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The steady state diffusion cell test is often used to determine the chloride ion diffusion
coefficient in cementitious materials. It involves the measurement of the flux of chloride
ions through a specimen under near steady state conditions. It has been noted that such a
test may also provide data which characterises the chloride binding capacity of the
specimen. In this work a numerical model of chloride diffusion subject to the effects of
chloride binding is used to assess the effect of deviations from the steady state on the data
obtained from a diffusion cell test. It is noted that there will be a tendency to underestimate
the diffusion coefficient, although good practice should limit this error. The predicted error
in the chloride binding isotherm is smaller than that in the diffusion coefficient.
Furthermore, the influence of errors in the effective porosity on model predictions is limited
as the resulting effect on the values of the calculated parameters describing chloride
diffusion and binding counteract each other. © 1998 Kluwer Academic Publishers

1. Introduction (also known as the pore solution diffusion coefficient
A major factor affecting the maintenance free servicein some work [6]). It is dependent on the tortuosity of
life of concrete structures is the rate of transport ofthe pore system but excludes all effects that result from
aggressive species, such as chloride ions, through theenet uptake or release of chloride ions by the specimen.
concrete cover. In all practical situations diffusion con-The pore system diffusion coefficient is directly related
tributes to the transport of these ions into concrete. Ito the intrinsic diffusion coefficient by the equation:

is characterised by a diffusion coefficient which may

be viewed as the flux per unit of concentration gradi- D. — Di @)

ent driving the diffusion process. A number of methods P

have been devised to determine diffusion coefficients.

One of these, commonly applied to the determinatiofVneree is a measure of the volume fraction of the spe-
of chloride ion diffusion coefficients, is referred to as iMen accessible to the diffusing ions, hereafter referred

the steady state diffusion cell test [1-3]. to as the effective porosity. (T_his definition is deliber-
The diffusion cell test involves the application of a ately vague for the reasons given below.)sAsust be
constant chloride concentration gradient across a spet€SS than 1, the pore system diffusion coefficient will
imen to produce steady state conditions. A typical arbe greater than the intrinsic diffusion cogﬁluent [5, 6].
rangement used is given in Fig. 1 [4]. Chloride ions_Another property of the concrete which affects all
diffuse from an upstream reservoir of high concentraforms of chloride transport (including diffusion) is its
tion through the specimen to a downstream reservoir of Pility to bind chloride ions. It has been suggested that
low concentration (initially chloride free). The steady the chloride binding relationship may be obtained on

state flux of chloride ionsX) determined per unit area & SP€cimen subject to a diffusion cell test [8, 9]. One
of specimen may be measured and the diffusion coeffilmeéthod is based on the assumption that the free chloride

cient (Dj) may then be obtained from Fick’s first law: concentration is a linear function of depth when steady
state has been achieved and the properties of the spe-
9C cimen are independent of depth. Thus the free chloride
J =D Ix (1) concentration may be estimated, while the total chloride
profile may be measured using standard techniques [8].
wheredC/dx is the imposed concentration gradient A porosity term is required to determine the quantity
[5]. This diffusion coefficient D;) has been referred to of bound chloride. It will be shown that, if this differs
as the intrinsic diffusion coefficient [6]. from the effective porosity used to determine the pore
The intrinsic diffusion coefficient is an average value system diffusion coefficient (Equation 2), the chloride
through the full cross-section of the specimen. Howevesink capacity of the pore volume equal to this difference
diffusion only occurs in part of the porosity of the spe- must be considered when modelling chloride ingress.
cimen [7]. The diffusion coefficient in this phasb ) An analysis of the achievement of steady state condi-
is referred to as the pore system diffusion coefficienttions in an ideal diffusion cell test has been undertaken
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ﬂ ﬂ chloride, is then given by a modified form of Equation
3[11]:

