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AgNO3 colorimetricmeasurement of chloride in cement-basedmaterials can be implemented owing to chemical
reactions between Ag+ and Cl− or OH− ions, which result in the precipitation of AgCl and Ag2O.When themass
ratio of AgCl to precipitated AgCl+Ag2O reaches a critical value (Pcrit-AgCl), a color change boundary appears. In
this paper, chloride concentrations required for the formation of the critical mass ratio of AgCl to precipitated
AgCl+Ag2O derived from the AgNO3–NaCl–NaOH system were calculated based on the solubility products of
silver hydroxide and silver chloride, andmass conservation of the chemical reactions. Pcrit-AgCl was determined as
0.65 through a series of AgNO3 colorimetric measurements on cement-based materials. Calculated results
indicated that if Ag+ could react with all OH− and Cl−, there existed a linear relationship between the critical
chloride concentration for color change (Ccrit-Cl–) and OH− concentration (COH–), namely Ccrit-Cl–=1.6COH–. If Ag+

could reactwith only partial OH− and Cl−, there existed an exponential relationship among Ccrit-Cl– and COH–, Ag+

concentration (CAg+), volume of AgNO3 solution (VAg+) aswell as the volumeof NaCl+NaOH solution (VOH–+Cl–),
namely Ccrit-Cl–=0.00695COH–+0.608CAg+VAg+/VOH–+Cl–. It can be concluded that the alkalinity of cement-based
materials, concentration and volume of sprayed AgNO3 solution and volume of pore solution have effects on
chloride concentration at the color change boundary (Cd). Calculated Cd values ranged between 0.03 and
0.96 mol/L (in pore solution) or 0.011% to 2.27% (by themass of binder), respectively. This explainswhy reported
range of chloride concentration at the color change boundary in publications varied in a broad range.
.
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1. Introduction

The AgNO3 colorimetric method is a quick and easy method to
measure the free chloride penetration depth in cement-based
materials [1–4]. In this method, an AgNO3 solution (normally
0.1 mol/L) is sprayed onto freshly fractured surface of cement-based
materials. The area containing high chloride concentration turns
silvery white due to the formation of AgCl derived from the reaction
between Ag+ and Cl−. The area containing low concentration of
chloride or no chloride turns into brown due to the formation of Ag2O
from the reactions between Ag+ and OH−. The color change boundary
is not really the boundary of zones containing chloride and no
chloride, but a curve close to the actual penetration front of chloride
[5–8]. In the AgNO3 colorimetric method, color change depth Xd refers
to the average distance between the chloride-exposed surface and the
color change boundary.

The AgNO3 colorimetric method involves two parameters, Xd and
chloride concentration at the color change boundary (Cd). Xd and Cd have
been widely used for measuring chloride migration in cement-based
materials. In NordTest NT Build 492 [9], a 0.1 mol/L AgNO3 solution is
used to measure the “chloride penetration depth” after the electrical
migration testing; both Xd and Cd are used to calculate non-steady-state
migration coefficient of chloride (Dnssm). Baroghel-Bouny et al. [5,6,10]
used Xd and Cd to calculate apparent chloride diffusion coefficient (Dapp)
of concrete exposed to chloride environments. When Dnssm and Dapp

were calculated [5,6,9,10], Cd value of 0.07 mol/L was used as suggested
by Tang [11]. For existing concrete structures, periodical spraying of
AgNO3 solution canbe easily performed to obtain a series of Xdwith time,
which can provide the kinetic process of chloride penetration. This
information can be useful for the assessment of the chloride corrosion
risk of existing concrete structures [5,6,12] or formonitoring the residual
life prediction of existing concrete structures [13,14].

Many researchers have studied Cd and noticed that it variedwithin a
broad range. They expressed Cdwith three different forms: free chloride
concentration (in pore solution), water soluble chloride contents (by
the mass of binder), and total chloride concentration (by the mass of
binder). It was found that free chloride concentration ranged between
0.071 and 0.714 mol/L [7,15], water soluble chloride contents from 0.01
to 1.69% [4–6,12,15–17], and the total chloride concentration from0.2 to
1.5% [4–6,15,18,19].

http://dx.doi.org/10.1016/j.cemconres.2011.06.008
mailto:cshi@hnu.edu.cn
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As shown above, in some cases, the measured Cd is far higher than
0.07 mol/L as used for the calculation of Dnssm in NT build492 [9] and
Dapp used in publications [5,6,10], or the critical chloride concentration
for the initiation of corrosion of steel in concrete as reported in many
publications [20]. The use of a single value instead of actual
concentrations may result in significant error in calculated Dnssm and
Dapp, the kinetics of chloride penetration process and chloride corrosion
risk assessment of existing concrete structures. The purpose of this
studywas to clarify those factors influencing the chloride concentration
at the color change boundary and to determine its range, so as to better
apply the AgNO3 colorimetric method.
Table 1
Description and range of parameters.

