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Abstract

In the in situ leaching (ISL) method, pore water ionic content is determined in small cavities drilled in mortar/concrete specimens. Prior
investigations have demonstrated the ISL applicability to obtain pH and nitrite ion concentration in concrete/mortar pore water. The application of
the method is extended here to determine pore water chloride ion concentration (and pH) within practical test times in mortars and concretes
prepared in the laboratory and in concrete cores extracted from a bridge deck in deicing salt service. Spatial resolution for the determination of
composition profiles is also illustrated. Modeling of the ISL process indicates that chloride binding accelerates the approach toward a terminal
cavity concentration, reducing test duration to practical lengths for moderate permeability concretes. This acceleration can be attributed to
maintaining a higher gradient of free chloride near the cavity wall due to the release, during leaching, of previously bound chloride. Consequently,
there is a faster chloride buildup in the cavity water compared with the no-binding case. Experimental chloride and pH results obtained by the ISL
test in mortar samples show good agreement with those from the pore water expression (PWE) method. Also, examples are presented of
application of ISL data to obtain chloride binding isotherms, and pore water chloride to hydroxide ratio relevant to assessing conditions for
corrosion of steel reinforcement. The ISL method presents a less costly and less disruptive alternative to PWE for pore water analysis. It is noted,
however, that in a few instances ISL could not be implemented because of excessive absorption of cavity water by the surrounding medium.

© 2005 Elsevier Ltd. All rights reserved.

Keywords: Chloride; Leaching; Binding; Corrosion; Pore water

1. Introduction

Significant interest exists in assessing concrete pore water
composition, particularly for chloride content as a source of
corrosion of reinforcing steel. The most common procedure for
assessment of cement paste/mortar pore water composition is by
the use of the pore water extraction (PWE) technique, although it
may be subject to errors, especially when applied to concrete
samples [1-4]. Moreover, the PWE method requires special
safety precautions and is highly mechanically disruptive of the
concrete/mortar sample.

As an alternative to the PWE method, Castellote et al. [5]
developed an alkaline leaching technique for free chloride analysis
of a crushed concrete/mortar specimen in about 24 h of testing.
However, this method is also highly disruptive of the sample.
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Glass and Buenfeld [2] determined free chloride content of a thin
cement paste disk immersed in a NaCl-NaOH solution placed in
an ultrasonic bath. The chloride concentration was determined
measuring the external solution concentration evolution with time
until an apparent terminal chloride value was reached, typically
after 14 days. The practical implementation of this method with
actual concrete samples has yet to be demonstrated.

The in situ leaching (ISL) technique represents another
attractive practical alternative to determine pore water chloride
content, but its applicability needed to be explored. ISL was
initially developed to measure pH of the concrete/mortar pore
water [6], and later implemented to examine nitrite concentration
in concrete pore water [7]. In the ISL technique a mortar/con-
crete specimen is allowed to reach near water saturation in a
closed 100% relative humidity chamber, periodically mist
spraying the specimen surface with distilled water. Fresh lime
is placed inside the chamber to act as a CO, trap. After 30—40
days of conditioning, small equidistant cavities (typically 3—5
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mm diameter, 30—40 mm deep and at least 20 mm apart) are
drilled with minimum disruption of the specimen using a ma-
sonry drill bit. Concrete dust is carefully removed from cavities.
An acrylic washer is then affixed to the rim of each drilled cavity
with a fast curing epoxy. Subsequently, a small volume
(typically 0.25 mL) of distilled water is injected. The cavity-
to-water volume ratio is made as large as practicable to shorten
the test period. A rubber stopper is firmly pushed into the acrylic
washer to isolate the cavity water. The cavity water is then
allowed to evolve toward equilibrium with the surrounding pore
water over a sufficiently period of time. Periodically, a small
amount of cavity water (10-30 mg) is extracted and analyzed for
dissolved species.

The ISL method is inexpensive, simple to implement in
concretes (of high and moderate permeability) and mortars, and
causes minimum disruption. Loss of cavity water into the sur-
rounding concrete and a potentially lengthy required time toward
cavity water equilibration are limitations of the technique.

This investigation was conducted to evaluate the applicability
of the ISL method for the determination of chloride in mortar/
concrete pore water. Of interest was whether test times could be
kept within reasonable limits in view of the often moderate
diffusivity of chloride ion in concrete [8,9], and how chloride
binding [10,11] may affect the cavity water equilibration ki-
netics. These issues were addressed by detailed modeling to
examine equilibration kinetics. Results using the ISL technique
are compared with those obtained by the well-established PWE
method applied to mortar samples. The applicability of the ISL
technique to obtain a chloride distribution and binding infor-
mation pertinent to durability forecasting is demonstrated.

1.1. Modeling of chloride transport into small concrete cavities

The success of the ISL method depends on the development
within the cavity, in a reasonable timeframe, of a chemical
composition representative of that of the surrounding pore water.
Early modeling work [6] of the approach to equilibration ad-
dressed only simple diffusion with no binding of the type often
encountered for chloride transport in concrete. Those results
indicated that the time needed to achieve near equilibrium is
proportional to D™ '72 and roughly proportional to e 2V 2,
where 7. is the cavity radius, D the diffusion coefficient (binding
absent) of the leached species, ¢ the porosity (pore volume
fraction) of the material, and ¥ is the ratio of the cavity volume
Ve to the volume of water in the cavity Vy. This analysis
permitted semi-quantitative projections of the time for equili-
bration in the more complex systems of interest. Those
projections together with experimental results showed encour-
agingly short times (e.g. one week) for equilibration for ions
responsible for pH development [6]. Additional work with nitrite
ions showed also reasonable short times to approach equilibrium
[7]. The present paper extends the model to the transport of
chloride ions including linear and non-linear binding.

