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Abstract
Background: This study investigated the one-dimensional diffusion of chloride under fluctuating environmental conditions to quantify
the mass flux of a diffusing substance permeating a plate medium theoretically and verify it experimentally. Materials and Methods: An
experiment was conducted by mounting a plate concrete specimen in the middle of a U-shaped tank, partitioning the tank into 2 halves.
A solution involving fluctuating chloride concentrations was loaded on one side of the tank and fresh water was loaded on the other side.
Chloride was predicted to permeate through the specimen. Results: The total amount of chloride diffusing through the specimen was
monitored and fitted to the theoretical prediction. The diffusion coefficient, Neumann constant and proportional constant between the
concentration  of  chloride  in  the  environment  and  the  corresponding saturated concentration of the concrete were quantified.
Conclusion: The major contribution of this study is the use of Fick’s diffusion law with the advancing model to accurately describe the
permeation flux of a diffusing substance according to fluctuating concentrations of this substance in an environment. The parameters
applied are critical in evaluating the service life of a reinforced concrete structure in a salty environment involving fluctuating
concentrations of diffusing substances.
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INTRODUCTION

Studies on chloride diffusion in concrete are mostly based
on Fick’s diffusion law. Related tests include the Rapid Chloride
Permeability Test (RCPT)1,2, Accelerated Chloride Migration
Test (ACMT)3,4,5, ponding test6 and immersion test7. The RCPT
is most commonly used among these tests. Whiting
developed the RCPT through electrochemistry and this test
can be applied to rapidly evaluate the resistance of concrete
against permeation by chloride in solution. Referring to the
RCPT, Yang  et  al.3,5  developed the ACMT, which substantially
reduced the disturbances from the generated heat and
current induced by other negative ions except chloride. In the
ponding test, concrete specimens are immersed in highly
concentrated salty water. The diffusion coefficient of the
chloride diffusing in concrete is calculated on the basis of the
chloride permeation depth in the specimen. No electricity
charge, which causes the decomposition of concrete is
required.
The current study adopted the immersion test, which is

based on a concept that is similar to the ponding test. In the
immersion test, round concrete plate specimens are prepared.
Each specimen is mounted between a U-shaped tank with
salty water on one side and fresh water on the other side. The
chloride concentration of the salty water must be maintained
at a constant level by replacing the salty water weekly. On the
other side of the tank, the chloride concentration of the water,
which is fresh initially is measured and recorded weekly. After
each measurement, the water is replaced by fresh water
repeatedly2. Finally, the specimen is unloaded and tested for
its diffusing substance concentration. The major contribution
of this study is presenting an algorithm to characterize
diffusion parameters under fluctuating environmental
conditions.

MATERIALS AND METHODS

Fick’s diffusion law8: In 1855, Fick proposed a mathematical
law of diffusion for a scenario involving a substance diffusing
in a medium. For one-dimensional (1D) diffusion, the law is:

(1)
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where, D is the diffusion coefficient also called diffusivity, c is
the concentration of the diffusing substance in the medium,
defined as the mass of the diffusing substance in a unit
volume of the medium, t is the diffusion duration and x is the
coordinate in the diffusion direction.

Advancing diffusion model
Semi-infinite medium: Carslaw and Jaeger9  have presented
a solution for heat conduction in a semi-infinite medium by
using  the  advancing  boundary  model.  This  mathematic
model was used to derive the solution for 1D diffusion in a
semi-infinite medium based on Fick’s law8. When the diffusion
begins at t = 0, the concentration of the diffusing substance in
the medium is solved as:

(2)

m 2m 1 2m 1

m 0
m 2m 1

m 0

( 1)
m!(2m 1) xc(t;x) c 1 , min ( ,1)
( 1) 2 Dt
m!(2m 1)

 


 



   
     
   
  





In this case, the diffusing substance penetrates the
surface of the medium and permeates toward its depth, where
c4 is the saturation concentration of the diffusing substance in
the medium, v is the Neumann constant and          is the2v Dt
permeation depth. The concentration of the diffusing
substance of the external environment is constant. If the
location is deeper than               , then the concentration of the2v Dt
diffusing substance is zero, indicating that the location is
uncontaminated.

