diffusion time and nominal
diffusion coefficient, respectively.

Substituting Equations (10) and (11) into Equation (8) or (9),
the revised diffusion equation can be rewritten as:
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dc,
dT

=D, -div[ grad (C, )] (12)

Now, the revised diffusion equation has the same form as
the general diffusion model (Equation (1)). Note that the
nominal diffusion coefficient D.. in the revised diffusion
equation remains constant under given material properties.
This coefficient both reflect the time-dependence and facilitate
the solution to the revised diffusion model.

The diffusion boundary conditions in Equation (12) can be
directly applied to the chloride ingress analysis on unenhanced
beam. For enhanced beam, however, the diffusion boundary
conditions should be changed according to the bonding
behaviour in Section 2.5. Thus, the revised boundary model is
applicable to chloride diffusion analysis in both enhanced and
unenhanced RC beams.

3. MODEL ESTABLISHMENT

This section aims to build a full-scale model for chloride
ingress in EBFRP-enhanced RC beams considering both
longitudinal rebars and stirrups. For each beam, the sectional
size is 200mm by 500mm. Three parallel 12mm-diameter
rebars were arranged at equal intervals on the top of the beam,
and six parallel 16mm-diameter rebars were arranged in two
rows at equal intervals on the bottom of the beam. The
arrangement of stirrups is described in later section. Chloride
diffusion is blocked at the positions of the rebars. Similar to
previous studies, the rebars were modelled as a cavity or a hole
in concrete member with zero diffusion coefficient [6, 9-10].

The top of the beam is sealed, because the beam and the top
slab were casted as a whole in actual operation. The chloride
ion content at points 1~4 on the front faces of rebars are the
focus of our discussion. For simplicity, a 250mm long beam
segment was extracted for further analysis (Figure 1). The
simplification does not affect the robustness of the research
because there is no gradient of surface chloride ion content
along the RC beam. Before enhancement, the beam has three
exposed boundaries prone to chloride ingress: the left side, the
right side and the bottom. After EBFRP enhancement, only
two exposed boundaries remain: the left side and the right side.
Here, both pre- and post-enhancement chloride diffusions are
under discussion.
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Figure 1. Beam geometry and chloride ingress pathways

To realize accurate simulation of chloride diffusion in
marine environment, the simulation parameters were taken
from the field test by Thomas [18]: the diffusion coefficient at
the concrete age of 28 days is 6x107'2 m?/s; the decay rate for
diffusion coefficient m is 0.7. The time-dependent surface
chloride ion content Cy(t) was obtained as below, with the unit
of time ¢ being year (Figure 2).
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Figure 2. The time-dependent surface chloride ion content

The load coefficient Ky was calculated according to
Equation (5) to illustrate the effect of bending load. The value
of /0, was set to 0.6 before the enhancement. During the
enhancement, each beam was unloaded for crack repair, and
the FRP sheets were bonded by epoxy resin. Then, the
enhancement beam was applied with the original bending load.

After the enhancement, the beam stress was partly relieved
due to the increase in member stiffness. Meanwhile, there was
a decline in member deformation, resulting in the closure of
microcracks and slowdown of diffusion rate. Thus, the value
of o/o, was set to a lower level (0.3) after the enhancement,
leading to a smaller K.

Overall, the value of load coefficient K, was set to 1.375
and 1.248 before and after enhancement, respectively. The
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values of the binding isotherm R, environmental coefficient K.,
and material coefficient Ky, were set to 2.14,0.72 and 2 in light
of References [32, 40].

Based on the above parameters, the revised diffusion model
(Equation (12)) was numerically solved by finite-element
analysis (FEA) on Abaqus, with the aim to reveal the effect of
enhancement on chloride diffusion, the effect of longitudinal
bars and stirrups on chloride diffusion, and the results and
efficiencies of 2D and 3D models. During model solution, 2D
diffusion analysis was carried out first, followed by 3D
diffusion analysis, which is closest to the real situation but
seldom used in previous studies. The grids were densified
along the diffusion boundaries, where the chloride ion content
gradient is the steepest. The meshing of 2D and 3D models is
shown in Figure 3.