2
Upstream reservoir Downstream reservoir [1 + %} & = % (5)
(concentrated ClI (initially CI” free) w(l+ BC)* | ot X

solution)

wherew is a constant which converts the units of bound
chloride content determined hy (typically a weight
fraction of cement or moles per gram of cement) into
the units of the free chloride concentration (typically
Figure 1 Typical arrangement in a diffusion cell test. moles per litre of pore solution). By setting the constant
a equal to zero this reverts back to Equation 3.
Equation 5 represents an initial value problem. A so-
for the case where the changes in the two reservoirkition may be obtained using finite difference methods
of the cell (Fig. 1) are negligible [10]. However, the [13]. An illustration of this method applied to diffu-
diffusion cell test requires a change in the downstreansion in the absence of binding is described by Bard and
concentration to obtain the flux and only near steadyraulkner [14]. The boundary conditions are crucial to
state conditions are imposed on the specimen under ithe solution obtained. To assess the effect of the con-
vestigation. This may lead to some errors which maycentration changes which occur in the two reservoirs of
be compounded by the effects of chloride binding.  the diffusion cell, the boundary conditions must con-
In this work a numerical model is developed to assessider the flux of ions leaving or entering each reservoir.
the effect of small deviations from the assumed steadyhe time dependence of the chloride concentration in
state condition on both the chloride binding data andeach reservoirG) is given by:
diffusion coefficient data derived. The effects of varying
the specimen and diffusion cell parameters on the data aCo A

obtained are examined. ot V] (6)

-<—— Specimen

whereA is the area of the specimé&his the volume of

2. Model development the reservoir and is given by Equation 1.

2.1. Concentration profile

The chloride concentratiorC) as a function of time
(t) and distanceX) under non-steady state conditions
is described by Fick’s second law [10]:

2.2. Model validation
Inaccuracies in the model may result from both model
instability and errors in the finite difference appro-
5C 52C ximations to the derivatives in Equations 5 and 6. The
— =Dp—r (3) stability of the model is determined by the relative
ot Ix2 magnitude of the distance and time incremeni (
andAt). Instability occurs when the time increment is
This assumes that Only diffusion determines the Confong Compared to the distance increment and the dif-
centration profile and there is no net uptake or releasgysion which occurs in one time increment results in
of chloride in the medium in which diffusion occurs. ynreasonable changes in the chloride concentration in
It may be noted that the diffusion coefficient in Equa- each spatial element. In the case of pure diffusion the

tion 3 is the pore system diffusion coefficient. It may time and distance increments are constrained by the
be determined from the analysis of non-steady statge|ationship:

chloride profiles produced under conditions which may

approximate one dimensional diffusion into a semi in- K

finite medium. However such analysis is complicated At < D—(AX)2 (7)
by the need to subtract the effects of chloride binding P

which would otherwise give rise to a smaller apparen
diffusion coefficient [11].

The chloride binding relationship may to a first ap-
proximation be described by a Langmuir or Freundlich
adsorption isotherm [11, 12]. In this work a Langmuir
adsorption isotherm given by the equation:

R/vherek is a constant with a value of 0.5 [13, 14].

The accuracy of the finite difference approximations
is determined by the size of the increments. A more
accurate model will generally have smaller time and
distance increments. These should be varied together
as, while a smaller time increment combined with a
relatively large distance increment will result in a very

Cp = aC 4) stable model, it does not significantly improve the ac-
1+8C curacy and may require significantly more computing
power.
whereC, is the quantity of bound chloride ardand Initially diffusion was modelled through 10 mm thick