For modeling purposes, the following assumptions are made:

1. The concrete cavity is treated as a long cylinder of length L
and a radius 7. centered in a cylindrical specimen also of

length L (thus, chloride transport beneath the cavity is ignored
for simplicity) and radius r.>> r. (see Fig. 1). The chloride
concentration at 7=r is assumed to be unaffected by leaching
within the time frame of the experiment. Chloride is initially
uniformly distributed in the concrete matrix.

2. The concrete pores are assumed to be always filled with water
so that cavity water depletion is negligible (limitations for the
applicability of this assumption are discussed later).

3. The concrete is considered as a homogeneously porous
medium with porosity invariant with time.

4. The cavity is assumed to be partially filled with water but with
walls efficiently wetted by capillarity.

5. Transport inside the cavity is assumed to be fast enough so as
to have the same chloride concentration in the water at the
bottom and on the moist cavity walls.

6. Equilibrium between the cavity and concrete pore water is
reached at the cavity wall at all times.

7. The total chloride content as mass per unit volume of concrete
can be expressed as Cror=Cg+ Cg, where Cy is the bound
chloride and Cf is the free chloride. The free chloride is
present only in the pore water at concentration Cy(in mass per
unit volume of pore water), so that:

CFZS'Cf (1)

8. There is instantaneous equilibration between bound and free
chlorides so that Cg and Cf are related by a time-invariant
isotherm function.

9. Chloride transport in the bulk of the concrete is by diffusion,
forced only by gradient of the free chloride concentration.

In one-dimensional cylindrical coordinates, the mass conser-
vation equation for chloride transport in the concrete bulk is then
given by [10,12]:

dCy Dy [0°Ce

IQCF]
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where 7 is the distance from the center of the cavity, D is the
diffusion coefficient for free chloride, dCg/dCk is given by the
binding isotherm, and ¢ is the leaching time.

\

Cr: Free chloride concentration
(concrete)

Cw: Chloride concentration in '
cavity water

Fig. 1. Schematic for simplified modeling of chloride transport — only radial
transport considered.
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The chloride mass flowing per unit time into the cavity, dm/
dt, is given by Fick’s first law evaluated at the cavity wall:

dm (7CF
— | =2Dpmwr. L —]| . 3
dr |i7rc F T Ir |17;C ( )

Since V= m%L, the chloride concentration in the cavity water in
mass per unit volume of liquid, Cyy, at the cavity wall varies with
time as:

dCw, 2DV, 9Cr @

dr |":r° e dr e

Substituting Eq. (1) into Eq. (4) and recalling that the cavity
water is assumed to be in equilibrium with the pore water at the
cavity walls at all times yields the condition:

ﬁ‘ _2DpeV:r 9Cr (5)
dr "= 7o dr "

The other conditions consistent with the model assumptions
are:

Cr(re,0) = &-Cwo (6a)
CF(I", 0) = CF() (6b)
Cr(re,t) = Cro (6¢)

where Cgy is the initial free chloride concentration in concrete
and Cyyy is the initial chloride concentration in the cavity water.
Since chloride-free water is initially injected, Cyy is zero.

The time evolution of the chloride concentration in the cavity
water can then be obtained by solving Eq. (2) with the conditions
in Egs. (5) and (6a)—(6¢). The problem can be expressed in non-
dimensional terms by substituting Cf, ¢, and r by the
dimensionless parameters:

Cr Cre
Cg=—= ore (Generalized Concentration) (7a)
Cro Cro
Dy . .
T = —- t(Generalized Time) (7b)
rC
R=" (Generalized Distance) (7c)

re

This formulation permits easy comparison of the ISL
behavior in the presence or absence of binding. Chloride bind-
ing in concrete was modeled by the Langmuir isotherm des-
cribed by Cs'=(KCp) '+C." where K and C; are the
Langmuir constant adsorption parameters. However, this choice
is not limiting and other adsorption isotherms can be used

instead [2,13]. Using the non dimensional parameters, the term
dCg/dCr in Eq. (2) becomes:

dCp K
dCr (1 K )2 (8)
F (1 +KéC;Fo CG)
Defining the non dimensional groups B=KCgCr' and
v=¢V, Eq. (2) becomes:

aC 1 92Cs  18C,
G _ . 2G+_ G 9)
OT 1+ JR> R IR

and the problem conditions in non-dimensional terms become:

K
(14+4Co)’

dd%bg:l :2‘7'%|R:1 (10)
Cs(1,0) =0 (11a)
Cs(R,0) = 1 (11b)
Co(Re, T) = 1 (11c)

Fig. 2 shows solutions to Egs. (9) (10) (11a) (11b) (11c)
numerically calculated using finite differences for a typical
configuration where y=0.3 (e.g. ¢=0.1, V,=3). Calculations are
presented for (i) a no binding case (K=0) and several binding
scenarios all assuming K=10, which is in the order of values
reported in the literature [14—17] and comparable to those
obtained with the materials used here. In the first binding sce-
nario (ii) conditions are assumed to be at the linear limit (Cp =oo,
so =0) approximating the behavior that may occur if Cr, were
vanishingly small compared to the bound chloride content in the
bulk of the specimen. The remaining binding scenarios were
chosen with f=0.25 (iii), 1.25 (iv), and 7.5 (v) representing
cases in which the ratio of free to bound chloride content in the
bulk of the specimen is finite but small (0.12), moderate (0.22),
or approaching unity (0.85), respectively.