Parameters Description Range

COH– OH− concentration in pore solution of
cement-based materials

0.01–0.6

VOH–+Cl–/VAg+ Volume ratio of AgNO3 indicator to pore solution
taken part in the colorimetric reaction

100–0.0001

CAg+ Concentration of sprayed AgNO3 indicator 0.035–0.5
PAgCl The mass ratio of AgCl ro Ag2O+AgCl mixed

precipitates
0.1–0.9

Table 2
Description of some critical parameters.

Parameter Description

R1-crit The least R1 leading to the color change of the mixed precipitates from
brown to silvery or the color change boundary appears

R2-crit The least R2 when Ag+ can react with all Cl− and OH−

Ccrit Cl– The least Cl− concentration leading to the color change of the mixed
precipitates from brown to silvery or the color change boundary
appears

Pcrit-AgCl The least PAgCl leading to the color change of the mixed precipitates
from brown to silvery or the color change boundary appears
2. Calculations of precipitation

2.1. Theoretical base for calculation

There mainly exist Ca2+, Na+, K+, OH−, Cl− and SO4
2− in pore

solution of hydrated cement materials exposed to chloride. Among
them, OH−, Cl− and SO4

2− can react with Ag+ in sprayed AgNO3

solution. The reactions can be expressed as follows:

Ag
þ þ Cl

−→AgCl↓ðSilvery white; solubility product 1:8

� 10
−10

at 25-CÞ

Ag
þ þ OH

−→AgOH→Ag2O↓ðBrown; solubility product 2:6

� 10
−8

at 25-CÞ

Ag
þ þ SO

2−
4 →Ag2SO4↓ðWhite; solubility product 1:2 � 10

−5
at 25-CÞ

Analyses showed that there is a little SO4
2− in pore solution of

hydrated cement-basedmaterials [21]. ConcentrationsofOH− andSO4
2−

in pore solutions of cement-basedmaterials with silica fume, fly ash and
slag powder change in the ranges of 0.1–18.2 and 18–360 mmol/L,
respectively. Concentration ratio of OH− to SO4

2− is from 25 to 180.
Additionally, solubility products of AgCl and Ag2O are much higher than
that of AgSO4. When Ag+, OH−, Cl− and SO4

2− present together in
solution, Ag+ reacts first with Cl−, secondwith OH− and last with SO4

2−.
Associated with very low concentration of SO4

2− ions, the reaction
between Ag+ and SO4

2− could be ignored.
He et al. [7,22] added AgNO3 solution with different concentrations

into solutions containing different concentrations of NaCl andNaOH, and
noticed that bothAgCl andAg2Owouldprecipitate.WhenAgCl content in
the mixed precipitates (AgCl+Ag2O) reached a certain critical value
(Pcrit-AgCl), the color of the precipitates started to change from brown to
gray. In this study, Cl− concentration corresponding to Pcrit-AgCl is called
as chloride concentration for color change of the precipitates, Ccrit-Cl–.

In the AgNO3–NaOH–NaCl system, the mass ratio of AgCl to the
mixed precipitates (AgCl+Ag2O) can be theoretically calculated
based on the solubility products of silver hydroxide and silver
chloride, and mass conservation of the chemical reactions as
follows:

Solubility product of silver hydroxide:

Ca−Agþ � Ca−OH− ¼ 2:6 � 10−8 ð1Þ

Solubility product of silver chloride:

Ca−Agþ � Ca−Cl− ¼ 1:8 � 10−10 ð2Þ

Mass conservation of the reactions:

VAgþCAgþ−VTCa−Agþ ¼ VOH−þCl−CCl−−VTCa−Cl− þ VOH−þCl−COH−

−VTCa−OH− ð3Þ
where: CAg+, CCl– and COH– are the mole concentrations of Ag+, Cl− and
OH− before the reactions. Ca-Ag+, Ca-Cl– and Ca-OH– are the mole concen-
trations of Ag+, Cl− and OH− after the reactions. VAg+ is the volume of
AgNO3 solution added to the NaOH+NaCl solution, VOH–+Cl– is volume
of NaOH+NaCl solution, VT is the total volume of mixed solution.

