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The rate of chloride content is of great importance for the performance of reinforced concrete
structures exposed to chloride-contaminated environments. The chlorides are known to cause
corrosion of metals embedded in cement-based materials. Thus, an important criterion for the
evaluation of reinforced concrete structures is the measurement of the chloride content. This is
normally done using time consuming standard methods. This paper presents the determination of the
apparent chloride content of various cement-based materials using color analysis, which provides the
advantages of a fast measurement and the potential for on-site application. The surface can be
scanned, or depth profiles are available from cores. Measurements can be performed directly on the
sample surface and the results are available in near real time. The results of color analysis method are
compared with the results of the Volhard, ion-meter, and Scanner Electron Microscope methods.
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INTRODUCTION

Concrete is a multiphase exceedingly complex hetero-
geneous material and one of the principal materials for
structures. However, the heterogeneous structure of
concrete, results in some undesirable effects. The
heterogeneity and properties of concrete are mostly
concerned with the hydration. Hydration, the chemical
reaction between water and ingredients of cement is one
of the most important properties of its durability and
strength gain process. This property of hydration caused
a change in the volume of hydrated cement, varying
hydration rate through the concrete and time dependency
of strength gain and durability. One of the main reasons
of durability is the chloride ingress in cement based
materials. The durability properties of cement based
materials are needed by designers for the proper usage
of it in various environments and structural applications.
For this reason, determination of chloride diffusion
properties of concrete has become very important from
the design point of view (Ayd n et al., 2010; Hasar et al.,
2010; Hasar et al., 2009; Ayd n et al., 2008; Gl et al.,
2007; Ayd n et al., 2007; Ayd n, 2007; Ayd n and Gl,
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2007; Ayd n et al., 2006; Duzgin et al., 2005; Tortum et
al., 2005; O uz and Ayd n, 2003).

Durability of reinforced concrete is largely controlled by
the capability of the concrete cover to protect the steel
reinforcement from corrosion. Despite inherent protective
gualities of cement based materials, the corrosion of steel
reinforcement has become the most common cause of
failure in concrete structures. The service life of a
concrete structure, with regard to corrosion of reinforce-
ment in the marine environment, can be considered as,
the initiation period, during which the steel remains
passive while chloride ions diffuse into the concrete
surface; and the propagation (corrosion) period, which
begins with depassivation, and during which corrosion
propagates at a significant rate up to an acceptable
degree of damage. One of the important factors affecting
the durability and service life of reinforced concrete
structures is the corrosion of embedded steel reinforcing
bars. The rate of corrosion in the propagation stage is
mainly depends on the electrical resistance of the
concrete, its moisture content, oxygen availability, and
temperature. The ingress of fluids containing aggressive
agents is a necessary condition for many forms of
concrete deterioration such as chloride-induced corrosion
of reinforcing steel, which can occur either when the
material is manufactured or during its subsequent



Table 1. Chemical components of PC, FA, SF, and GBFS (%).

PC FA SF GBFS
Component
(%)
SiO; 25.92 54.1 85-95 39.56
Fe»03 3.96 9.11 05-10 0.33
Al,O3 6.88 21.29 1-3 10.82
CaO 53.28 5.93 08-12 37.68
MgO 3.21 6.77 1.0-2.0 6.79
SO3 2.83 0.48 - 0.33
TiO, 0.20 - - -
Sulphide (S3) 0.22 - - -
Chloride (CI") 0.017 0.008 - -
Undetermined 0.49 0.46 - -
Free CaO 0.35 0.99 - -
LOI 2.84 0.84 05-10 -
Table 2. Physical and mechanical properties of PC.
PC
Density (g/cm®) 3.03
Specific surface (cm?/g) 3520
Reminder on 200 mm sieve (%) 0.1
Reminder on 90 nm sieve (%) 3.1
Setting time start (min) 132
Setting time end (min) 178
Volume expansion (Le Chatelier, mm) 3
Compressive strengtgh (Mpa)
2 days 15.6
28 days 38.0