In all instances the approach to equilibration is measured by
the increasing value of Cg(1, T) as T increases. The scaling of T
in Eq. (7b) implies that the time to reach a given fraction of the
terminal concentration should be inversely proportional to Dg
and 7, 2, as indicated earlier. For the no-binding case the results
(curve (i)) are generally as reported by Sagiiés et al. [6]. The
present curve represents a refined numerical calculation scheme
yielding more accurate values at low values of 7' than in Ref. [6].
Since for linear binding dCg/dCf is a constant, the ruling
equations and end conditions are directly scalable to those of the
no-binding case. Comparison between those cases is then
straightforward and it shows marked acceleration (by a factor of
~(1+K) if D remains the same, see below) in the evolution of
C toward unity when linear binding is present (curve (ii)). This
finding would at first glance seem inconsistent with the com-
monly observed retarding effect of binding on chloride
penetration in concrete [12]. The apparent discrepancy is
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Fig. 2. Non dimensional model results (7=0.3).

explained however by noticing that during leaching the release
of previously bound chloride permits maintaining a high gra-
dient of Cg near the cavity wall for a longer time than otherwise,
thus actually accelerating the buildup of chloride in the cavity
water.

For the no-binding and linear binding cases the chloride
buildup at short leaching times is amenable to simplified
treatment. Early on diffusional transport can significantly de-
plete only a very thin region around the cylindrical cavity sur-
face, so the behavior closely resembles that of diffusional
leaching from a flat wall into a reservoir of large but finite
volume. Adapting the well known solution for that case [18] to
the present system yields Cg ~47 "?y (1+K)"?T"?. The result
is described by the dashed straight lines (at low 7)) with slope 1/2
in the log—log representation used in Fig. 2. The lines agree with
the limit behavior of the respective numerical solutions and
coincide in showing an accelerating factor (1 +K) in the earlier
leaching stages due to non-linear binding.

The behavior for the non-linear binding cases depends
strongly on the ratio of free to bound chloride in the bulk. If the
ratio is very small (which occurs when Cr << Cy as in case (iii))
then the entire specimen exists in a regime close to the linear
limit of the Langmuir isotherm. Thus the calculated approach to
equilibrium in such case closely resembles, as expected, that of
the linear binding case. However, a moderate increase in the
free-to-bound chloride ratio in the bulk as in case (iv) results in a
response halfway (in logarithmic terms) between that of the no-
binding and linear binding limits. When the free-to-bound
chloride ratio in the bulk becomes near unity the response (curve
(v)) is already close to that of the no-binding case. It is noted that
the initial log—log slope in these cases is also in the order of 1/2
in keeping with the diffusional transport assumptions. A limit
correlation of the vertical offset with the diffusivity and binding
parameters for the non linear case (comparable to that introduced
above for the linear/no binding cases) is still under investigation.

The model results indicate that chloride binding does not
slow down the approach to equilibration between cavity and
pore water, and that instead binding may provide substantial
acceleration in some cases. However, application of the model to
estimate the test duration needed to get reasonably close to Cr is
difficult because measured chloride diffusion coefficients in
concrete are typically reported as apparent values, D spp, instead

of Dr. Those Dapp values are obtained by fitting an ideal error
function solution of the diffusion problem to measured profiles
of total or near-total chloride concentration of the form [19,20]:

Cror(x, ;) = Cs ~(1—erf< (12)

)

where x is the distance from the concrete surface exposed to
salting, 7. is the concrete exposure time to salting, Cg is the
chloride concentration at the concrete surface assumed to be
approximately constant in time, and the native concentration
deep in the core is assumed to be negligible. An approximation
can nevertheless be made by assuming Langmuir binding and
noting that by analogy with the above arguments the value of Dr
should be somewhere between (1+K) Dapp and Dapp,
depending on the overall chloride content in the samples that
were used to calculate D opp. Additional complexity results from
factors such as dependence of Dy on time [18] and concrete
heterogeneity near the surface which are beyond the scope of the
present discussion.

As an illustration, one can consider values of Dapp ~10~ 12
m?/s which are often reported for relatively moist moderate
permeability concretes [8,9]. In the complete absence of binding
or with very high chloride levels throughout then Dr~D pp S0 a
curve approaching (i) in Fig. 2 would apply for practical cavity
dimensions. The time required to attain a sizable fraction (e.g.
C5=0.8) of the terminal chloride content in the cavity water
would then be quite long (~6 months). But binding to a
significant extent is always likely to exist and chloride content is

Table 1

Mortar mix proportions

Mixes Mix B Mix A

Series name Series T Series S

Batch name MOST MIT M3T MS5T MI10S M20S
Cement, kg/m’ 504 501 496 489 484 469
Water, kg/m’ 252 251 248 244 193 188
w/c ratio 0.5 0.5 0.5 0.5 0.4 0.4
Fine aggregate, kg/m* 1386 1378 1363 1343 1330 1290
Target Cror, kg/m3 2.5 5.0 14.9 24.5 8.6 16.7
Unit weight, kg/m? 2152 2145 2144 2126 2122 2108
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finite, so behavior not unlike (iii) or (iv) may be closer to the
norm. Moreover, since 7 is scaled by D and not Dupp, the
approach to equilibration is accelerated in the actual time domain
(compared to the case of Dp~D App) not only by the shift from (i)
to (v), (iv) etc. but also by an added factor of Dg/Dapp. In this
illustration behavior as in (iv) would reduce the time to achieve
C5=0.8 to only ~1 month. In more highly permeable concretes
or in mortars near-equilibration times would be even shorter,
suggesting a good potential for rapid test execution in a variety
of problems of interest. Experimental tests of the feasibility and
validity of the method in mortars and concretes are presented in
the following sections.