When the equivalents of AgNO3 added were the same as those of
NaCl in the NaOH+NaCl solution, or CAg+=CCl–, there was a good
agreement between the calculated and the measured values [22].
However, in most cases, the Cl− in the pore solution of concrete is
varying andwill only be equivalent to AgNO3 sprayed onto concrete in a
limited region. The mass ratio of AgCl (PAgCl) to the mixed precipitates
(Ag2O+AgCl) can be calculated by Eq. (4). In association with Eqs. (1),
(2) and (3), the Ccrit-Cl– values for different concentrations of AgNO3,
NaCl and NaOH can be obtained.

PAgCl =
VOH− + Cl−CCl−−VTCa−C l−
� �

mAgCl

VOH− + Cl−CCl−−VTCa−C l−
� �

mAgCl +
VOH− + Cl− COH−−VTCa−OH−ð Þ

2
mAg2O

ð4Þ

where: mAgCl is the molecular mass of AgCl; mAg2O is the molecular
mass of Ag2O. When PAgCl reaches the critical value Pcrit-AgCl, CCl– in
Eqs. (3) and (4) can be regarded as Ccrit Cl–.

2.2. Calculation range and critical parameters

Considering the alkalinity range of cement-based materials and the
actual possible volume ratios of sprayed AgNO3 solution to pore solution,
the ranges of these parameters for the calculation of Ccrit-Cl– by using
Eqs. (1), (2), (3) and (4) are listed in Table 1. Two ratios, R1(CCl–/COH–) and
R2(VAg+/VOH–+Cl–), are defined to discuss the trend of chloride
concentration at the color change boundary under different conditions.
The critical values for R1, R2, CCl– and PAgCl are described in Table 2.

2.3. The case of VAg+CAg+≥VOH–+Cl–COH–+VOH–+Cl–CCl–

By solving Eqs. (1), (2), (3) and (4), a quadratic equation of CCl–

was obtained as follows:

aC2
Cl− + bCCl− + c = 0: ð5Þ



Table 3
Fitted R1 values at different PAgCl values.

PAgCl 0.1 0.2 0.3 0.4 0.5 0.6 0.65 0.7 0.75 0.8 0.9

R1 0.09 0.2 0.35 0.54 0.81 1.21 1.5 1.89 2.42 3.23 7.27
R2 1 1 1 1 1 1 1 1 1 1 1
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Considering CCl–N0, solution of Eq. (5) can be expressed as follows:

CCl− =
−b +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2−4ac

p

2a
ð6Þ

a, b and c in Eq. (6) are listed as follows:

a = kspAgOH = kspAgCl + 1
� �

VTΔ
2
3
=Δ2

1−VOH−−Cl−Δ3 =Δ1 ð7Þ

b = CAgþVAgþΔ3 =Δ1 + VOH−−Cl−Δ2 =Δ1−VOH−−Cl−COH− =Δ1

−2 kspAgOH = kspAgCl + 1
� �

VTΔ2Δ3 =Δ
2
1

ð8Þ

c = kspAgOH = kspAgCl + 1
� �

VTΔ
2
2 =Δ

2
1 + VOH−−Cl−COH−Δ2 =Δ1

−CAgþVAgþΔ2 =Δ1−kspAgCl:

ð9Þ

In Eqs. (7)–(9), units of a, b and c are L, mol and mol2/L,
respectively. Δ1, Δ2and Δ3 are given in Eqs. (10)–(12). Their units are
L, mol and L, respectively.

Δ1 = 2 VTmAgCl−PAgClmAgClVT

� �
−kspAgOHPAgClmAg2O

VT = kspAgCl ð10Þ

Δ2 = PAgClmAg2O
VOH−−Cl−COH− ð11Þ

Δ3 = 2mAgCl 1−PAgCl
� �

VOH−−Cl− ð12Þ

where: kspAgCl and kspAgOH are solubility products of AgCl and Ag2O,
and equal to 1.8×10−10 and 2.6×10−8, respectively.

In the case of VAg+CAg+≥VOH–+Cl–COH–+VOH–+Cl–CCl–, VAg+, CAg+,
VOH–+Cl–, COH–, PAgCl and solubility products of AgCl and Ag2O (kspAgCl
and kspAgOH) were input as parameters to obtain a, b and c, Eq. (6)
with different a, b and c can be solved to get different CCl– values.

Relationships between COH– and CCl– at PAgCl=0.6 and 0.8 are
shown in Fig. 1, respectively. It can be seen that, for a given PAgCl,
when VAg+CAg+≥VOH–+Cl–COH–+VOH–+Cl–CCl–, CCl– needed for the
precipitation of AgCl is linearly dependent upon COH–. Fitted R1 values
for different PAgCl values are given in Table 3. As can be seen from
Table 3, CCl– needed for the precipitation of AgCl is linearly dependent
upon COH– when PAgCl is from 0.1 to 0.9.