exposure to a chloride-laden environment where it comes
into contact with seawater or deicing salt. Because of the
highly alkaline environment of cement based systems, a
protective passive layer is formed on the metal system.
Above certain level of chloride concentrations (chloride
threshold value), this protective layer disrupts. The
adequacy of that protection is dependent upon the
amount of concrete covers, the properties of the
concrete, the details of the construction, and the degree
of exposure to chlorides from concrete-making compo-
nents and external sources. The chloride ion ingress is
governed by diffusion mechanism and convection. Once
a sufficient quantity of chloride has been accumulated on
the surface of reinforcement, pitting corrosion will occur.
Generally, the diffusion of chloride into concrete is very
slow, if the concrete cover does not deteriorate. Because
a significant number of structures are exhibiting corrosion
of reinforcement, many practitioners and researchers
commonly need to determine the chloride concentration
in these cement-based materials. The standard methods
are time consuming and often expensive and requires
larger amounts of cement based materials. A faster, more
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economical method to determine the chloride concen-
tration of cement-based materials that requires smaller
guantities and uses readily available equipment would be
beneficial for both research and the industry. A simple
and easy method that can be used in field investigations
to estimate the depth of penetration of soluble chlorides
in concrete was always desirable (Titherington, 1998;
Page and Page, 2007; Halmen and Trejo, 2007; Erdo du
et al., 2004; Nagesh and Bhattacharjee, 1998; ACI
201.2R - 01, 2001; Jin et al, 2007; Meck and
Sirivivatnanon, 2003; Glneyisi et al., 2007; Jaegermann,
1990; Song et al., 2008; Topcu et al., 2009).

The reported form of the color analysis method was
provided to establish a relations with the chloride content
in cement based materials. The determination of the
apparent chloride content of various cement-based
materials using color analysis provides the advantages of
a fast measurement and the potential for on-site
application. A rapid method of chloride content analysis
produces well correlated results more quickly than the
standard time-consuming, and more labor-intensive
traditional methods can save significant time and money.
The apparent work also deals with mineral admixtures,
such as silica fume (SF), fly ash (FA), and granulated
blast furnace slag (GBFS) and four water-cement ratios
(0.30, 0.4, 0.44, and 0.50).

EXPERIMENTAL DESIGN AND MATERIALS

Portland cement (CEM | 32.5) (PC) from A kale, Erzurum in Turkey
was used in this study. Maximum aggregate size was 16 mm. The
wic ratios (water-cement ratio) of the mixtures were kept constant at
0.30, 0.40, 0.44, and 0.50 throughout this study. The mineral
admixtures; silica fume (SF), granulated blast furnace slag (GBFS),
and fly ash (FA - from Tuncbilek, Kitahya, TURKEY) are used (0
and 5%; 0, 35, and 50%; and 0, 20, 25, and 30% by cement weight,
respectively). The chemical composition, physical properties of the
materials used in this study, some properties of aggregates and
concrete mixes are summarized in Tables 1, 2, 3 and 4. The ASTM
D 75, ASTM C 136, and ASTM C 29 were used for sampling,
grading (Figure 1), unit weight and fineness modulus of aggregates,
respectively. A melamine sulphonate polymer based water reducing
plasticizing agent is used as superplasticizer (SP) in all mixes. Two
series of specimens were prepared for air and water curing. The
design of concrete mixtures and some fresh properties are
represented in Table 4. At the end of curing regime, the samples
are tested at 28" day.

Non-destructive test method (ultrasonic pulse velocity) in the
definition of strength properties was considered in this paper. It
should be recalled that ultrasonic pulse velocity (UPV) technique is
based on the ability to measure the propagation velocity of a pulse
of vibration energy, which passes through a concrete medium. In
knowing the direct path length between the transducers and the
time of travel, the pulse velocity through the concrete can be
obtained. Relationship between pulse velocity and strength are
determined by calibration tests. UPV measurement techniques are
totally non-destructive and advantageous in that they are quick and
easy to perform. Also, because of the nature of the test, all the
concrete located between the transmitter and the receiver affects
the measured property. Therefore, if an experienced operator
performs the test, then a considerable amount of useful information
can be gained about the interior of a concrete element. UPV was
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Table 3. Some properties of aggregates.

Property/effective radius of aggregate 0-2mm 2-4mm 4-8mm 8-16 mm
Unit weight (kg/m®) 1249 1526 1477 1533
Density (kg/m?) 2200 2485 2535 2598
Water content (%) 3.2 2.49 2.01 0.581
Compacity 0.57 0.61 0.58 0.59
Porosity 0.43 0.39 0.42 0.41
Chloride content (kg/ms) 0.085 0.076 0.054 0.032
Fine material content 2.4 1.8 1.1 0.2

Table 4. Design of concrete mixtures and fresh properties.

