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Advanced analysis of published data on chloride
binding in concrete

M. Siegwart,® I. F. Lynesst and W. Cousinst

Uriversily wf Ulster, FuberMupnsell

Chloride attack is o major cause of deferioration of reinforced and prestressed concrefe structures. Chloride
conlamination can occur from the application of de-icing salts, from cast-in cllovides or from sea waler as in
marine structures. It has been found that chiorides are chemically bound mainly by rricalciumchioro-aluminate
{Csd) or Friedel’s salt in cement. Chioride binding becomes of particular interest when a critical limit of chlorides
in concrete for the initiation of corvosion is fo ke defined or for diffusion and migration processes af ions in
concrete, Traditionally chloride binding is described wsing Boltzmann, Langmuir or other analytical reacrion types.
FThis paper is a survey of existing data on chloride binding in concrete. Attempts to employ empirvical data to
elucidate chloride binding in concrete are rave and never before have many sources been analvsed. Using the data
fram over 20 different sowrces an empirical term was derived, which describes chiloride binding in terms of total
chioride contenr (TCL) and C3A comemt (Cid). Chlovide binding in concrete iy described through Cid and TCL,

therefore the term is applicable to any concrere.

Introduction

Chloride-induced corrosion is the main cause of de-
terioration of reinforced concrete structures. It is esti-
mated that £300 million are spent annually on
maintenance and repair of structures damaged through
the effects of chloride.’ Chloride is bound in cement by
a complex known as Friedel's salt’ and hence only a
fraction of the total chlorides are available to diffuse or
migrate. Moreover, it is well established that only free
chlorides are responsible for corrosion, because only
they can participate in the corrosion process. Depen-
dent on the content of bound chloride the corrosion risk
iz different in concretes with similar concentration of
total chlorides,

There are vanous countermeasures to halt chloride-
induced corrosion and electrochemical chlonde extrac-
tion is becoming increasingly popular due to its short
duration and s ability to remove chloride ions from
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the vieinity of the steel. To date, two bridges in North-
ern Ireland have been treated with this method.” Finite-
clement or finite-difference methods have been used to
assess  chlonide contamination and  extraction  pro-
cesses.’ Some of these models incorporate binding iso-
t!‘u.e:rrrjs.,s but most of the binding isotherms are based
on general analytical solutions, Little attention has been
paid to the specific concrete chloride binding behav-
iour, although sufficient data on chloride binding are
available in the literature. Recently, a stochastic ap-
proach to chloride binding has been publishcd.ﬁ This
paper is a summary of data published on chloride bind-
ing in concrete. A polynomial expression, tailored to
chloride binding in any concrete, has been derived.
This polynomial expression can be used in either con-
tamination or extraction models to predict the free
chioride content based on the total chloride content.

Chloride binding in concrete

Friedel s salt

It has been suggested that tricalciumchloro-aluminate
{CyA) is the most important factor affecting chloride
binding in concrete.’ The influence of CzA on chioride
binding in cementitious materials has been demon-
strated by the analysis of cement paste pore water™
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and the corrosion behaviour of steel in concrete.” In
sulphate-resisting cements (SRPC), chloride is bound in
a chloro-ferrite phase analogous to Friedel’s salt, due to
the existence of tetracalcium-alumino-ferrite (C4AF) in
the cement. The chloride binding efficiency of C4AF,
however, is lower than C;A at the same chloride
Cﬂ't'!lE-‘ﬂES.m

Temperature

Two contrary effects are observed with increasing
temperature. First, the conversion of CAC crystals is
accelerated as the temperature increases from 20°C to
60PC and, second, the formation of Friedels salt in-
creases with increasing temperature.'' At a temperature
of 70°C the hydroxyl concentration of the pore solution
is reduced and the concentration of free chloride is
increased by the decompesition of chloro-aluminates.
The net effect of the two reactions is an increase in the
OH/CI ratio'>" and at temperatures above 80°C neither
Friedel’s salt nor ettringite are formed."