Relationship between R1 and PAgCl is plotted in Fig. 2. It can be seen
from Fig. 2 that there is a very good exponential correlation between
R1 and PAgCl, namely:

R1 = 0:0077e7:55PAgCl + 0:3: ð13Þ
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Fig. 1. Relationships between COH– and CCl– when PAgCl=0.6 and 0.8 in the case of
VAg+CAg+≥VOH–+Cl–COH–+VOH–+Cl–CCl–.
From the definition of R1=(CCl–/COH–), Eq. (13) can be rewritten as
follows:

CCl− = 0:0077e7:55PAgCl + 0:3
� �

COH− : ð14Þ

When PAgCl=Pcrit-AgCl, the chloride concentration for the color
change or at the color change boundary of the colorimetric
measurement of cement-based materials can be expressed as follows:

CCl− = 0:0077e7:55Pcrit−AgCl + 0:3
� �

COH− ð15Þ

The range of Pcrit-AgCl can be determined based on a series of
experiments (as discussed in Section 3). When the amount of sprayed
AgNO3 is sufficient to reactwith all OH− andCl− ions in the pore solution
at the color change boundary, the chloride concentration at color change
boundary depends only on the alkalinity of cement-based materials.

2.4. The case of VAg+CAg+bVOH–+Cl–COH–+VOH–+Cl–CCl–

In the case of VAg+CAg+bVOH–+Cl–COH–+VOH–+Cl–CCl–, VAg+, CAg+,
VOH–+Cl–, COH–, PAgCl and solubility products of AgCl and Ag2O (kspAgCl
and kspAgOH) were input as parameters to obtain a, b and c, the Eq. (6)
with different a, b and c can be solved to get different CCl– value.

By analyzing data on COH–, R2 and CCl–, it can be found that for given
PAgCl and CAg+, there are linear relationships among them, which can
be written as Eq. (16):

CCl− = ACOH− + BR2: ð16Þ

A is dimensionless and the unit of B is mol/L. A and B values are
fitted by regression analysis in excel software and listed in Table 4. It is
necessary to point out that all fitted situations have R2=1. It can be
seen from Table 4 that A is a constant and B is a variable. Based on data
in Table 4, through fitting data PAgCl and B, it can be noticed that there
is a linear relationship between B and PAgCl, as shown in Fig. 3, which
can be written as Eq. (17):

B = MPAgCl: ð17Þ
Fig. 2. Relationship between R1 and PAgCl in the case of VAg+CAg+≥VOH–+Cl–COH–+VOH–+
Cl–CCl–.



Table 4
Values for A and B in Eq. (16).

CAg+(mol/L)

PAgCl 0.5 0.1 0.035

A B A B A B

0.2 0.00695 0.0812 0.00695 0.0162 0.00695 0.00567
0.3 0.00695 0.138 0.00695 0.0277 0.00695 0.00969
0.4 0.00695 0.173 0.00695 0.0346 0.00695 0.0121
0.5 0.00695 0.231 0.00695 0.0461 0.00695 0.0161
0.6 0.00695 0.272 0.00695 0.0545 0.00695 0.0191
0.7 0.00695 0.323 0.00695 0.0646 0.00695 0.0226
0.8 0.00695 0.381 0.00695 0.0762 0.00695 0.0267
0.9 0.00695 0.415 0.00695 0.083 0.00695 0.0291

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.1

0.2

0.3

0.4

0.5

M
 in

 B
=

M
P

A
gC

l

Concentration of AgNO3 solution (mol/L)

Fitted line

 y=0.922x, R2=1

Data were calculated

Fig. 4. Relationship betweenconcentrationofAgNO3 solution and coefficientM inEq. (17).
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The unit of M is mol/L. M values were fitted within the range of CAg+
which is from 0.035 to 0.5 mol/L. Relationship between fitted M and
CAg+ values is plotted in Fig. 4. As can be seen from the figure, Eq. (18)
can be observed.

M = 0:922CAgþ : ð18Þ

Constant A in Table 4, Eqs. (17) and (18) were taken into Eq. (16),
and thus Eq. (19) can be obtained as:

CCl− = 0:00695COH− + 0:922CAgþPAgClR2: ð19Þ

When PAgCl reaches Pcrit-AgCl, Eq. (20) was obtained.