W C FA SF  GBFS SP Aggregate (kg/m®) Slump UwW  ACY
(kg/m?) 02 28 816 ™ kgm® (©6

0M013500% 116.40 428.57 0.00 0.00 0.00 5.15 548.38 616.93 548.38 3.82 2212 1.23
0M014000  115.53 375.00 0.00 0.00 0.00 248 56246 632.77 56246 291 2216 281
0M014400  115.00 340.91 0.00 0.00 0.00 0.00 571.42 64284 57142 2.89 2198 2.76
0M015000 114.32 300.00 0.00 0.00 0.00 0.00 582.18 654.94 58218 4.20 2189  2.98
20M023500 117.15 34286 85.71 0.00 0.00 5.15 536.07 603.09 536.07 3.45 2187  2.65
20M024000 116.19 300.00 75.00 0.00 0.00 248 551.70 620.66 551.70 3.24 2176  3.01
20M024400 11559 272.73 68.18 0.00 0.00 0.00 561.63 631.84 561.63 3.67 2170  3.26
20M025000 114.85 240.00 60.00 0.00 0.00 0.00 573.57 645.26 573.57 4.02 2169  4.02
30M033500 117.53 300.00 128.57 0.00 0.00 515 52993 596.17 529.93 1.20 2168 2.54
30M034000 116.53 262.50 112.50 0.00 0.00 245 546.32 614.61 546.32 2.30 2155 243
30M034400 115.88 236.64 102.27 0.00 0.00 0.00 556.75 626.34 556.75 2.80 2150 3.56
30M035000 115.12 210.00 90.00 0.00 0.00 0.00 569.25 640.41 569.25 3.95 2112 4.02
0M543500 118.66 407.14 0.00 2143 0.00 5.15 511.34 57526 511.34 450 2110 1.23
0M544000 117.53 356.25 0.00 1875 0.00 297 530.05 596.31 530.05 2.89 2104 1.43
0M544400 116.79 32386 0.00 17.05 0.00 0.00 54196 609.69 54196 3.50 2102  2.18
0M545000 11591 285.00 0.00 15.00 0.00 0.00 556.25 625.78 556.25 4.95 2119  2.13
0M053535  116.54 278.57 0.00 0.00 150.00 5.15 546.03 614.28 546.03 5.15 2219 3.26
0M054035  115.66 243.75 0.00 0.00 13125 245 560.41 63045 56041 4.85 2202 245
0M054435  115.10 221.59 0.00 0.00 119.32 0.00 569.56 640.75 569.56 3.97 2198 3.46
0OM055035 114.43 195.00 0.00 0.00 105.00 0.00 580.53 653.10 580.53 4.37 2183  4.56
0M063550  116.60 214.29  0.00 0.00 214.29 5.15 545.03 613.15 545.03 1.02 2215 1.34
0M064050  115.72 187.50 0.00 0.00 187.50 2.45 55953 629.47 559.53 0.98 2203 1.01
0M064450  115.15 170.45 0.00 0.00 170.45 0.00 568.75 639.85 568.75 2.34 2181  2.53
0OM065050  114.47 150.00 0.00 0.00 150.00 0.00 579.83 652.31 579.83 4.34 2190 3.76
0M573535  118.81 257.14 0.00 21.43 150.00 6.18 509.00 572.62 509.00 1.21 2106  3.46
0M574035  117.65 225.00 0.00 18.75 131.25 297 528.00 594.00 528.00 1.01 2103  2.65
0M574435 116.91 20455 0.00 17.05 119.32 0.00 540.08 607.59 540.08 1.67 2110 345
O0M575035  116.03 180.00 0.00 15.0 105.00 0.00 554.60 623.93 554.60 2.01 2113 5.62
25M583500 119.62 300.00 107.14 2143 0.00 6.18 49596 557.96 49596 0.85 2056 1.02
25M584000 118.34 26250 93.75 18.75 0.00 297 516.60 581.18 516.60 0.87 2008 0.98
25M584400 117.53 238.64 8523 17.05 0.00 0.00 529.72 59594 529.72 1.27 2025 1.12
25M585000 116.57 210.00 75.00 15.00 0.00 0.00 545.49 613.67 54549 2.01 2016 1.43

$0M13500: The numbers before M character indicates % content of fly ash, according to cement weight, the first number after M character
indicates % content of silica fume, according to cement weight; The last two numbers indicates % content of ground blast furnace slag,
according to cement weight; the second number after M character defines the mixture group number, and the two digits after the mixture
group number, is the % wi/c ratio of the mix. "According to cement weight ~Fresh unit weight ¥ % air content. W: Water C: Cement SF:
Silica fume FA: Flay ash GBFS: Ground blast furnace slag SP: Superplasticizer.
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Figure 2. ASTM C1202 test set up.

measured with the portable ultrasonic non-destructive digital
indicating tester (Turkmen et al., 2003).