2. Experimental methodology

A note on unit usage: In the following, concentrations related
to concrete mixture proportions are given in customary kilo-
grams per cubic meter form. For consistency with usual anal-
ytical practice, concentrations of solutions are given in moles/
liter (M) units instead. Appropriate conversion needs to be made
when relating pore water and bulk concrete compositions e.g. by
volumetric porosity.

2.1. Laboratory mortar specimens

Two mortar mixes (A and B, Table 1) were prepared
following ASTM C-305-94. Mix A was cast in cylindrical
plastic molds 4 cm diameter by 25 cm long (series S) with a
nominal water-to-cement (w/c) ratio of 0.4. Mix B (series T)
was cast in plastic molds 7.6 cm diameter by 15.2 cm long with a
nominal w/c ratio of 0.5. Chloride ions were introduced as part
of the mixing water, using reagent grade NaCl (99.4% purity) to
attain the desired total chloride concentration (Crot) obtained by
the method detailed in [21]. This method yields acid-soluble
chloride and is comparable with ASTM C1152-90. Mortar
cylinders were prepared in duplicate for each Cror value. The
fine aggregate was Ottawa sand graded per ASTM C-778 that
had an absorption capacity of 0.2% and water content of 0.9%.
The sand-to-cement ratio was 2.75 in all cases. Companion
mortar samples were used to determine the volumetric porosity
per ASTM C-642-90 adapted for a small size sample. Both
mixes used Type I Ordinary Portland cement with chemical
oxide composition shown in Table 2.

The cylinders were demolded 18 h after casting and cured
inside a closed ~100% relative humidity (RH) chamber for 30
days, occasionally lightly mist spraying with distilled water the
mortar surface. Following curing, the series S and T cylinders
were transversely cut (~60 mm long for series S and ~62 mm
long for series T) for the ISL and PWE tests. After 30 days of
conditioning, three equidistant cavities (3.6 mm diameter and 35

mm deep) were drilled perpendicular to the newly cut cross-
section of series T specimens as shown in Fig. 3, whereas two
cavities (3.6 mm diameter and 25 mm deep) were drilled on the
lateral surface of the series S specimens, using a masonry drill bit
in all cases. Next, the cavities were carefully cleaned to remove
all traces of dust and a Plexiglas washer was attached with epoxy
adhesive to the rim of each cavity. A volume of 0.22 cm®
(V;=1.16 and 1.62 for series S and T, respectively) of distilled
water was then injected into each cavity, and a rubber stopper
was pressed firmly into the washer to minimize contact with the
external environment. The specimens were kept inside a 100%
RH chamber at ~22 °C during the ISL test evolution.

The PWE method similar to that described by Barneyback
and Diamond [22] was implemented with the mortar samples. A
steel piston inserted into a 19 mm bore was used to apply a
maximum nominal pressure of ~400 MPa after ~5 min and
maintained at that pressure for ~15 min. The mortar sample
(~15 g) was crushed by hammering into ~10 mm pieces. About
0.5 mL, which represented ~40% of the total mortar pore water,
were typically squeezed out and collected with a syringe
connected to an opening at the bottom of the bore. The expressed
solutions were tested for chloride and pH in the same manner as
those sampled from the cavities in the ISL method.

2.2. Laboratory concrete specimens

The concrete specimens were cored out of six simulated
concrete bridge deck slabs 118x118x21.6 cm prepared with
Type I Ordinary Portland cement and various amounts of NaCl
introduced as part of the mixing water. The mixture proportions
and materials used for the preparation of the laboratory concrete
slabs (Table 3) represented Virginia Department of Transporta-
tion (VDOT) requirements for typical bridge deck applications
[23] and were reasonably comparable to those specified for the
bridge deck under evaluation. The C3A content was ~10.2% by
weight of cement. The coarse aggregate was crushed limestone
with an absorption capacity of 0.62%, and the fine aggregate was
siliceous natural sand. The slabs were exposed horizontally
outdoors in Blacksburg, Virginia for ~8 years, after which
concrete cores, ~10 cm diameter and ~17 cm long, were
extracted by drilling perpendicular to each slab, and archived in
airtight plastic wrapping for ~1 year awaiting evaluation. The
cores were then stripped and placed for conditioning in a ~100%
RH chamber for 40 days at ~22 °C. Slices 2 cm thick were cut
out of the bottom of each core for porosity and Cror mea-
surements determined as noted above. In the remainder of the
core, four aligned cavities (0.36 cm diameter, 3.5 cm deep and 2
cm separation) were drilled perpendicular to the lateral surface
following the same practice as in the mortars, and 0.30 cm® of
distilled water were injected into each cavity.

Table 2

Chemical analysis of the Type I Ordinary Portland cements (% wt cement)

Analysis CaO SiO, ALO; Fe,05 Na,O K,0 SO, CsS C,S C;A C4AF
Mix A 66.2 21.4 3.85 3.49 0.10 0.15 2.43 69.1 9.61 431 10.6
Mix B 65.5 21.1 432 425 0.06 0.10 2.61 63.4 13.1 425 12.9
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Fig. 3. External appearance and schematic of the ISL arrangement for series T specimens.