Ccrit−Cl− = 0:00695COH− + 0:922CAgþPcrit−AgClR2: ð20Þ

It canbe seen fromEq. (20) that in the caseofVAg+CAg+bVOH–+Cl–COH–

+VOH–+Cl–CCl–, COH– has little effect on Ccrit-Cl–. R2 may change in a
relatively large range and thus has a significant effect on Ccrit-Cl–. During
colorimetric measurement of cement-based materials, the R2 is the
volume ratio of sprayed AgNO3 to pore solution taking part in the
colorimetric reactions. However, it is difficult to determine R2 based on
theactual colorimetricmeasurementof cement-basedmaterials. Thiswill
be discussed in Section 4 based on some assumed range of parameters.

2.5. Calculation of Pcrit-AgCl

Based on Eqs. (1), (2) and (4), Eq. (21) can be derived for the
calculation of PAgCl:

PAgCl =
1

1 +
0:81 COH−−144 R2 + 1ð ÞCa−C l−ð Þ

R1COH−− R2 + 1ð ÞCa−C l−
× 100% :

ð21Þ
Fig. 3. Relationship between PAgCl and coefficient B in Eq. (16).
If VAg+CAg+=VOH–+Cl–COH–+VOH–+Cl–CCl–, Ca-Cl– is 1.11×10−6 mol/L
based on calculations using Eqs. (1) and (2).

WhenVAg+CAg+NVOH–+Cl–COH–+VOH–+Cl–CCl–, Ca-Cl– will be less than
1.11×10−6 mol/L. In this situation, considering ranges of COH–, R1 andR2,
Eq. (22) can be used for calculating PAgCl.

PAgCl≈
CCl−

CCl− + 0:81COH−
: ð22Þ

When VAg+CAg+NVOH–+Cl–COH–+VOH–+Cl–CCl, if Cl− and OH− con-
centrations can be measured as color changes or color change boundary
appears, Pcrit-AgCl can be calculated according to Eq. (22).

3. Experimental determination of Pcrit-AgCl

To determine Pcrit-AgCl, AgNO3 colorimetric experiments were
conducted on cement mortars as follows: seven batches of mortar
containing 1.5% NaCl by mass of the binder were cast into PVC moulds
with a size of Ф40×150 mm. Chemical compositions of various
cementitious materials are given in Table 5 and mixing proportions of
mortar are listed in Table 6. After demoulding at 24 h age, a layer of
mortar about 3 mm thick was cut off without spraying cooling water.
The dry-cut surface of themortar specimenswere immediately sprayed
with 0.5 and 1.0 mol/L AgNO3 solutions. Use of 0.5 and 1.0 mol/L AgNO3

solutionswas to ensure that some extra AgNO3 could still exist after the
colorimetric reactions so that Eq. (22) can be used to calculate Pcrit-AgCl.
The cutting and spraying were repeated at 6-hour intervals until the
surface could turn into slightly brown at the same time after being
sprayed with 0.5 and 1.0 mol/L AgNO3 solutions.

WhenNaCl ismixed into cement-basedmaterials, it can be regarded
that all Cl− from NaCl are free. The concentration of free chloride in
cement-based materials is higher than that which can be detected by
AgNO3 colorimetric method at early ages. With the development of
hydration,more free chloride in pore solutionwas bound [16], the color
of the dry-cut surfaces turned into gray from silvery white, then into
Table 5
Chemical composition of various cementitious materials w/%.

Materials CaO SiO2 Al2O3 MgO SO3 Fe2O3 L O I

Cement 61.79 21.58 4.67 2.48 2.85 2.66
Silica fume 1.95 90.00 0.27 0.30 0.59
Fly ash 3.24 47.96 37.72 0.88 0.24 4.58 4.1
Slag powder 36.90 32.18 14.64 9.64 1.66 0.54

L O I is loss on ignition.

image of Fig.�3
image of Fig.�4


Table 6
OH− and Cl− concentrations in pore solution of mortar containing chloride when dry-cutting surface turning into brown after being sprayed with 0.5 and 1.0 mol/L AgNO3 solutions.

Binder composition Water/binder ratio Sand/binder ratio OH− (mol/L) Cl− (mol/L) R1-crit Pcrit-AgCl Time of turning into brown

100% PC 0.5 2.5 0.29 0.44 1.52 0.653 102 h
95% PC+5% SF 0.5 2.5 0.26 0.4 1.54 0.656 102 h
85% PC+15% SF 0.5 2.5 0.23 0.35 1.52 0.653 96 h
80% PC+20% FA 0.5 2.5 0.25 0.38 1.52 0.653 96 h
60% PC+40% FA 0.5 2.5 0.26 0.37 1.42 0.637 120 h
70% PC+30% SL 0.5 2.5 0.29 0.28 0.97 0.545 54 h
40% PC+60% SL 0.5 2.5 0.28 0.29 1.04 0.563 78 h
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brownasmortar curing time increased. The pictures of a dry-cut surface
at different ages after being sprayedwith AgNO3 solutions are shown in
Fig. 5.