Other ions and chemical additives

The long-term concentrations of free chloride and
hydroxyl ions in the pore electrolyte phase of hydrated
cements are influenced by the composition of cement
and by the type of the chloride salt. Sodium and
calcium are the most common chlorde cations; thewr
binding behaviour is different and different amounts of
chloride are bound under the same conditions when the
cation changes.” When chloride is added to the mix
the hydroxide concentration increases with sodium
chlorde and results in higher free chloride concentra-
tions compared to calcium chloride.' %17 Sulphate in
cement may cause the release of bound chloride from
the cement paste,’™'” but in natural contamination pro-
cesses only sulphate penetrates the outer concrete
la;.rt:rs."

Cement replacement malerials

The partial replacement of ordinary Portland cement
(OPC) with silica fume (SF) leads to reduced chloride
binding capacity of the cement.”’ However, the diffu-
sion of chloride is hindered by the addition of SF
which was attributed to the reduced 1on exchange capa-
city of the cement.” The replacement of 5F showed
better results in terms of reduced diffusivity compared
to pulverised fuel ash (PFA) or zeolite replacements,
The chloride diffusivity is reduced by PFA and ground
granulated blastfurnace slag (GGBS) replacement ce-
ments because of the finer pore structure compared to
OPC.™ The durability of fly-ash and slag concretes was
higher compared to OPC due to reduced p-arme:ah:i!ity.y
However, permeability 15 not the only factor o be con-
sidered for durability of reinforced concrete. The chlor-
ide content of GGBS cements, for example, is higher
compared to OPC, because the processing involves
guenching with sea water.”
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Analytical procedure

The objective of this literature survey was to extract
experimental data and use it to develop a tool to predict
chloride binding based on the TCL and CsA. The data
describe a surface where each point of the surface
(x, v, z) is generated as a function of C;A and TCL.
Both are expressed as a percentage of cement weight,
Dependent on the two variables the free chloride con-
tent, FCL, may be obtained as a percentage of the total
chloride content.

Mathematical analvsis—method of least squares

The least squares approximation is described by
.lranﬂ:il::g;s.1h£| The independent variablee are CiA {or x)
and TCL {or v) and FCL is the dependent variable, The
elements of the least squares fitting equation are ob-
tained from a Pascal square as follows

| 5 . x* X"
1 11 = x* %"
FR T (0 (O R P
g }.2 x:jl_.z xz},: . (i

xmy!

where # is the highest order of the least squares fitting
equation. The experimental data are arranged in a coef-
ficient matrix, €M, conforming with equation (1) as
follows

[CM] =

[1:00 €54 TCL C;AXTCL 1 st set of data
2nd set of data

3rd set of data

| mem set of data
(2)

In the present study 90 data scts {corresponding CiA
and TCL content) were used, This matrix is transposed
and multiplied with CM, leading to the matrix product,
ME;, as follows

[MP] = [CM]" X [CM] (3)

The second matrix product, MP,, is found from FCL,
which is arranged in vector form and multiplied with
the transposed coefficient matrix, as follows

[MPy] = [CM]" % [FCL] (4)

The vector of cocfficients, FC, of the least squares
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fitting equation is obtained from the product of the
inverse of MP) and MP; as follows

[¥C] = [MP]™" X [MP2] (5

The elements of FC correspond to the coefficient of
each element of the Pascal square in equation (1) and
the number of elements is a result of the order of the
least squares Fitting equation.

Derivation of data

Eleven published sources were used for a least
squares approximation, Some of the original data
values had to be converted to be consistent with the
units used in approximation. The data values used for
the approximation are given in Tables 1—4. In some
papers FCL data were given in grams per litre (FCL /)
or parts per million (FCLgpm). The data had to be
converted into per cent of free chlorides relative to the
total chloride content using the following relationships
for the conversion from FCL in g/l into FCL as wi%
of cement concentration

= mm - 25 % mgﬂ
P = "Ry TX 100X TCL ot

from FCL in ppm into FCL in percentage

X = @Em - '[)25 = F_ﬂrppm
FEL = {(Ruc)! X 100 X TCL 7

where R, 15 the w/c ratio. The conversion equations
{6) and {7) are based on the assumption that 25% of
the total water is consumed during cement l'l:.rdmlia::u'uzf
however variations of the water content of cement hy-
dration products between 209 and 44% have been
observed,”