B are constants, is used. The time dependence of thdiscs, 100 mm in diameter, with an intrinsic diffusion
chloride concentrationd), which is referred to as the coefficient of 1x 10~ m?/s, an effective porosity of
free chloride concentration to distinguish it from bound 25% (by volume) and no chloride binding £ 0). Such
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a diffusion coefficient and porosity may representa 0.5 The model was also examined by calculating the
w/c cement paste [2, 11]. The model accuracy was agotal chloride content in the diffusion cell at various
sessed by comparing the effect of using distance intimes. The deviation from the initial chloride content
crements of 0.1 mm and 0.01 mm. To maintain model20 moles) is given in Table 1. Conservation of mass
stability corresponding time increments of 100 and 1 syequires that no change should occur. This was largely
which represent 80% of the maximum value allowedobserved with only a very small discrepancy of the order
by Equation 7, were used. The chloride concentratiorof 10~12 moles occurring. This was marginally greater
in the upstream reservoir of the diffusion cell was ini- in the more refined model and may have been caused by
tially 2M. Large upstream and downstream reservoirrounding errors resulting from the numerical precision
volumes of 10 | were selected to ensure a relativelyof the calculations.
constant concentration gradient. The predicted change The intrinsic diffusion coefficients calculated using
in chloride concentration in the downstream reservoirthe flux determined from various periods of predicted
is given in Fig. 2. It is evident that the effect of altering data together with the average concentration gradient
the distance and time increments was negligible. across the specimen at the midpoint of each of these
periods are given in Table Il. The calculated coefficients
approach the values used in the model as steady state

0.012 is achieved. Such observations give some confidence in
— : AX At the use of the model and suggest that there is little to
2 0014 o 0.01mm 1s be gained by using distance increments below 0.1 mm.
5 L — 0.1mm  100s
® 0.008 T
§ 0.006 L 3. Moc_iel predictions
5 ; 3.1. Diffusion cell parameters
© 0.004 L The validity of the assumption that steady state con-
o V. . . .
2 [ ditions have been achieved will depend on the rate of
2 0.002 £ change in the chloride concentration in each reservoir
& i of the diffusion cell. This is affected by both the dif-

0L R S fusion cell parameters which determine the specimen
0 20 40 60 80 area and the volume of the reservoirs, and the specimen

Time (days) properties which determine the chloride flux.
The influence of the specimen area and reservoir vol-

Figure 2 The predicted change in downstream concentration for twoume are related with a change occurring only when their
distance and time increments (model parame®ys: 1 x 10711 m?/s;  ratio changes (cf. Equation 6). Thus an increase in the
¢=025V =10l a=0). specimen area is equivalent to decreasing the reservoir

volume. The predicted change in the downstream chlo-
TABLE | Thechange in the chloride content of the diffusion cell ride concentration as afun?tlon of tlr_ne V_Vhen areservorr
volume of 0.5 | was used is given in Fig. 3. All other
Ax=0.1mm Ax=001mm  parameters were the same as those used to produce the

Elapsed time Amount of CI Amountof CI* e dictions given in Fig. 2. Values of the chloride ion
(days) (10" moles) (10" moles) . . . .
flux determined from various periods of data are in-
10 -11 6.8 cluded in Fig. 3, while the corresponding values of the
20 53 11.0 calculated diffusion coefficients are given in Table II.
28 —11-‘(3) ig-g A comparison of the data in Table |l suggests that de-
50 7_9'2 139 creasing the reservoir volume from 101t0 0.51, whichis
60 117 17.4 more typical _of a diffusion cel[ arrangement used_when
70 -19.9 17.1 testing specimens 100 mm in diameter [15], will in-
80 —-224 -7.8 crease the error in the diffusion coefficient determined.
1?)8 —ii% —ig-g However the error remains relatively sma#1%).
120 Ty g It is also evident that, after an initial period of time,

the rate of increase in the downstream concentration

TABLE Il Calculated intrinsic diffusion coefficients corresponding to various periods of predicted data and maxamigintercepts