To ensure sprayed AgNO3 amount is enough to reactwith all Cl− and
OH− in pore solution, about 5 ml AgNO3 solution was carefully sprayed
onto 16 cm2 dry-cutting surfaces without dropping from the surfaces.
After about 30 min of natural drying at room temperature, if both dry-
cut surfaces sprayed with 0.5 and 1.0 mol/L AgNO3 solutions turned
slightly brown, the pore solution of the specimen was expressed out
using a special device. The expressed solution was analyzed for Cl− and
OH− ion concentrations using an automatic potentiometric titrimeter.

The results measured and calculated according to Eq. (22) are listed
in Table 6. As can be seen from Table 6, mortar specimens without slag
powder demonstrated very similar R1-crit and Pcrit-AgCl values, which are
Fig. 5. Typical colorimetric pictures of slag mortars after being sprayed with AgNO3 solution
(d) Spraying at 54 h age.
higher than R1-crit and Pcrit-AgCl values of mortar specimens with slag
powder. This is possibly because the color of the AgCl+Ag2O pre-
cipitates is also influenced by the color of mortar. As can be seen from
Fig. 6, the color of slag mortar specimen is dark blue. When the color of
AgCl+Ag2O precipitates is white, it can be distinguished from the dark
blue surface of slag mortar specimen. When the color of AgCl+Ag2O
precipitates becomes slightly brown, it can't be distinguished from the
dark blue surface of slag mortar specimen. When color of AgCl+Ag2O
precipitates becomes dark brown, it can only be distinguished from the
dark blue surface of slag mortar specimen as slightly brown. In this
situation, compared with specimens without slag powder, lower
Pcrit-AgCl for specimens with slag powder is needed to distinguish
the color of the AgCl+Ag2O precipitates from the color of slag
mortar specimens. It can also be seen from Table 6 that different
at different times. (a) Before spraying (b) Spraying at 24 h age (c) Spraying at 36 h age



Fig. 6. Pictures of typical cement-based mortar specimens. (a) OPC mortar specimen. (b) Mortar specimen with silica fume. (c) Mortar specimen with fly ash. (d) Mortar specimen
with slag powder.
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time periods are needed for different specimens turning their
colors into slightly brown. This is because different binders have
different binding rate and capacity for Cl− ions. Incorporation of
silica fume can decrease binding capacity of the binder, while
incorporation of fly ash and slag powder can increase binding
capacity of the binder [23–25]. However, it was found from Table 6
that incorporation of 5% and 10% silica fume, and 20% fly ash gave
a little change in binding rate of binder, but incorporation of 30%
and 60% slag powder, and 40% fly ash (by mass of binder)
increased binding rate of binder.

It can also be found from Table 6 that Pcrit-AgCl is around 0.55 for
mortar specimens with slag powder, and around 0.65 for all other
mortars. Since the use of 0.55 or 0.66 for Pcrit-AgCl did not cause a
significant difference for the calculated Ccrit-Cl– values from Eqs. (15)
and (20), 0.65 is used as Pcrit-AgCl value for all different mortars for the
purpose of simple calculation.

4. Chloride concentration at the color change boundary

4.1. Calculation of R2-crit

When VAg+CAg+=VOH–+Cl–COH–+VOH–+Cl–CCl–, R2 reaches R2-crit,
which determines whether Ag+ can react with all Cl− and OH−.
VAg+CAg+=VOH–+Cl–COH–+VOH–+Cl–CCl– can be written as Eq. (23):

R2−crit =
COH− + CCl−

CAgþ
: ð23Þ
Based on Eqs. (1), (2), (3), (4) and (23), Eq. (24) can be derived as:

R2−crit =
1−0:19pAgCl

� �
⋅ COH−−1:3 × 10−4PAgCl + 1:12 × 10−6 1−PAgCl

� �
1−pAgCl

� �
⋅ CAgþ + 1:3 × 10−4PAgCl−1:12 × 10−6 1−PAgCl

� � :

ð24Þ

When PAgCl gets Pcrit-AgCl, Eq. (24) can be written as follows:

R2−crit =
1−0:19pcrit−AgCl

� �
⋅ COH−−1:3 × 10−4pcrit−AgCl + 1:12 × 10−6 1−pcrit−AgCl

� �
1−pcrit−AgCl

� �
⋅ CAgþ + 1:3 × 10−4pcrit−AgCl−1:12 × 10−6 1−pcrit−AgCl

� � :