1
(c) 3D model without rebars

1
(d) 3D model with rebars

Figure 3. Finite-element meshing of 2D and 3D models

4. RESULTS AND DISCUSSION
4.1 Effect of enhancement on chloride diffusion

The boundary conditions were changed properly based on
the enhancement behaviour. Here, the chloride diffusion was
calculated for different beams: unenhanced, enhanced in the
5t year, enhanced in the 10" year and enhanced in the 15" year.
Figure 4 records the chloride ion contents at points 1~4 (Figure
3) for RC beam models with or without rebars. The effect of
stirrups is not considered here.
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Figure 4. Temporal variation in chloride ion content of unenhanced and enhanced beams
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Compared to the chloride ion content-time curve
(hereinafter referred to as the content-time curve) of
unenhanced beam, the content-time curves of different
enhanced beams are closer to the time axis (t-axis) in different
degrees. For all target points (1~5), the content-time curve of
the beam enhanced in the 5" year had the most obvious bias
towards the time-axis, followed by that of the beam enhanced
in the 10™ year and that of the beam enhanced in the 15™ year.
The results show that the EBFRP enhancement can reduce the
chloride ion content in concrete, thus extending the initial time
of rebar corrosion. Besides, the earlier the enhancement, the

fewer the chloride ions on the front faces of rebars. Thus, early
enhancement helps to enhance chloride resistance and prolong
service life.

These findings are verified by the comparison of chloride
ion contents before and after enhancement in Table 1. As
shown in Table 1, the beam enhanced in the 5" year (the
earliest one) enjoyed the greatest reduction in chloride ion
content, followed by the beam enhanced in the 10" year and
that enhanced in the 15" year, and the reduction increases with
the diffusion time.

Table 1. Comparison of chloride ion contents per concrete weight (%) before and after enhancement

Variables 20year ACi, % 40year ACi, % 60 year ACi, % 80year ACi, %

Not strengthened 0.00393 — 0.00981 — 0.01537 — 0.02059 —
Point 1 Strengthened in the 5th year  0.00336  -14.6  0.00798  -18.7  0.01190 -22.6  0.01518 -26.3
Strengthened in the 10th year 0.00363 -7.2 0.00857  -12.7  0.01317 -143  0.01708  -17.0
Strengthened in the 15th year  0.00389 -1.2 0.00900 -8.3 0.01364  -11.3  0.01795  -12.8

Not strengthened 0.00460 — 0.01189 — 0.01901 — 0.02583 —
Point 2 Strengthened in the Sth year  0.00391  -149  0.00988  -16.9  0.01568 -17.5  0.02119 -17.9
Strengthened in the 10th year  0.00424 -1.7 0.01037 -12.8 0.01652 -13.1  0.02221 -14.0
Strengthened in the 15th year  0.00455 -1.1 0.01088 -8.5 0.01688  -11.2  0.02279  -11.8

Not strengthened 0.00394 — 0.00982 — 0.01538 — 0.02060 —
Point 3 Strengthened in the Sth year  0.00337  -14.4  0.00824  -16.1 0.01238  -16.2  0.01729  -16.1
Strengthened in the 10th year 0.00364 -7.6 0.00861  -12.3  0.01346  -12.5 0.01790 -13.1
Strengthened in the 15th year  0.00389 -1.2 0.00901 -8.2 0.01372  -10.8  0.01830  -11.2

Not strengthened 0.00380 — 0.00943 — 0.01473 — 0.01970 —
Point 4 Strengthened in the S5thyear  0.00325  -14.3  0.00792  -16.0  0.01235 -162  0.01655 -16.0
Strengthened in the 10th year 0.00351 -1.5 0.00827  -12.3  0.01290 -12.4  0.01714  -13.0
Strengthened in the 15th year  0.00375 -1.2 0.00866 -8.2 0.01315  -10.7  0.01751  -11.1

Note: ACy is the change of CI  relative to the chloride ion content of the unenhanced case.

Concentration, %

(a) Pre-enhancement

Concentration, %

(b) Post-enhancement

Figure 5. Contour plot of FEA results

Figure 5 is the contour plot of the FEA results. It is clear
that chloride ion dilution occurred near the bottom, where the
FRP sheets were bonded. This is because the enhancement
blocks the diffusion pathways at the bottom. The finding
further verifies the bonding effect.

4.2 Effect of rebars and stirrups

The chloride ion contents at points 1, 2 and 4 were selected
to study the effect of longitudinal bars on diffusion (Figure 6)
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without considering stirrups. The beam models with or without
rebars were respectively unenhanced, enhanced in the 5% year,
enhanced in the 10" year and enhanced in the 15" year. Clear
differences were observed in chloride ion content among the
beams, which agree well with the results in References [6, 9-
10]. The chloride ion contents with or without rebars were
compared and recorded in Table 2.