Model inputs D; values from predicted data
Max. x
Dj Dp \% Chloride 10-20 days 20-40 days 40-60 days 60-80 days intercept
€ (m@/s) (P/s) 0) binding (nls) (mels) (mels) (P/s) days
0.25 1x 1071 4x 1011 10 No 982 x 10712 9.99x 10712 1.00x 10711 1.00x 10711 4.8
0.25 1x 10711 4x 1011 0.5 No 974 x 10712 9.94x 10712 9.94x 10712 9.94x 10712 45
0.25 1x 10712 4x10°12 0.5 No 456 x 10714 3.12x 10713 6.33x 10713 8.11x 10713 45
0.025 1x 10712 4x 1011 0.5 No 982x 10713 9.99x 10713 9.99x 10713 9.99x 10713 4.8
0.25 1x 1071 4x10 11 0.5 Yes 645x 10712 9.62x 10712 9.80x 10712 9.82x 10712 14.6
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TABLE |1l Comparison of the calculated intrinsic diffusion coefficients after decreasing the model input parametexfid@mtito 1 x 10-12
2
me/s

Model inputs D; values from predicted data
Dj Dy Period Dj Period Dj Period Dj
€ (m?/s) (me/s) days (nd/s) days (M/s) days (rd/s)
0.25 1x 10712 4x 10712 100-200 974 x 10713 200-400 P4 x 1013 400-600 P4 x 10713
0.25 1x 1071 4x10 11 10-20 974x 10712 20-40 994 x 10712 40-60 994 x 10712
0.2 T 0.016 -
< S 0014 +
S J = 1.64 x 10° molim?s £ :
S 015+ §0012 ¢
® I 2 " R*=10.998
s _ 6 2 = 001 +
q:) I J—173X10 mOl/m S 5 r Di:8.30>< 10-13 mZ/S
S 017 = 0.008 +
[e] i =] C
(&) . ) O 0.006 +
o) i J=1.82 x 10° mol/m°s 3 s
2 005+ -2 0.004 T
o L o C
= = i
S = 1.86 x 10°® mol/m’s o 0.002 ¢
0 I L L : 1 L L : L 1 1 : L 1 L 0 L : L T : L : T L : : T : L - T L
0 20 40 60 80 0 20 4{0 60 80 100
Time (days) Time (days)

Figure 3 The predicted change in downstream concentration on decreasFigure 4 The effect of decreasing the intrinsic diffusion coefficient to
ing the reservoir volume to 0.5 |, together with calculated values of1 x 10712 m?/s (cf. Fig. 3), together with the correlation coefficient of
the flux (model parameter®; =1 x 10 m?/s; ¢ =0.25;V =05 ; a line fitted to the 50 to 100 day data and its corresponding calculated
a=0). intrinsic diffusion coefficient.

begins to decrease (cf. the values of flux given in Fig. 3)(included in Fig. 4) suggests that detecting non-linearity
This results from the decrease in the concentration difin the trend will be difficult.
ference between the two reservoirs. However such devi- The calculated intrinsic diffusion coefficients from
ations from a linear rate of change in low concentratiorthis data are given in Tables Il and Ill. Significant er-
reservoir are easily masked by random errors in mearors resulted from the use of the first 80 days of data
sured chloride concentrations. due to the absence of steady state conditions (Table ).
Included in Table Il is the maximum x-axis intercept However when the downstream concentration was al-
extrapolated from a near linear portion of the relation-lowed to increase to the same level as that resulting
ship in Fig. 3. This gives a measure of the time requiredrom the use of an intrinsic diffusion coefficient of
for detectable quantities of chloride to pass through thd x 10~ m?/s, the errors were again small (data com-
specimen. It also represents the lower bound of the timpared in Table Ill). The only difference between these
required to achieve near steady state conditions. A smativo cases is the order of magnitude change in the time
decrease inthisintercept (from 4.8 to 4.5 days) occurredequired to obtain such data.
on decreasing the reservoir volume. This would have One effect which will decrease the intrinsic diffu-
resulted from the more rapid decrease in concentratiogion coefficient is a decrease in the effective porosity
gradient between the two diffusion cell reservoirs. (cf. Equation 2). The effect of an order of magnitude
decrease in the intrinsic diffusion coefficient which is
entirely due to an order of magnitude decrease in the
effective porosity is given in Table Il. In this case the
3.2. Specimen properties pore system diffusion coefficient remains at 40~
The specimen properties which determine the chloriden?/s. It is evident that despite the low chloride concen-
flux are the diffusion coefficient, the effective porosity trations, no increase in time is required to obtain such
and chloride binding. data. Indeed the accuracy of the calculated intrinsic dif-
The change in downstream chloride concentratiorfusion coefficients has improved while the maximum
after decreasing the intrinsic diffusion coefficient from x-axis intercept is again less than 5 days.
1x 101 m?/sto 1x 10712 m?/s is given in Fig. 4. All This suggests that it is the pore system diffusion co-
other parameters were the same as those used to prodweféicient which determines the rate at which steady state
the predictions given in Fig. 3. This indicates that, if theis achieved (cf. Equation 5). It may however be noted
period of time over which the data is collected is notthat, in practice, a reduction in effective porosity would
increased, the measured chloride concentrations will balso produce a reduction in the pore system diffusion
relatively low. However the high correlation coefficient coefficient due to factors which include an increase in
of the line fitted to the data between 50 and 100 daygore wall interactions.
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Figure 5 The predicted free chloride profile through specimens in the Figure 6 The percentage deviation from an ideal linear free chloride
presence and absence of binding (cf. Fig. 3 and Table I1). profile in a specimen which binds chloride.