2.3. Field-extracted concrete specimens

Three specimens (~10 cm diameter and ~15 cm long; Table
5) were cored from a 12-year old deck of bridge No. 1015 in
Salem District 2 in Virginia, exposed to deicing salt service. That
construction class included a maximum 0.45 w/c specification
with no pozzolanic additions. As noted above, the mixture
proportions and materials specified were similar to those shown
in Table 3. The cores, archived in airtight plastic wrapping for
~1 year awaiting evaluation, were stripped and placed for
conditioning in a ~100% RH chamber for 40 days at ~22 °C.
Eight cavities, 0.36 cm diameter and 3.5 cm deep, were drilled as
shown in Fig. 4. The cavities were positioned at different
distances measured from the core end face that corresponded to
the roadway surface, directly exposed to salting. Afterwards,
0.22 cm® of distilled water were injected in each cavity. The
cutout used for Ctor analyses was transversely cut in ~1.2 cm
thick slices with a diamond saw, matching the center of each
cavity. Volumetric porosity was determined as above using the 4
cm thick cutouts shown in Fig. 4.

2.4. pH and chloride concentration in ISL cavities

To determine chloride content in the cavity, ~0.01 to 0.03 g
of solution (sampling a different cavity on a rotating schedule at
the end of each time interval) were periodically extracted with a
glass pipette. Sample mass was determined to a precision of
0.1 mg. When necessary, mass to volume conversions were
made correcting for liquid density estimated from ionic content.
Chloride concentrations were usually determined by potentio-
metric titration with silver nitrate with appropriate blank
controls. For low chloride concentration samples a Dionex
DX-600 ion-exchange chromatograph was used, fed with 9 mM
Na,COj3 eluent at 1 mL/min. For the laboratory specimens,
typically two cavity water chloride measurements were
conducted during the first week, sampling one cavity each
time. After the first week, cavity water chloride measurements
were performed once a week. For the field specimens,
extractions from one cavity at each depth were conducted
using the same methodology as in the laboratory samples.

Cavity water pH was monitored with a glass pH microelec-
trode (model MI-405 from Microelectrodes, Inc.) inserted mo-
mentarily in the cavity and a silver—silver chloride (Ag—AgCl)
reference microelectrode (model MI-402) connected to a high
input impedance pH meter set as voltmeter. Both microelec-

trodes had a 2 mm external diameter. The microelectrodes were
calibrated using pH 10, 12, and 13 buffer solutions corrected by
the appropriate solution temperature factor. Due to the small
cavity diameter, one of the cavities of each specimen was
always used for the reference electrode insertion while the pH
electrode was inserted in the other cavities. Determination of
cavity pH using the ISL method is given in detail in Sagiiés et al.
[6].

The periodic sampling for chloride determination caused
modest cavity water depletion as time progressed, but in some
cases faster water loss was encountered. Since the stopper
prevented evaporation, the extra loss could only take place into
the surrounding concrete where water saturation during the
conditioning period may have been incomplete. The extra water
loss was severe in some cases, resulting in an empty cavity after a
period ranging from days to weeks from the moment water was
first inserted. If at the time of the test one or more of the cavities
were found to be empty, the water sample was extracted from a
peer cavity that still had solution. The empty cavity was re-
charged with fresh water to the initial volume, and not monitored
until a subsequent scheduled time. For cavities that did not
become empty throughout the test, leaching time was counted
from the moment of initial water addition. For cavities that be-
came empty and were recharged leaching time was reset to zero
at the moment of water recharge. The data from subsequent
replenishments were treated as if starting afresh, and evaluated
together with previous results from the same cavity.

3. Results and discussion
3.1. Material characterization

Tables 4 and 5 report the volumetric porosity and the Cror
results for all specimens. The porosity values, including the high

Table 3

Laboratory concrete mix proportions

Specimen 0-1 6-1 12-1 24-1 48-1 96-1
Cement, kg/m® 381 381 379 379 379 382
Water, kg/m’ 173 160 159 155 167 162
w/c ratio 0.45 0.42 0.42 0.41 0.44 0.43
Target Crot, kg/m® 0.0 0.4 0.7 1.4 29 5.7

Fine aggregate, kg/m’ 718 718 718 706 712 713
Coarse aggregate, kg/m®> 1068 1068 1037 1079 1067 1078
Unit weight, kg/m® 2232 2196 2148 2232 2232 2139
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Fig. 4. Schematic of the arrangement for the field specimen Al (dimensions are in centimeters).

porosities recorded for the mortar specimens, are typical of those
commonly reported for materials with similar mixture propor-
tions to those used here. The Cror results of the laboratory
concrete specimens generally reflected the admixed amounts
and are expected to have been little affected by weathering at the
depths where the ISL cavities were placed. The field concrete
cores exposed to salting showed a distinct Cror gradient as
function of depth (Table 5). Applying Eq. (12) to the Cror-depth
profiles, the resulting D opp values (Table 5) are in the order of 2—
4 10 '* m?%/s, typical of concretes of moderate to high per-
meability. This outcome is consistent with the mixture pro-
portioning of the laboratory concretes (assumedly similar to that
of'the field samples, and likely to have shown comparable results
if similarly exposed) which had modest w/c ratio and cement
factor, as well as no pozzolanic addition [8,24]. The laboratory
mortars, with even higher w/c ratio and their high observed
porosity, would be expected to have yielded even higher Dpp
values under similar conditions.

3.2. ISL general trends and spatial resolution

The theoretical model, although highly simplified, yielded
encouraging projections as to the applicability of the ISL method
to determine free chloride in concrete/mortar of moderate
permeability, and predicted that chloride binding is beneficial in
accelerating the test. However, aspects of the problem, such as
the effect of loss of cavity water into the surrounding concrete
when water saturation is less than complete are not covered by
the present model, and need to be considered in future analysis.