For all beams, the content-time curves exhibit an obvious
rising trend under the effect of rebars, and the chloride ion
content increased by 50%~90%. The trends echo with the



finding in Reference [9]: the chloride ion content increases in chloride ion content will be underestimated for EBFRP-
the range of 30%~90%. This means the longitudinal bars in enhanced RC members if the longitudinal bars are not
concrete can obstruct the diffusion pathways of chloride ions considered.

and attract more chloride ions near the rebars. Therefore, the
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Figure 6. Temporal variation in chloride ion content of unenhanced and enhanced beams considering longitudinal bars

Table 2. Comparison of chloride ion contents per concrete weight (%) between beams with or without rebars

Variables 20 year Ao/? 40 year Ao/ff 60 year Ao/ff 80 year Auzf

Not strengthened va?hblj;r 8:881212 +68.06 818%? +63.44 gzg?zg +61.04 8:85;‘ +59.10

_— Strengthened in the 5th year Vl\i?hbs; 8:88?3 +68.33 8:8822 +64.15 8:8?;2 +61.15 8:8?22 +58.85
Strengthened in the 10th year Vyi(t)hblir 8:88123 +68.28 8:8832 +63.94 8:8?2? +61.65 8:81 ;g +59.35
Strengthened in the 15th year \KI;Ii(t)hbt?;r 8:88‘213 +68.14 8:8833 +63.90 8:8?2 +61.32 gjgiég +59.54

Not strengthened vyi‘;’hbl‘;‘;r 8:8828 +65.75 8:8(1)2; +57.92 8:8}52 +54.08 8:8;22 +51.11

- Strengthened in the Sth year \KI;Ii(t)hbt?;r 888‘212 +66.38 88(1)8;1 +60.10 881(6%2‘ +56.31 88;‘5 +53.77
Strengthened in the 10th year Vyi‘;’hbs;r 8:88‘213 +66.13 8:8?121 +58.99 8:8 i (6)2 +55.72 8:8;212 +52.84
Strengthened in the 15th year \KI;Ii(t)hblierlr 888312 +65.88 88(1)?7‘ +58.74 ggiéz +54.82 88;3 +52.44

Not strengthened Vl\i?hbs; 8:883? +61.75 8:8?8f +56.63 8:8?2? +54.01 8:8;(3); +51.90

- Strengthened in the 5th year Vyi(t)hblir 8:88?; +62.14 8:8835 +57.92 8:8(1’% +55.17 8:81 ;f +53.18
Strengthened in the 10th year \g?hbl’;‘;r 8:88?‘9‘ +62.00 8:883? +57.32 8:8‘1)23 +55.05 8:8} ;2 +52.93
Strengthened in the 15th year \RI;Ii(t)hblzartr 8:8823 +61.83 8:8832 +57.18 8:8(1)2(1) +54.49 8:8};3 +52.77

Note: ACxis the change of CI relative to the chloride ion content of the unenhanced case.
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Next, several 8mm-diameter stirrups were added to the
existing longitudinal bars at an equal interval of 100mm to
explore their effect on chloride diffusion. Similar to the results
of longitudinal bars, diffusion cannot occur within the stirrups.
Thus, the stirrups were also modelled as cavities in RC beam.

Sealed

Figure 7 illustrates the geometry of enhanced beam
considering both longitudinal bars and stirrups. The addition
of stirrups complicates the geometry of the model, adding to
the difficulty in meshing.

IT

The 1-1 cross section

The lateral view & Cutting position The cut view of beam model

Figure 7. Geometry of enhanced beam considering both longitudinal bars and stirrups
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Figure 8. Change of CI" versus time, both longitudinal bars and stirrups considered

Figure 8 presents the chloride ion contents at points 1 and 2
in the beam models with or without stirrups. These beam
models were respectively unenhanced, enhanced in the 5" year,
enhanced in the 10" year and enhanced in the 15" year. In each
model, the chloride ion content was smaller than that before
the addition of stirrups; the chloride ion content stayed on
similar levels across the models. The same features were
observed at points 3 and 4. The results indicate that stirrups
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have no major impact on chloride ion content if the effect of
longitudinal bars has been considered.

The possible reasons are as follows. First, points 1~4 may
not be the ideal positions to evaluate the effect of stirrups,
because none of them is located on the front faces of stirrups.
Second, the stirrups, smaller than the longitudinal bars in
diameter, may fail to block the chloride diffusion pathways
entirely.