The effect of binding was determined using a previ-derestimation of the intrinsic diffusion coefficients de-
ously reported Langmuir binding isotherm for an ordi- termined. These errors were small for most cases exam-
nary Portland cement specimen with the values of théned if a sufficient period of time was allowed to achieve
constantsy and 8 in Equation 4 being 6.46%/M and near steady state conditions. However chloride binding
3.79%/M respectively (the units of bound and free chlo-affects chloride transport and amplifies the errors re-
ride were percentage by weight of cement and Molarsulting from small deviations from steady state condi-
respectively) [16]. The constamtin Equation 5, which  tions (Table Il). Increasing the ratio of the diffusion cell
converts the units of bound chloride to moles per litrereservoir volume to the specimen area will improve the
of pore solution, was obtained using a cement conterdiccuracy of the steady state conditions achieved, but
of 1200 kg/n? (typical of a cement paste) and a water will also decrease the downstream chloride concentra-
filled porosity of 25% [17]. tion which may increase the measurement error.

The calculated intrinsic diffusion coefficients in the A larger error may arise from the difficulty in detect-
presence of chloride binding are included in Table Il.ing near steady state conditions from the rate of change
They suggest that chloride binding will increase thein concentration of the downstream reservoir. Measure-
error in the diffusion coefficient determined although ment error may easily mask any non linearity in the rate
this remains relatively small after a sufficient period of concentration change. This gives rise to the risk of
of time has elapse&@% after 80 days). Furthermore determining diffusion coefficients using data obtained
such a typical chloride binding capacity will increase under non-steady state conditions. This risk may well
the maximumx-axis intercept (also given in Table 1) depend on the time required to achieve steady state.
by a factor of more than 3. The achievement of steady state conditions is deter-

The predicted free chloride profiles after 10, 20 andmined by the intrinsic diffusion coefficient, effective
40 days in specimens which bind chloride are given inporosity and chloride binding capacity with the influ-
Fig. 5. Also included is the profile after 10 days in a ence of the intrinsic diffusion coefficient and effective
specimen which does not bind chloride but is otherwisgporosity being related through the pore system diffusion
the same (cf. model parameters in Table Il). It is evi-coefficient (Equation 2). Indeed it is this parameter that
dent that chloride binding increases the time requiredjives a measure of the velocity of the ions transported
to achieve a near linear profile (cf. the predicted profiledy diffusion in the specimen and therefore the penetra-
after 10 days). This might be expected in view of the in-tion rate of chloride ions.
crease in the maximum-axis intercept. However, the  One approach to minimise the risk of using too short
predicted profiles rapidly adopt a linear nature as timea duration of diffusion cell test data is to ensure that
increases. a given quantity of chloride passes through the speci-