Acceptance criteria

It has been established that C3A is the most impor-
tant factor for determining chloride binding in con-
crete,”” The second factor participating in chloride
binding is chloride and therefore the total chloride con-
tent has also to be incorporated in a binding equation.
Temperature has an impact on reaction speed and
equilibrium of chemical reactions, but this factor was
excluded from the present study because only limited
data are available. The main criteria for the incorpora-
tion of experimental data into the least squares approx-
imation were therefore, known CiA, known TCL and
experimental temperatures of 20 + 1°C.
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Derivation of the polynomial binding
expression

The least squares approximation was carried out for
the following types of fitting functions, where x is the
CyA content and p the total chloride content in per cent

{a) biguadratic fiting function for 30 and 180 days
chloride exposure (16 points each) and all data
points (Table 3)

(h) bicubic fitting function for 30 and 180 days chlor-
ide exposure (16 points each) and all data points
(Table &)

(c) biguartic Ming Tunclion breopoatiog all points as
function of x, ¥, z, that is, C3A, C4AF, TCL (Table
7}

{(d) triquadratic fitting function incorporating all points
as function of x,w, z, that is, GiA, C;AF, TCL
{Table 7).

The surface plots of the fitting functions are shown
in Figs |—4. From the appearance of the surface plots,
it can be seen that only the biquadratic or the bicubic
fiting function derived from all points were I a rea-
sonable range ({i.c. between 0—100%5). The z-axis of the
graphs represents FCL, which can physically not ex-
ceed 100%. Therefore, a function, which gives values
above 100% or below 0%, is not suitable—that 15, the
extrapolated bicubic fitting function (Fig. 4). Although
the bicubic fitting function gives the best fit for the
data points, the function gives unrealistic values for the
extrapolated data range.

The fitted functions were compared with original
data values, The closest fits to the original data were
achieved by the biquadratic and bicubic functions for
all points (see Fig. 5).

The sum of the absolute deviation, E, of the fitting
functions f{x.y) at the known points for the data values
d(x, 1) can be obtained as follows

E=Y V{fxy)—dx y? (8)

The bicubic fitting function approximates the closest to
the surface described by the experimental points (see
Fig. 6).

Sensttivity analysis uncovers the extent to which the
function is influenced by experimental errors. There-
fore, the main data range, between 2% and 14% CaA,
was varied by £5%. The bicubie fitting function was
more sensitive to experimental errors than the bigua-
dratic fitting function. This was apparent from the
approximation of the functions derived from the mod-
ified data values compared to the original values (see
Fig. 7). The occurrence of errors is unavoidable and
depends on the experimental conditions and chemical
analysis procedures cmplu}rtbd.w

Diffusion and extraction processes of chloride in
concrete are usually modelled using Ficks' 2nd law
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Table 5. Biguadratic fiving funciion

Fix, ) =a+be+ead +de 4 enp + A+ o £ ot 4087

# for biguadnatis
filting function with
180 days ClI- binding

a for biquadratic
fitting funetion with
3 days CI™ binding

a for biguadratic
fitting function for
all data points

19-16
=168
Y]
S6:85
=335
—-2-22
—0H04
063

IS 1E]

=g O RGO B

2486
-5l
059
3534
=21'35
1992
=143
=008
12

LI = ol - N T =S R

EIE
048
—0-17
4109
135
—345
014
Q77
]

- 0 O O

Fig I, Interpolated biguadratic feast squares approxination
ferfdy plored aypainst experimenial diu poinig

Table 6. Bicubic fivting fincrion

fix, =a+betod+d® Fay+ fir+ gty + ey + 47
+ o ety 4 B2 e g ot 4 eyt

& for bicubic fitting a for bicubic fitting | a for bicubic {itting
function with 130 function with 30 days | function for all data
days C1™ binding Cl~ binding poInts

a 3522 a —B0898-75781 a 28-63

b — 143 b 3R025-33594 b =11-74

c 216 c —5255-33740 c 1-52

d —- d 20590122 d =007

& -37:51 & I2E011-8125 c =12-06

[ 4 6734 F — 6654303125 r 78-56

z _11-45 z GTET-13867 | g —12:03

B e Y dEeen IR e Fig. 2. Extrapolated biquadratic least squares approximation