Whichever the reason, the presence of stirrups can be
neglected in the analysis of chloride ion content at the apex of
longitudinal bars, as long as the effect of longitudinal bars has
been considered. This finding may help to simplify the model
and reduce the computing cost.

4.3 Comparison between 2D and 3D models

Unlike most of the previous studies, this paper establishes
both 2D and 3D diffusion models, and compares their
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calculation results and run time. According to the calculation
results of 2D and 3D models (Figure 9), 2D models outputted
slightly smaller results than 3D models, in all cases (i.e.
unenhanced beam, beam enhanced in the 5" year, beam
enhanced in the 10" year, and beam enhanced in the 15" year).
A possible explanation lies in the lack of gradient of surface
chloride ion content. Therefore, 3D diffusion can be simplified
as 2D diffusion in the cross section.
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Figure 9. Comparison of calculation results between 2D and 3D models
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Figure 10. Run time of 2D and 3D models
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Figure 10 displays the run time of 2D and 3D models. It is
clear that 3D models required a much longer run time than 2D
models, despite the sparser grid density of 3D models. The
long run time of 3D models may be attributed to two factors.
First, a 3D model has much more grids than a 2D model,
because of the additional dimension. Second, based on the
theories on finite-element method, 3D diffusion analysis runs
on a higher-dimensional calculation matrix than that of 2D
diffusion analysis.

Furthermore, the 2D models for enhanced beam had a
similar run time with the 2D models for unenhanced beam. By
contrast, the run time surged up with the increase of model
complexity. The longest run time belongs to the case
considering both longitudinal bars and stirrups. The second
longest run time occurred in the case considering longitudinal
bars only. The run time was minimum when both longitudinal
bars and stirrups were neglected. Thus, the run time of 3D
models mainly depends on the modelling complexity. To sum
up, 2D model is easier and less costly to simulate chloride
ingress in concrete structures.

Through the above analysis, 2D model is more
recommended for chloride diffusion analysis than 3D model,
if there is no gradient of surface chloride ion content along the
longitudinal direction.

5. CONCLUSIONS

Based on Fick’s second law of diffusion, this paper
develops a revised diffusion model for chloride ingress in
EBFRP-enhanced RC beam. The revision process
incorporates many findings in existing studies, including time-
dependent diffusion coefficient, time-dependent surface
chloride ion content, chloride binding effect, material
inhomogeneity and load effect. Then, the boundary conditions
were properly changed to fit the enhancement behaviour. Later,
the revised diffusion model was numerically solved by the
FEA on Abaqus, aiming to reveal the effect of enhancement
on chloride diffusion, the effect of longitudinal bars and
stirrups on chloride diffusion, and the results and efficiencies
of 2D and 3D models. Through the analysis of simulation
results, the main conclusions were drawn as follows.

In our research, the ERP sheets at the beam bottom are
bonded by epoxy resin. With excellent sealing performance.
The enhancement can effectively block the diffusion pathways
at the bottom of the beams, leading to changes of the boundary
conditions. If the beam is unenhanced, there is no need to alter
the boundary conditions. Therefore, the EBFRP enhancement
applies to both unenhanced and enhanced beams.

The EBFRP enhancement can reduce the chloride ion
content on the front faces of rebars, and chloride ion dilution
occurred near the bonding area of FRP sheets, whether there
are rebars or not. The earlier the enhancement, the fewer the
chloride ions on the front faces of rebars. Thus, the
enhancement helps to extend the initial time of rebar corrosion
and prolong service life of the concrete.

For both enhanced and unenhanced RC beams, the
longitudinal bars lead to pronounced increase of chloride ion
content at the apex of rebars, which agrees well with the results
in previous research. The increment can be as high as
50%~90%. To avoid overestimation of service life of
enhanced RC beam, it is necessary to consider the effect of
rebars in the prediction of chloride ion content. Besides, the
presence of stirrups can be neglected in the analysis of chloride
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ion content at the apex of longitudinal bars, as long as the
effect of longitudinal bars has been considered.

The calculation results of 2D models are only slightly
smaller than those of 3D models, indicating that 3D diffusion
can be reasonably simplified as 2D diffusion if there is no
gradient of surface chloride ion content in the longitudinal
direction. Nevertheless, 3D models need a much longer run
time than 2D models, owing to their high number of grids and
modelling complexity. Therefore, 2D model is more
recommended for chloride diffusion analysis than 3D model,
if there is no gradient of surface chloride ion content along the
longitudinal direction.
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