The percentage deviation from an ideal linear profilemen when a typical concentration gradient is applied.
determined using the chloride concentration in the twdn the present work the errors were always relatively
reservoirs after 20 and 40 days in specimens which bindmall by the time 5% of the chloride present in the
chloride is given in Fig. 6. The largest deviation occurscell had entered the downstream reservoir. However, in
near the downstream reservoir of the diffusion cell. some cases, this may give rise to unnecessarily long

and impractical test durations.
Near steady state conditions will be achieved af-
ter much smaller quantities of chloride have passed
4. Discussion through the specimen when a low intrinsic diffusion
4.1. Diffusion coefficients coefficient is produced by a low effective porosity
The above analysis would suggest that deviations fronfTable Il). Indeed it would not have been possible to
the steady state in the diffusion cell test result in an unaccurately determine some very low reported values
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of the intrinsic diffusion coefficient in a reasonable 2
time period if these did not result from a low effec- L _ Actual binding isotherm
tive porosity (cf. data in references [2] and [4]). The L+ Extrapolated free - 20 days
smaller change in chloride concentration of the diffu-
sion cell reservoirs, and therefore the smaller deviation
from steady state, improves the accuracy of the diffu-
sion coefficients determined in this case.

An alternative method of determining whether steady
state conditions have been achieved is to ensure that the @
period over which the rate of change downstream con- -
centration appears to be linear constitutes a significant
proportion of the duration of the test. Thus the time
axis intercept of the linear portion of the downstream
concentration versus time graph must be small com-
pared to the total measurement period. An examination
of Figs. 3 and 4 SUQQGStS that this should be less thaﬁgure 7 The actual and estimated relationship between free and total
20% of the test duration. chloride.

It may be noted that neither theaxis intercept nor

the intrinsic diffusion coefficient should increase if suc- ) o ]

used. However it is possible for these parameters tét the end of the test while the flux used to determine the

decrease. Reasons for this include further hydration offiffusion coefficient is derived from data obtained over
the specimen and changes in the pore structure due & extended period running up to the end of the test.

reaction with chloride ions. This may require further Furthermore it is the concentration gradient at the in-

Underestimation of the intrinsic diffusion coefficient that determines the flux into the downstream reservoir
would also occur if the concentration gradient initially @nd deviations from alinear concentration gradient are
imposed, as opposed to that existing at the time whe@reatest at this interface (Fig. 6). _
the flux was determined, was used in the calculation, The total chloride content may be obtained as a func-
In the typical cell geometry used in this work, changesfion of depth following a diffusion cell experiment. The
in upstream and downstream concentrations could refotal-free relationship determined using a linear free
atively easily result in a 10% reduction in the concen-chloride profile and the predicted total chloride profile
tration gradient driving diffusion. after 20 and 40 days is given in Fig. 7. It may be noted

The greatest predicted change in concentration i,qhaﬁthe estimated binding isotherms converge relatlvely
the diffusion cell occurred in the upstream reservoir'@pidly on the actual values. Indeed the errors resulting
(Fig. 5). However as steady state conditions are apf.rom the assumption of a Imgar free chloride 'proflle
proached, the rate of concentration change in eacAPPear to be smallin comparison to the errors in other
reservoir tends to the same value. Thus, in terms of thE'ethods of binding isotherm determination (typically
accuracy of the steady state conditions achieved, ther?0%) [16]. o o
is no advantage to be gained by increasing the volume The accuracy of this diffusion cell method of binding

of one reservoir at the expense of the other reservoir if0therm determination will be limited by the accuracy
the diffusion cell. with which the total chloride profile may be measured