Figs. 5, 6, and 7 show the evolution of Cy, with leaching time
for up to 110 days for the mortars, laboratory concretes, and field
specimens, respectively. Each data point represents the value for
a particular cavity of each specimen at a given leaching time.
Replicate specimens showed comparable results and there was
clear differentiation between the various test conditions. As time
progressed, chloride concentration in cavity water approached
an apparent terminal concentration (denoted as Cyr hereafter)
which was larger the greater the total admixed chloride content
in the specimen. This correlation can then be used to estimate
binding relationships as it will be shown below. For any given
leaching time, all field specimens exhibited the highest Cy
values in the cavities nearest the roadway surface where salt was
applied. The cavities further away from that surface showed
correspondingly decreasing Cyy, and the Cy values correlated
well with the independent spatially resolved Crot evaluations
shown in Table 5. The laboratory specimens showed no
systematic difference in the approach toward terminal conditions
for the different cavity positions, consistent with the expectation
of little variation in chloride content with depth in those
specimens/slabs made with admixed chlorides.

The Cwr value and the nominal leaching time 7, required to
nearly attaining that Cyt for each test specimen were
determined as shown in Appendix A, by tracing a single sim-
plified fitting curve for each set of specimens based on the
theoretical transport model presented above. The fitting curve
consisted of a straight line of slope 1/2 for early leaching times
(reflecting the near semi-infinite diffusion behavior) and a
horizontal line representing attainment of equilibrium at longer

Table 4
Laboratory specimen properties
Specimen Concretes Mortars

0-1 6-1 12-1 24-1 48-1 96-1 MST M3T MIT MO5T MI10S M20S
Porosity, % 14.2 13.5 13.9 11.8 14.4 13.6 17.8 18.1 17.8 18.1 14.4 13.3
Crom kg/m’® 0.42%* 0.67 0.81 2.15 4.14 6.02 21.17 14.18 5.31 2.77 5.65 7.62*

*Excessive moisturizing of this specimen is thought to have caused partial loss of initially admixed chlorides.

**Small background level possibly reflecting mixture components contamination.
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Table 5
Bridge No. 1015 field specimen properties
Specimen Porosity, Cror, kg/m3 Dapp,
% m’/s
P1 P2 P3 P4
(10"
Al 11.6 241 2.11 1.17 0.43 1.8
A2 13.7 5.17 4.03 2.34 0.80 32
A3 12.5 4.52 3.06 2.25 0.76 43

P1-P4 denotes slices centered on the cavities indicated in Fig. 4.

leaching times. The intersection of both lines takes place at
t=Tp. The high porosity, high w/c, and absence of permeability
reducing admixtures of the series T mortars was expected to
facilitate chloride transport, which was confirmed by reaching
an apparent terminal Cyy after as little as one week of testing.
Near-equilibration times were accordingly longer for the lower
w/c specimens of the series S mortars. The laboratory and field
concrete specimens showed stabilization times generally longer
than those for the mortars but still within a practical time frame.

Water depletion substantially above the small amount
extracted for analysis was encountered in some cavities of a
few specimens, which were fully depleted 4 days after starting
the ISL test and required multiple recharges. However, the
interval between recharges became progressively longer indic-
ative of approaching water saturation in the surrounding
medium. Typically, all laboratory concretes and mortars with
low admixed chloride content needed up to three cavity replen-
ishments. On the other hand, no recharge was needed for the
mortar specimens that had high admixed chloride content, which
may have promoted efficient water absorption during condi-
tioning. Loss of cavity water was notable in the case of the field
specimens where useful results could not be obtained in about a
third of the cases. Nevertheless, the available field specimen data
illustrate the ability of ISL to obtain spatial resolution of pore
water composition. Some mitigation of this problem may be
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Fig. 5. Evolution of Cy, with time of the mortar specimens designated per Table
1. The lines were obtained by the fitting procedure indicated in Appendix A.
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Fig. 6. Cyw evolution with time and calculated trend lines for the laboratory
concrete specimens listed in Table 3. The trend lines were obtained by the fitting
procedure indicated in Appendix A.

achieved by allowing for an initial addition of water to the cavity
(for example during the conditioning period), which would
reduce the rate of absorption in subsequent fillings. Longer
conditioning times to allow for thorough saturation of the test
specimen may be helpful as well. These remedies may not be
sufficient however for concretes that experience substantial self-
desiccation during curing or that are too dense for thorough
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Fig. 7. Cw evolution with time and calculated trend lines for the field specimens
listed in Table 5, at positions indicated in Fig. 4. Data for Al (P4), A2 (P2—P3)
and A3 (P2-P3) were not sufficient for Cy evaluation. The trend lines were
obtained by the fitting procedure indicated in Appendix A.
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Table 6
Apparent terminal values for the laboratory specimens
Specimen Concretes Mortars

0-1 6-1 12-1 24-1 48-1 96-1 M5T* M3T* MIT* MO5T* M10S M20S
pHt 12.98 13.12 13.15 13.01 12.83 12.63 12.22 12.53 13.14 13.35 13.11 12.97
Cwr (M) 0.006 0.011 0.014 0.039 0.091 0.231 2.356 1.330 0.205 0.037 0.336 0.577

*Average from data obtained from triplicate specimens.

water saturation in a practically short time. It should be noted
that while ISL may not be practicable in conditions leading to
excessive cavity loss, the PWE method is likewise prone to little
or no water yield in dense or desiccated concrete unless the
sample is first crushed to a small size and then water saturated.