Plate medium: Chang et al.10 and Wang et al.11 have
presented solutions for the concentration of a diffusing
substance in a plate medium according to Fick’s law and the
advancing model. In this study, the diffusing substance
penetrates the surface on the left-hand side of a plate medium
with a thickness of h and diffuses toward its surface on the
right-hand side (Fig. 1). The concentration of the diffusing
substance of the external environment in the left space is
constant, whereas that of the substance in the right space is
zero. When t = tp = h2/(4v2D), the diffusing substance reaches
the right surface. Before the diffusing substance reaches the
right surface, the solution for the concentration of this
substance in the medium is the same as Eq. 2. After the
diffusing substance reaches the right surface, the solution
becomes:
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(3)

When t>tp = h2/(4v2D), the diffusing substance starts to
flow into the right space. The accumulated mass of the
diffusing  substance that permeates the plate medium to the
right space is:
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Fig. 1: Diffusion through a plate medium with thickness of h
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where, A is the cross-sectional area of the medium and H is the
Heaviside unit step function and is defined as:
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Plate medium with fluctuating environmental conditions:
In the previous case, the diffusion begins at t = 0. If a diffusion
process involves multiple stages that are initiated successively,
then the diffusion in each stage corresponds to the
concentration of the diffusing substance under the specified
environmental  condition,  C.  The  ith  diffusion  stage starts at
t  =  ti  instead  of  0.  Therefore,  the  lag  must  be  removed
from the process time to purify the diffusion duration. The
corresponding accumulated mass induced by this stage
should be:
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where, ci4 is the corresponding, c4 for the ith diffusion stage
and Eq. 5 becomes:
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The total accumulated mass should be the summation of
all the accumulated masses corresponding to each stage:
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where,  I  is  the  number  of  stages.  When  ci4  is  assumed to 
be  proportional  to  the  concentration  of  the  diffusing
substance in the environment, ci4 = k)Ci, where, )Ci is defined
as the mass of the diffusing substance per unit volume of
space in the environment for the ith stage and k is the
proportional constant. Equation 8 becomes:
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Fig. 2(a-d): Concentration of diffusing substance in the environment vs time and mass of diffusing substance penetrates the plate
medium vs time for multi-stage diffusion containing each single-stage diffusion (a) Diffusion of multi-stage, (b) First
stage of diffusion, (c) Second stage of diffusion and (d) Third stage of diffusion

In the studied case, the environmental condition of the
left space illustrated in Fig. 1 fluctuates stage by stage and
induces a change in ci4. The concentration, C of a substance
diffusing in an environment is defined as the mass per unit
volume of solution surrounding the medium. Initially, the
environment and the medium are free of the diffusing
substance, C = C0 = 0 and c4 = c04 = 0, where C0 and c04 are the
initial C and c4, respectively. The first step of the diffusion
process begins at t = t1 and C = C1 = C0+)C1 and the induced
c4 = c04+c14 = kC1 = k (C0+)C1) corresponds to C1. The second
step starts at t = t2 and C = C2 = C0+)C1+)C2 and the induced
c4 = c04+c14+c24 =  kC2 = k (C0+)C1+)C2) corresponds to C2. The
third step begins at t = t3 and C = C3 = C0+)C1+)C2+)C3 and
the induced c4 = c04+c14+ c24+c34 =  kC3 = k  (C0+)C1+)C2+)C3)

corresponds  to  C3  (Fig.  2).   Therefore,   in   the   first  stage,
c14 = k)C1 is the change in c4 between the initial step and the
first step in the second stage, c24 = k)C2 is the change in c4
between the first step and the second step and in the third
stage, c34 = k)C3 is the change in c4 between the second step
and the third step. About )C1 is the change in C between the
initial step and the first step, )C2 is the change in C between
the first step and the second step and )C3 is the change in C
between the second step and the third step.
This multistage diffusion process can be divided into

several individual single-stage diffusion processes. The first
single-stage  diffusion  involves  a   saturated   concentration
c14 = k)C1, the second single-stage diffusion involves a
saturated concentration c24 = k)C2  and the  third  single-stage
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diffusion involves a saturated concentration c34 = k)C3.
Combining   all   the   single-stage   diffusions   yields  the exact
multistage  diffusion  involving  fluctuating  saturated
concentrations, corresponding to an environment with
fluctuating concentration conditions. For each single-stage
diffusion process, the accumulated mass of the diffusing
substance permeating the plate medium and then entering to
the right space can be derived according to Eq. 6 and all
single-stage diffusion processes can be combined, as shown
in Eq. 8 and 9.

RESULTS

An immersion test involving fluness and 10 cm diameter
were prepared and mounted individually between two PVC
elbows with a 10 cm inner diameter (Fig. 3). The temperature
of the environment was controlled to be 25±1EC.
Approximately 2000 cc of salt water was loaded in the left
elbow and its top was sealed to prevent vaporization. The C
level of the salt water in the left PVC elbow was set to change
in a stepwise manner. In the first stage, C = C1 = 0.10 g cmG3

for the first 35 days. In the second stage, C = C2 = 0.05 g cmG3

for another 35 days. Finally, C = C3 = 0.01 g cmG3 for the final
35 days. The salt water was replaced weekly to ensure that C
remained constant. In addition, nearly 2000 cc of distilled fresh
water was loaded in the right elbow and its top was sealed to
prevent  vaporization.  This  water was unloaded to be tested
for  its  chloride  concentration  and  replaced  by   fresh   water
weekly. To measure the concentration accurately, frequently
condensing the water through vaporization to raise the
concentration is necessary. In general, the water was
condensed to approximately 1000 cc or even lower when the
concentration was too  low  to  be  measured.  Multiplying  the