as well as by the time and depth dependent properties

of the specimen. Depth dependent properties such as a

variation in the cement content and therefore the bind-
4.2. Binding isotherms ing capacity at a cast surface should be avoided [8].
It was noted in the introduction that information on the Time dependent properties could include pore struc-
chloride binding capacity of the specimen in a diffusionture refinement resulting from continued hydration, as
celltest may be obtained by measuring the total chloridevell as the slow release of bound chloride. This latter
profile and estimating the free chloride profile basedeffect may hinder the maintenance of equilibrium in
on the assumption that it is a linear function of depth.the specimen adjacent to the upstream reservoir as its
The small deviation from linearity of the free chloride chloride concentration falls [18]. The influence of these
profile suggests that the resulting error may be relativelfime dependent effects is more difficult to minimise.
small (Fig. 6). The percentage error is smaller in that The determination of binding data by this method at
half of the specimen closer to the high concentratioriow chloride contents may be limited by the relatively
reservoir, it having been exposed to chloride for alongetarge quantity of chloride that may pass through the
period of time. specimen prior to the detection of near steady state con-

The maximum predicted error in the free chloride ditions. This may necessitate an increase in the volume

profile obtained by linear extrapolation is significantly of the downstream reservoir to keep its concentration
smaller than the error in the diffusion coefficient ob- low. Another problem arises from the porosity term re-
tained using a corresponding period of data (18% maxeuired to calculate the quantity of bound chloride. This
imum as opposed to 36% after 20 days and 1.4% maxiterm is poorly defined. However this is true for most
mum as opposed to 3.8% after 40 days). One reason fanethods of bound chloride determination.

-
(]
|

[ o Extrapolated free - 40 days

e Chloride (M)

Total Chloride (weight % cement)
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4.3. Effective porosity 0.16 T
As noted above, the effective porosity determines the < 0.14 i + Actual data
relationship between the intrinsic and pore system dif- = b » 25% porosity
fusion coefficients. It might be considered to be the & 012 1 — 30% porosity
volume fraction of capillary pores in the sample which :§ 01 &
contribute to the net transport of chloride through the § ;
specimen under steady state conditions [7]. However & 0.08 T
all pores which are accessible to chloride ions may af- 3 0.06 +
fect chloride transport under non-steady state condi- -3 ;
tions. While blocked pores that are connected to the & 0.04 T
pore system at only one point do not contribute to the 5 0.02 |
net throughput of chloride, they will act as a chloride
sink which will slow the achievement of steady state in )
0 20 40 60 80

a similar manner to chloride binding.

To directly address the effect of the chloride sink ca-
pacity of blocked pores presents problems aSSOCiatQE’gure 8 The predicted change in downstream concentration using a
with obtaining values for some of the parameters thabinding isotherm and diffusion coefficient calculated from diffusion cell
describe it. However, to a first approximation, it may betest data at two porosity values.
addressed by using a larger effective porosity and a cor-
respondingly smaller pore system diffusion coefficient. 2
This assumes thatthis chloride sink effectactsinalinear I
manner. Indeed it can be shown that, when the average
concentration in the blocked pores at a given depth is
the same as that in the pores through which transport
is occurring, the influence of the chloride sink capacity
of blocked pores on chloride transport is to increase the
effective porosity by the volume fraction of the blocked
pores and decrease pore system diffusion coefficient by
the same factor.

If there is no depth dependence of the geometry (vol-
ume, length and direction) of blocked pores in the spec-

Time (days)

i — 25% porosity
1.5 1 = 30% porosity

Chloride Concentration (M)

imen and the concentration in these pores is equal to 0 +————t———
that at their point of connection with the rest of the pore 0o 5 10 15
system, the average concentration in the blocked pores Distance Through Specimen (mm)

will be th_e same fis that m_ the pores throth WhIC_hFigure 9 The predicted chloride profiles after 20 days in a 25 mm thick
tr_ans_port IS occurring ata given depth. H_owever the fi~specimen using the parameters calculated from simulated diffusion cell
nite time required for chloride to diffuse into blocked test data at two porosity values.