ð25Þ

It can be seen from Eq. (25) that critical R2 at Pcrit-AgCl increases with
the increase of COH– andwith the decrease of CAg+.When Pcrit-AgCl=0.65
are used in Eq. (25), then:

R2−crit≈2:57COH− = CAgþ−0:00252: ð26Þ

Considering the range of COH
− =0.01–0.6 mol/L and CAg+ =0.035–

0.5 mol/L, Eq. (26) can be written as Eq. (27):

R2−crit≈2:57COH− = CAgþ : ð27Þ

image of Fig.�6


Fig. 7. Relationship between Ccrit-Cl– and COH– in case of 0.1 mol/L AgNO3 solution.
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Therefore, R2-crit at Pcrit-AgCl linearly increases with the increase of
COH- . Based on Eqs. (15), (20) and (27), Eq. (28) can be obtained.

C crit−Cl =
1:6COH−;R2≥2:57COH− = CAgþ að Þ
0:00695COH− + 0:608CAgþR2 ; R2 < 2:57COH− = CAgþ bð Þ:

(

ð28Þ

Based on Eq. (28), when concentration of AgNO3 solution is
0.1 mol/L, the relationship between Ccrit-Cl– and COH– is plotted in Fig. 7.
As can be seen from the figure, no matter what R2 is, curves with
similar trends are obtained. Within the whole range of OH− ion
concentrations, the smaller the R2 is, the lesser the Ccrit-Cl– changes.
When pore solution volumes of specimens are the same, the lesser the
volume of sprayed AgNO3 solution is, the smaller the Ccrit-Cl– range is.
To obtain a smaller Ccrit-Cl– range, sprayed amount of AgNO3 solution
should be as less as possible, but the surface of cement-based
materials must be completely wetted by AgNO3 solution.

4.2. Determination of chloride concentration at the color change boundary

4.2.1. In the case of R2NR2-crit
Based on discussions in Section 3, in the case of AgNO3 amount is

enough to react with all Cl− and OH− ion at the color change boundary,
Pcrit-AgCl is 0.65, then R1 is 1.6. Considering OH− concentration in
concrete, a range of 0.02–0.6 mol/L was used for the calculation of the
chloride concentration at color change boundary of concrete. According
to Eq. 28(a), chloride concentration Cd of pore solution at color change
boundary changes in range of 0.03–0.96 mol/L. This indicates that free
chloride concentration at the color change boundary of concrete does
change in awide range. This explains the range of 0.071–0.714 mol/L, as
measured by Yuan [15].

Many researchers have expressed chloride concentration at color
change boundary of AgNO3 colorimetric measurement by mass of the
binder (Cbd) for the purpose of simple chloride measurement. In this
study, Cbd is calculated according to Eq. (29) and listed in Table 7.
From Table 7, it can be seen that Cbd changes from 0.011% to 2.27% by
Table 7
Calculated chloride concentration at color change boundary during AgNO3 colorimetric me

Parameters for the calculation of Ccrit Cl–

Bulk density Pore solution conte
(% by volume of sp

Assumed range 2400 kg/m3 5–20%

Calculated Cbd 0.011%–2.27% by m
mass of the binder. This is very similar to the range of 0.01%–1.69% as
reported in published papers [4–6,12,15,17].

Cbd = 35:5P × 1:6COH− × 100% =Mbinder : ð29Þ

4.2.2. In the case of R2bR2-crit
Based on Eq. (28b), when CAg+=0.1 mol/L, since the constant

0.00695 for COH– is about 1/10 of the constant 0.0608 for R2, the effect of
OH− concentration on Cd could be ignored. Therefore, it can be seen
from Eq. (28) that chloride concentration (in pore solution) at the color
changeboundary ismainly controlled by R2. R2 depends on volume ratio
of AgNO3 and pore solution taking part in the colorimetric reaction. This
means that a proper amount of sprayed AgNO3 solution maybe obtain
similar chloride concentration at color change boundary of concentra-
tion with similar content of pore solution.

Ostuki et al. [4] found that water soluble chloride contents in
cement paste, mortar and concrete were the same, which was
approximately 0.15% by mass of cement. They used ordinary Portland
cement (OPC) for their colorimetric experiments and 0.1 mol/L AgNO3

solution as colorimetric indicator. The OH− concentration in pore
solution of hardened OPC paste is assumed as 0.6 mol/L. According to
Eq. (27), R2-crit=25.7×0.6=15.4. This means that when R2b15.4, Cbd
can be calculated according to Eq. (30).