measured concentration by the water volume yields the
chloride mass, which is the mass of chloride permeating the
specimen.
The multistage diffusion process involves three individual

single-stage diffusion processes: The first single-stage
diffusion  starts  at  t  =  t1  =  0,  C  =  C1  =  0.10  g  cmG3  and
c14 = k (0.10‒0.00) = k 0.10 g cmG3; the second single-stage
diffusion  begins  at  t  =  t2  =  35  days,  C2  =  0.05  g  cmG3 and
c24 = k (0.05‒0.10) = !0.05 kg cmG3 and the third single-stage
diffusion  starts  at  t  =  t3  =  70  days,  C3  =  0.01  g  cmG3  and
c34 = k (0.01‒0.05) = !0.04 kg cmG3. These 3 diffusion
processes were combined  to  realize  the  multistage diffusion.
The   masses   of   chloride   permeating   the  specimen  to
reach the right elbow were measured and accumulated
weekly  to  obtain  the  total  mass  and  the  contaminated 
water  was  replaced   by   fresh   distilled water. The four
specimens  were  individually  tested  for  7,  14,  28,  35,  42,
49, 56 and 105 days. The accumulated masses of chloride
permeating  through  the  specimen  into  the  right  space
were  collected  and  fitted  using  Eq.  9 to obtain D, v and k
(Fig. 4).
This experiment entailed simulating concrete material

immersed in salt water. Moreover, 1D diffusion theory was
applied to evaluate the unknown parameters, D, v and k in the
theoretical formula from the results by using regression
analysis.
In addition, the diffusion coefficient, Neumann constant

and proportional coefficient between C and c4 were obtained
by monitoring the mass flux of chloride penetrating the
concrete specimen. When the chloride concentration in an
environment fluctuates continuously, C depends on the
diffusion duration and Eq. 9 becomes:

Fig. 3: A U-shape tank made of two PVC elbows with a round concrete plate specimen mounted at the middle to separate the
tank into two halves, one with salty water on one side and the other with fresh water on the other side
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Fig. 4: Equation 9 with A = 78.54 cm2, h = 2 cm, D = 1.606×10G2 cm2 dayG1, v = 1.873, k = 1.437×10G2 and four sets of data of the
total accumulated mass of chloride permeating through the concrete specimen into the night elbow
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where, C is the derivative of C with respect to the diffusion
duration τ. The parameters derived are used for quantifying
the amount of chloride that permeates a concrete structure to
reach  a  reinforcing  bar  at  a  certain  depth  of  the  structure
and then induces corrosion after a certain duration. These
parameters are critical for evaluating the service life of an RC
structure.
As mentioned earlier, prior studies on chloride diffusion

in concrete are mostly based on Fick’s diffusion law. However,
this study is presenting an algorithm to characterize diffusion
parameters under fluctuating environmental conditions and
the findings would provide a new study direction in relevant
fields.

DISCUSSION

Diffusion parameters are generally obtained through a
regression process according to a theoretical prediction from
Fick’s diffusion law and data12-16. However, the process of
deriving diffusion parameters was modified in the current
study. The test in this study involved simulating natural
diffusion. No extra electricity charge was required, preventing

the generation of heat that severely affects the result and
decomposes concrete however, this was at the expense of a
long experimental period. Fluctuating chloride concentrations
were applied in this study to simulate a marine environment
for  characterizing  diffusion  parameters  this  is  the  first
diffusion  parameter  characterization  approach  in  study on
diffusion. An algorithm was developed for determining
diffusion parameters under fluctuating concentration
conditions in this immersion test and this algorithm was
verified experimentally. The result was excellent and the
derived  parameters  were  applicable  to  predicting  the
service life of a Reinforced Concrete (RC) structure in marine
environments.

CONCLUSION

This study investigated the one-dimensional diffusion of
chloride under fluctuating environmental conditions to
quantify the mass flux of a diffusing substance permeating a
plate medium theoretically and verify it experimentally. The
major contribution of this study is the use of Fick’s diffusion
law   with   the   advancing   model   to   accurately  describe
the   permeation   flux   of   a   diffusing   substance  according
to fluctuating concentrations of this substance in an
environment.  This  is  the  first  study  to  experimentally adapt
fluctuating environmental conditions and the results were
effectively fitted by a theory. The experiment entailed
simulating a case of chloride diffusion in concrete immersed
in salty water with fluctuating chloride concentrations, which
occurs frequently in estuaries.
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