Concurrent with the chloride measurements, cavity pH was
monitored for up to 60 days. All specimens developed an initial
high pH (~12.5), reflecting dissolution of the calcium hydroxide
immediately available at the cavity wall [6]. During the first week,
most specimens showed a fast increase over the initial pH and in
about two weeks an apparent terminal value pHr was reached
determined as indicated in a previous publication [6]. In general,
the pHt values (reported in Tables 6 and 7) for each specimen
group decreased with an increase in Cror. This effect was
particularly notable in the high chloride content mortars; in the
cases of M3T and M5T the pH actually decreased with time and the
pHr values were distinctly lower than the rest. As noted elsewhere,
this behavior is at least in part associated with the increase in ionic
strength as chloride content increases [25]. As shown in Table 7,
the ISL measurements provided spatial resolution for the pHrt
sequences as well in the field concrete specimens.

3.3. Agreement with PWE results

Fig. 8(a) and (b) show a comparison of the chloride and pH
results obtained with the ISL and PWE techniques for mortar
specimens, where PWE could be readily implemented. The
terminal values matched well, over the chloride concentration
and pH ranges evaluated, the results obtained by replicate PWE
experiments performed on samples obtained by cutting out a
representative fraction of a mortar specimen previously used for
ISL implementation. These findings are consistent with
similarly good agreement obtained earlier in measurements of
pH by the ISL and PWE methods in concrete specimens [6] and
for nitrite ion in mortar specimens [7].

3.4. Chloride binding isotherms from ISL data

Correlation of ISL results with independent measurements of
porosity and Cror can provide estimates of the chloride binding

isotherm of the concrete or mortar in its water-saturated
condition. It is assumed that the cavity water is in equilibrium
with the surrounding pore water so that Cy 1= Cy, and that there
is instantaneous equilibrium between Cg and Cg so that Cy is
only a function of Cp. On first approximation that function is
taken to be a time-invariant adsorption isotherm of the Langmuir
form. Thus, a plot of Cgl as function of Cr! would show a
straight line of slope K~ ' and intercept C .

For each material evaluated, Cy was obtained from the
porosity test results and the data in Tables 6 and 7, by subtracting
the calculated Cr= CwréeAw from Cror, where Ay, is the chloride
molar mass. Fig. 9 shows the resulting Ci;' values as a function
of Cy'. The data are grouped by combining the results from each
set of specimens of similar origin i.e. series T mortars, all the
laboratory concrete specimens which shared the same base mix
proportions, and the three field specimens extracted from the
same bridge deck. Results of the series S mortars were not
evaluated since this series consisted of only two specimens. In all
three groups the data arrays could be each reasonably
approximated by simple linear regression, yielding values of
the corresponding binding parameters K and Cy . The results are
shown in Table 8 together with the range of parameters evaluated
from a sampling of published results obtained using the PWE
with cement pastes, mortars, and concretes of C3A content and
porosity comparable to those of the present materials. These
examples are not detailed validation of the accuracy of the ISL
method, but do show that the results can be precise and
consistent enough to permit calculation of binding model
parameter values, and that those are within reasonable bounds.

3.5. Chloride to hydroxide ratios from ISL data

The pore water hydroxide ion concentration [OH | was
estimated from Tables 6 and 7 as [OH ]=Kw(yonl0 P!
where Ky is the water dissociation constant at 22 °C and yoy is
the OH ™ activity coefficient assumed to be ~0.7, typical of
highly alkaline solutions [28]. Taking as before Cy=Cyyr, the
pore water chloride to hydroxide ratio Cy/[OH ] was calculated
and shown in Fig. 10 as function of Cror in a log—log plot for
each material group. A ratio near unity (with some correction for

Table 7

Apparent terminal values for the Bridge No. 1015 field specimens

Specimen Al A2 A3

Position P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4
pHt 12.84 12.95 13.04 13.08 12.81 12.89 12.95 13.09 12.76 12.83 12.96 13.01
Cwr (M) 0.106 0.093 0.045 - 0.281 - - 0.026 0.225 - - 0.027
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Table 8
Chloride binding parameters from ISL data and range from prior investigations
using PWE

Parameter Series T Laboratory Field Literature sources
mortars concretes concretes [11,14,17,26,27]

K 18 13 6 3-20

Cr (kg/m®) 5.7 9 8.3 1.2-9.0

pH [29]) is generally considered to indicate the threshold for
corrosion initiation of plain steel in atmospherically exposed
concrete in the absence of extraneous polarization [30]. Thus
cavities yielding results above that level would indicate corre-
sponding risk in the immediately surrounding or similarly
exposed concrete. It is noted that bound chlorides released by the
cement hydration products may be available to maintain corro-
sion if there is a local pH decrease at the nucleating pits [31], so
factors in addition to the ratio of free chloride concentration to
[OH ] may need to be considered in a detailed analysis of
conditions leading to sustained reinforcement corrosion.

The results as plotted can provide insight on other concrete
properties. For example, the calculated ratios follows approx-
imately a power law of the form C¢/[OH |=aCtor where o is a
constant for each system and n ~1.5 (concretes) to ~3 (series
T mortars). The deviation from linear dependence on Cror may
be interpreted as the combined effect of the presence of non-
linear binding (modeled above by a Langmuir isotherm), and
decrease of pH of the cavity water [32]. As before, these
examples are shown primarily as demonstration of the precision
and consistency of the ISL method, which was implemented
here with specimens and conditions that would have necessitated
laborious preparation or been less feasible with conventional
PWE.
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Fig. 10. Illustration of the application of ISL results to estimate chloride-to-
hydroxide ratio as function of total chloride content of various materials series.
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4. Conclusions

1. Modeling of the in situ leaching (ISL) process indicates
that chloride binding accelerates the approach toward a
terminal cavity concentration, potentially reducing test
duration to practical lengths for moderate permeability
concretes. For a Langmuir type absorption isotherm, the
extent of acceleration is greatest in the linear binding limit
at low chloride concentrations. This acceleration can be
attributed to maintaining a higher gradient of Cg near the
cavity wall due to the release, during leaching, of
previously bound chloride.