Cbd = 35:5P 0:00695COH− + 0:608R2 = CAgþ

� �
× 100=Mbinder: ð30Þ

Assuming that R2 changes from 1 to 10, binder content is 400 kg/m3

andbulkdensityof concrete is2400 kg/m3, Cbdwas calculatedaccording
to Eq. (30) and its contour was given in Fig. 8. It can be seen from the
figure that, when R2 is less than 6, even if the pore solution content
changes from 4 to 16% (by volume of concrete), Cpd can be equal to
0.132%. This maybe explain why Ostuki et al. [4] found that water
soluble chloride contents in cementpaste,mortar and concretewere the
same— about 0.15% by the mass of binder.

4.3. Factors influencing chloride concentration at the color change
boundary

To concrete specimens exposed to chloride environment, from
exposed surface to the chloride penetration front, OH− concentration
distribution in pore solution of hardened concrete increases slightly
owing to leaching out and electricalmigration of OH− [26]. On the other
hand, Cl− gradually decreases with depth. Therefore, the concentration
ratio of Cl−/OH− (R2) in pore solution of concrete gradually decreases.
For specimens with a given alkalinity, in the case of all Cl− and OH−

can't completely react with AgNO3, decreased volume and concentra-
tions of sprayed AgNO3 solution can result in lower R2 detected, which
means a lower chloride concentration at the color change boundary.
However, higher volume and concentration of sprayed AgNO3 solution
does not always produce higher chloride concentration at the color
change boundary. This is becausewhen all OH− and Cl− ions react with
AgNO3 solution, R2 at color change boundary reach R2-crit and doesn't
change anymorewith increase of volume and concentration of sprayed
AgNO3 solution. In this situation, the chloride concentration at the
asurement for concrete.

nt
ecimen)

Binder content OH− concentration

300–500 kg/m3 0.02–0.6 mol/L

ass of binder

image of Fig.�7


16

14

12

10

8

6

4

P
er

ce
nt

ag
e 

of
 p

or
e 

so
lu

tio
n 

vo
lu

m
e(

%
)

1 2 3 4 5 6 7 8 9 10

R2

0.572

0.352

0.132

0.242

0.462

0.682

Fig. 8. Cbd contour as a function of R2 and Porosity.

1102 F. He et al. / Cement and Concrete Research 41 (2011) 1095–1103
boundary doesn't change with concentration and volume of sprayed
AgNO3 solution.

Based on above discussions, in associationwith Eqs. (15) and (20), it
can be seen that COH–, CAg+, R2 may affect Ccrit-Cl–. R2 depends on volume
of AgNO3 solution and pore solution taking part in the colorimetric
reactions. This means that alkalinity of concrete, concentration and
volume of sprayed AgNO3 solution and pore solution content may
influence the chloride concentration at the color change boundary, the
effect trends of these factors on Cd are summarized in Table 8.

It can be found from above discussions that both calculated and
measured Cd change in a wide range. However, a single value for Cd is
used for the calculation of Dnssm in NT Build 492 [9], which could
produce a large error. A small Cd range can be obtained if the amount
of sprayed amount of AgNO3 is properly controlled during the AgNO3

colorimetric applications.
5. Conclusions

(1) AgNO3 colorimetricmeasurementof cement-basedmaterials can
be implemented owing to chemical reactions between Ag+, Cl−

and OH− ions, which results in the formation of AgCl and Ag2O.
When themass ratio of AgCl to precipitated AgCl+Ag2O reaches
Pcrit-AgCl, a color change boundary appears.

(2) Calculated range of Ccrit-Cl– is between 0.03 and 0.96 mol/L (in
pore solution), or 0.011–2.27% by the mass of binder. This is in
agreement with results in publications, 0.01 to 1.69% by the
mass of binder or 0.071–0.714 mol/L in pore solution.

(3) Based on calculated results, it can be deduced that alkalinity of
concrete, concentration and volume of sprayed AgNO3 solution,
Table 8
Factors influencing chloride concentration at the color change boundary.

Factors Trend of the effect

Sufficient AgNO3

solution
Insufficient AgNO3

solution

Alkalinity of concrete↑ Cd ↑ Little effect
Concentration of AgNO3 solution ↑ No effect Cd ↑
Volume of AgNO3 solution ↑ No effect Cd ↑
Volume of pore solution ↑ No effect Cd ↓
and volume of pore solution have effects on measured chloride
concentration at the color change boundary.

(4) BothcalculatedandmeasuredCdchange inawide range.However,
a single value for Cd is used for the calculation of Dnssm in NT Build
492, which could produce a large error. A small Cd range can be
obtained if the amount of sprayed amount of AgNO3 is properly
controlled during the AgNO3 colorimetric applications.
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