The chloride penetration to hardened concrete specimens is
tested electrochemically, according to ASTM C1202. The most
controversial point of this method is the voltage and period of
voltage application. However, the most widely accepted period and
voltage are used according to literature (Samaha and Hover, 1992;
Saito and Ishimori, 1995; Goodspeed et al., 1996; RILEM TC 178-
TMC, 2002). The specimens are kept in a two cell test room (Figure
2) for six hours at 60 V DC. The current across the specimens is
recorded at every 30 min interval by using a computer controlled
real-time monitoring system. The total charge passed through the
specimens was computed by knowing the current and time history.
The presented results are the averages from three specimens.

The chloride content of concrete samples is tested according to
Volhard, lonmeter, Scanner Electron Microscope (SEM), and Color
Analysis (CA) Methods. By means of Volhard’'s method; the chloride
content of concrete is determined in the resulting solution of the
sample attack with diluted hot nitric acid. The cement based
composite sample is treated with diluted HNO3; and heated to boil in
order facilitate the attack and to eliminate sulphides; CI ions in
solution are precipitated into AgCl by adding a known excess of a
standardized AgNO; solution. The precipitate is filtered, washed
and discarded. The excess of Ag” ion is determined in the filtrate by
titration with a standardized ammonium thiocyanate solution, using

Concrete sam ple
[Thickness S50 mm,
diameter 100 mm)

Stanless seel
[&not)

Fe®* solution as a visual indicator. This procedure follows,

essentially, those described elsewhere (Basset et al., 1978;
Asociacion Espanola de Normalizacion y Certificacion, 1994;
Asociacion Espanola de Normalizacion y Certificacion, 1991;
Marinus, 2002; Ozyildirim and Halstead, 1988; Chau, 2000; Chau,

2002; Chau, 2004). The ion-selective electrode is essentially the
more accurate laboratory version of the well known RCT-method
(Rapid Chloride Test) that was developed by Danish Germann-
Pedersen. lon-selective electrodes have been used earlier in
determination of chloride in concrete. This test is based on a
relationship between the electrical conductance and the resistance
to chloride ion penetration (Ozyildirim and Halstead, 1988). SEM is
an electron microscope that forms a three-dimensional high
resolution image by moving a beam of focused electrons across an
object and reading both the electrons scattered by the object and
the secondary electrons produced by it. When SEM is used with X-
ray diffraction (XRD) techniques, which reveal information about the
crystallographic structure, chemical composition and physical
properties of materials, the elements and components of concrete
sample may be analyzed (Figures 3, 4, and 5). The main principle
of CA, is the color change in the pixels of parallel surfaces to
concrete sample surfaces, which are exposed to chloride ions. The
percentage of the color changing pixels and depth graphs can be
used to observe chloride penetration by using predicted empiric
formulation (Figures 6 and 7).
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Fe-K 0.0200 1.207 1.28 2.42 +/- 1.07 Fe203 3.46 16.000
Cl-K 0.0002 1.239 0.02 0.02 +/- 0.12 C1 0.02 0.238
gk 0.0000 1.445 0.00 0.00 +/- 0.00 Ag20 0.00 0.000
‘S . D.A678 1.028 82.35 77.94 +/- 0.43  Si 77.94 1025.641
Al-K o.mg 1.054 143 1.01 +/- 0.08 Al 1.01 13.799
K ‘K ® 1 0.60 0.79 +/- 0.15 K 0.79 7.458
Ca—K 01 : i 12.00 16.20 +/- 0.50 Ca 16.20 149.410
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Figure 3. SEM and XRD analysis of chloride diffused samples (No white sediment).
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Fe-K 0.1016 1.166 7.36 11.84 +/- 2.37 Fe203 16.93 16.000
C1-K 0.0006 1.082  6.07 0.07 +/- 0,20 Cl 0.07 0.142
Ag-L 0.0000 1.268 0.00 0.00 +/- 0.00 Ag20 0.00 0.000
S1-K 0.1804 1.109 24.71 20.00 +/- 0.51 S1 20.00 53.756
AL-K 0.0307 1.209 4.77 3.1 +f=Q.21L AL 3.1 10.380
K -K 0.0108 0.997 0.96 1.08 +/- 0,29 K 1.08 2.086
Ca-K 0.5527 1.030 49.30 56.95 +/-1.44 Ca 56.95 107.238
MgK 0.0095 1.324 1.80 1.26 +/- 0.18 Mg 1.26 3.916