2. The viability of the method for chloride analysis was dem-
onstrated for laboratory mortar and concrete samples as well
as for medium permeability field-extracted concrete cores.
Near-equilibration times of the cavity water were attained in
as short as one week. The method also provides spatial
resolution for the determination of composition profiles when
having total chloride concentration profile. Pore water chlo-
ride concentrations (and pH) were in close agreement with
those obtained from independent high pressure pore water
extraction (PWE) experiments with the same mortar
materials. The present findings showed the potential of the
ISL method as a viable alternative to the faster but more
equipment demanding PWE method for pore water chloride
determination. In the experimental examples material
disruption was limited to drilling the cavities as opposed to
overall crushing in a PWE test.

3. The ISL method was applied to estimate chloride ion binding
isotherms and chloride-to-hydroxide values of concrete and
mortar pore water. The ISL data were precise and consistent
enough to permit calculation of binding model parameter
values, which were within the range of typically reported
results, and to consistently evaluate chloride/hydroxide ratio
as function of total chloride content.

4. An occasional limitation of the ISL technique is the loss of
cavity water into its surroundings, observed in some of the
specimens and likely resulting from insufficient water satu-
ration during preconditioning. In those cases cavities need
periodic water replenishment, with consequent delay in
achieving near-terminal concentrations. Excessive cavity
water loss in extreme cases can render the method impractical.

List of Symbols

Cg bound chloride concentration [kilogram per cubic
meter of concrete]

Cr free chloride concentration [kilogram per cubic meter
of concrete]

Cy free chloride concentration [mass per unit volume of
pore water]

Cro initial free chloride concentration in concrete [kilogram
per cubic meter of concrete]

Cs generalized concentration

C. Langmuir adsorption coefficient [kilogram per cubic
meter of concrete]

Cs chloride concentration at the concrete surface [kilo-

gram per cubic meter of concrete]

Cror total chloride concentration [kilogram per cubic meter
of concrete]

Cw chloride concentration in the cavity water [M]

Cwr apparent terminal chloride concentration in the cavity
water [M]

Cwo initial chloride concentration in the cavity water [M]

Dg chloride diffusion coefficient for free chlorides [cm?/s]

Dapp  chloride apparent diffusion coefficient [cm?/s]

K Langmuir adsorption coefficient

Kw water dissociation constant

L cavity length [cm]

pHt apparent terminal pH in the cavity water

Te cavity radius [cm]

R generalized distance

Te external specimen radius [cm]

T generalized time

t. concrete exposure time to salting [s]

Tp nominal leaching time [days]

|8 cavity volume/water volume ratio

Ve cavity volume [cm?]

Vw water volume in the cavity [cm®]

w/c water/cement ratio

X distance from the concrete surface exposed to salting
[cm]

€ pore volume fraction

You OH  activity coefficient
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Appendix A. Assigning the Apparent Terminal Chloride
Concentration Value to a Data Series

The experimental results for any leaching experiment span a
finite time interval during which Cyr is approached but not
reached. In principle, the data set could be compared with the
output of the model developed here, and then varying Cyand the
other model parameters until a best fit criterion is satisfied. The
procedure would then yield an extrapolated value of Cyas well
as of the other parameter values. However, no straightforward
procedure to do that has been developed at present and it is not
clear whether the procedure would be sufficiently valid con-
sidering the many simplifying modeling assumptions made.
Instead, a compromise approach was used in which the leaching
experiments were extended until a plateau began to be apparent in
a log Cy-log time graph. To minimize operator judgment in
calculating a Cyr value from the plateau portion of the graph
(which would involve deciding which data points from earlier
times to leave out in obtaining the average in the plateau region),
the following procedure was adopted. From the model output
curves in Fig. 2, a simplified idealized output was abstracted
consisting of a two consecutive straight lines in the log—log
representation. The first line has a slope of 1/2 (approximating the
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early diffusional regime) while the second has a slope of zero at an
ordinate value log Cywt where Cyy is understood to be a nominal
approximation of the actual terminal value. Both lines joint at an
abscissa value log T, where T is a nominal equilibration time.
The values of Cwt and Tp can be obtained independent of
operator judgment (other than the decision as to whether a
plateau regime has been entered) by the following fitting pro-
cedure, using a least square error sum criterion. Calling (¢;, Cyw;)
with i=1 to n the n available experimental time and con-
centration pairs for a test series, the fit function is then:

f(log t,1og Cwr,log Tp)
log Tp—log ¢
_ <10g oy 108 Tolog 4

; >IF(A)
+ log CwrlF(B) (A1)

with 4=log t;<log Tp, B=log t;>1og Tp, and the IF operator
equals 1 if the condition is true and O otherwise.
The simplified fitting procedure consisted then of minimizing:

n

Z (CW[ff(IOg t,-,log CWT,IOg TD))2
i=1

(A2)

by the Levenberg—Marquardt method, which is available in
commonly used software packages. The procedure was success-
fully applied to the data sets in Figs. 5, 6, and 7 and the resulting fit
functions are shown there as well.
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