pores will result in a below average chloride concentra-
tion in the blocked pores. In this case a lower effective
porosity that does not include the entire volume of therameters used to generate the simulated actual data for
blocked pores could be used. It may be noted that defirthis comparison are the same as those given in Table Il
ing the effective porosity in these terms results in it be-for the case where chloride binding occurred. The dif-
ing equivalent to that required to calculate the quantityfusion coefficients were calculated using the data which
of bound chloride from the free chloride concentrationextended up to 80 days while the binding isotherm was
and total chloride content. obtained by fitting a Langmuir isotherm (Equation 4)
Attempts may be made to estimate the value of the efto the actual total versus extrapolated free chloride re-
fective porosity from a comparison of the intrinsic diffu- lationship at 80 days.
sion coefficient and the time required to achieve steady Fig. 8 gives the predicted change in concentration in
state after subtracting the effects of chloride binding (cfthe downstream reservoir of the diffusion cell, while
the influence of the effective porosity on the maximumFig. 9 gives the free chloride profiles after 20 days in
x-axis intercept in Table Il when the intrinsic diffu- a 25 mm thick specimen of the same material exposed
sion coefficient remains unchanged). However, while &o a chloride source with a constant concentration on
lower pore system diffusion coefficient calculated us-one face and sealed on the opposite face. It is evident
ing a higher effective porosity would be expected tothat no difference in the predictions occurred when the
increase the predicted time to steady state, a highemalue of the effective porosity used was increased from
porosity would also decrease the calculated chloridéts actual value of 25% to a value of 30%. The small
binding capacity which in turn would decrease the timedifference which occurred between the actual data and
to steady state. the data predicted using the calculated parameters in
The effect of using calculated binding isotherms andFig. 8 was most likely to have resulted from the small
diffusion coefficients corresponding to different porosi- error in the calculated intrinsic diffusion coefficient.
ties on subsequent predictions made using these calcu-It should be noted that the calculation of the binding
lated model inputs s illustrated in Figs. 8 and 9. The paisotherm is constrained by the condition that a given
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total chloride content corresponds to a given free chlodiffusion coefficient tends to be cancelled by the re-
ride concentration irrespective of the value of porositysulting error in the chloride binding isotherm.

used to determined the bound chloride content. Thus
the similarities between the free chloride concentration
profiles in Fig. 9 will also exist between the correspond
ing total chloride content profiles.

The above observation suggests that the effect of e
rors in the value of the porosity used to calculate th
binding isotherm is cancelled by their effect on the cal-
culated pore system diffusion coefficient. Thus the sen-
sitivity of the model predictions to such errors is limited
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when the same effective porosity is used to determin&eferences

both the binding isotherm and the pore system diffusion L
coefficient from the data produced by a diffusion cell 5
test.

3.

5. Conclusions 4.

1. In theory the steady state diffusion cell test pro-
vides a relatively accurate method of determining the s.
intrinsic diffusion coefficient. However deviations from
steady state conditions will result in some tendency to -
underestimate its value. Important factors affecting the
accuracy are the chloride binding capacity of the spec-g
imen and the geometry of the diffusion cell. Further-
more, near steady state conditions are difficult to detectd.
from changes in chloride concentration and the period
over which near linear behaviour is observed should
constitute a significant proportion (say 80%) of the to-;,
tal duration of the test.

2. In addition to the determination of the diffusion 11.

coefficient, the diffusion cell test also offers a method
for determining the chloride binding isotherm on rela- !
tively large specimens through which diffusionis occur-

ring. The free chloride concentration in the specimens.

may be estimated by assuming that it is a linear func-
tion of depth when near steady state conditions have

been achieved. The errors resulting from this assump**

tion are less than the errors in the diffusion coefficient

calculated using data determined over a similar periods,

of time. The bound-free relationship may then be ob-

tained at the end of the test by measuring the total chlolé-

ride profile.

3. The effective porosity is required to calculate both™"”
the pore system diffusion coefficient and the bounds.

chloride content from the data generated in a steady
state diffusion cell test. However, the sensitivity of
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