-K e 4.264 11.03 5.09 S e i — i
Total 100.00 100.00 100.00 193.518

Figure 4. SEM and XRD analysis of chloride diffused samples (Transition zone).
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Figure 5. SEM and XRD analysis of chloride diffused sample (White sediment observed section).
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Table 5. Compressive strength, total load, penetration depth, and chloride contents of the mixtures.

UCS (kg/cm?) ETL (C) ETP (mm) Volhard™ (kg/m®)
wWC AC wWC AC wWC AC wWC AC
0M013500° 44722  346.29 3029.191 3560.5809 8.74 18.29 2.96 5.88
0M014000 317.35  255.99 4004.465 4761.3757 40.00 45.99 10.66 15.20
0M014400 25538  212.01 4469.433 5240.8159 44.00 47.46 11.36 21.95
0M015000 203.63  186.48 4777.448 5494.0502 44.99 47.95 17.44 25.87
20M023500 380.50  339.46 3906.304 4626.6508 13.10 14.15 4.36 4.83
20M024000 278.88  217.01  5679.5459 7214.7409 22.38 32.98 6.70 8.63
20M024400 231.75 18479  7655.2631 8702.4037 42.00 46.97 10.41 18.41
20M025000 187.96  167.04  8957.9345 10976.293 47.94 48.43 20.34 39.21
30M033500 385.81  303.65  5092.4644 6079.8619 15.71 16.75 4.97 5.55
30M034000 266.57 212,75  5584.9671 6485.4130 15.19 17.78 5.31 5.77
30M034400 229.88  187.40  6373.6823 7389.2609 17.27 19.32 5.70 6.09
30M035000 19853  167.75  8187.1727 9602.5900 20.34 22.38 6.26 6.79
0M543500 455.68  351.81 912.4520 1065.8691 6.40 9.31 1.64 2.97
0M544000 397.75  287.45  1263.1950 1458.1076 11.50 11.50 3.77 3.77
0M544400 328.29  270.34  1461.9340 1785.4499 10.96 9.30 3.82 2.87
0M545000 286.53 22232  1044.8490 1229.0299 9.30 12.03 3.12 3.94
0M053535 535.22  399.34  1642.5010 1955.1269 9.86 13.62 3.20 457
0M054035 389.81 31576  2167.7000 2684.8325 19.32 25.42 6.11 7.27
0M054435 356.90  279.16  2669.5420 3117.4378 24.91 26.93 7.02 7.60
0M055035 356.21  300.64  3325.8730 3916.5191 27.44 27.44 7.61 7.64
0MO063550 47438 41075  1252.4590 1579.4502 7.59 10.95 2.40 3.52
0M064050 371.08  290.65  1848.0950 2206.0463 14.67 22.88 5.02 6.90
0M064450 352.99  262.71  2139.4630 2645.2696 21.87 32.98 7.07 8.60
0M065050 310.00  252.39  2819.3370 3159.2542 35.99 41.50 9.27 11.03
0M573535 473.09 43464  1437.7550 1675.4663 9.30 12.03 2.76 4.11
0M574035 399.28 31520  1898.1849 2105.0613 13.62 22.38 5.14 6.76
0M574435 328.89  253.61  2208.5090 2641.9826 20.34 32.47 6.29 8.53
0M575035 219.30  180.02  2727.9151 3210.9353 33.98 40.50 8.88 10.54
25M583500 404.69  310.71  2603.5597 2959.9269 14.15 17.27 5.01 5.66
25M584000 328.22  256.32  2760.1012 3366.8859 15.71 20.85 5.41 6.43
25M584400 251.97 20421  2961.1850 3708.1641 18.29 22.88 5.94 6.88
25M585000 202.17 17011  3684.4670 4279.8478 23.39 31.47 6.74 8.35

WC: Water cured; AC: Air cured; UCS: Compressive strength according to ultrasonic pulse velocity; ETL: Electrochemical total load; ETP:
Electrochemical total penetration depth. *Chloride content of the concrete at 7 mm according to Volhard method.

RESULTS AND DISCUSSION

Chloride ingress in cementitious systems is a complicated
phenomenon. The chloride ingress is lower around
aggregates than other parts of concrete samples. The
cement paste and the interface properties of the chloride
durable concrete have to be well qualified. The additives
like SF, FA and GBFS, which delays the hydration, have
positive effects on the chloride permeability of concrete.
A well defined and completed curing process, results in
lower permeability and the additives also enhances the
impermeability. Specifically, the deficient curing of
concrete enhances the permeability. Thus, the durability
of this kind of concrete may be a problem.

According to the observed chloride permeability tests
for silica fume added to concrete, the chloride resistivity
of concrete is enhanced four times than the no additive
concrete. However, GBFS did not enhance the chloride
resistivity as the silica fumes are added concrete, but the
enhancement of chloride resistivity is as great as two
times according to no additive concrete. The replacement
of GBFS by weight of cement given as 35%, the optimum
chloride resistivity values are obtained but this
percentage may be increased to 50% in order to have
more economic concrete. In the effect of FA added
concrete mixtures, the only positive effect on chloride
resistivity is observed for the concrete with 0.35 water-
cement ratio (Table 5).
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One of the other factors effecting chloride resistivity is
the curing process. The whole water cured specimens
had a better chloride resistivity than air cured specimens,
as expected. When the water-cement ratio variation is
examined with the chloride resistivity, strength and fresh
unit weight test results, only the fresh unit weight was
increased, while the others were decreased (Table 5).

When the additive content of concrete is known, the
chloride resistivity of concrete may be obtained within the
approximation of 95% according to obtained empiric
formulations given as:

Qn =( €1xQs+ C2) 1)

where Qy, is total load for air cured sample (C), Qs is total
load for water cured sample (C), c; and c, are the
coefficients given as c¢; = 1.19201657 and c,= -
14.1818516 for the effect of air and water cure to total
load (R*=0.99):

Vp=(C1XVs+Cy) 2

where V, is total chloride penetration depth for air cured
sample (mm), Qs is total chloride penetration depth for
water cured sample, c; and c, are coefficients Given as
c1 = 1.02809575 and ¢, = 3.9165194 for the effect of air
and water cure to total load (R2: 0.95):

1. M|x
Cly, (0.000178) x (Q“*3'2°*24(0.000000037720) x
Q(3 357182 ) (-163.839)) 3)
2. Mix
cl (0.006393)  x(Q3%93%%)4(1 85739E-15)  x
Q(4 5849703 +(638 591)) (4)
3. Mix

- (735589) x (Q(0'0280368)+(-863.117) x Q(-20.426145)+(_
1.2016)) (5)
4. Mix
C|m=(720277) X (Q(-0.0216929)+(_7367.86) ><Q(—1.880275)+(_
0.8401)) (6)
5. Mix

= (266.486) x (Q(-0.0632326)+(_717_762) % Q(-1.235605)+(_
0.53816)) 7)
6. Mix

- (1010879) x (Q(0.0088736)+(_24722.9) ><Q(-l352.7295)+(_
1.063552)) (8)
7. Mix
C|m - (158123) x (Q(-641.08813)+(0.75442) x Q(O.0079398)+(_
0.797746)) )

8. Mix

Clm: (0001210) x (Q(0.2332569)+(1.5963) x Q(l.0011534)+(_
36.2899)) (10)

where CIm is total chloride content (kg/m ), Q is total load
© (R =0.95), for the related concrete mix groups.

V= (C1Xwy) (11)

where V, is total chloride penetration depth obtained
from Color Analysis Method (mm), V, is total chloride
penetration depth obtained from Volhard Method (mm),
c, is a coefficient given as c; = 1.013575 for the
comparison of chloride penetration depth for Color
Analysis Method and Volhard Method (R = 0.99).
Despite all mentioned experimental techniques, the Color
Analysis Method performs approximately the same
estimation without any complexity with the Equation given
as:

Clm=(c1) x (V+(c3)) x LOG10(V)+Cs X EXP(vXcs)  (12)

where v is total chloride penetration depth (mm), ¢4, C,,
Cs3, C4, and cs, are the coefficients given as c¢; =
135.796703, c, = 0.0153816534, c3 = -1.01207214, c, =
0.000000000133799863, and cs = 0.527549306, for the
chIonde penetration depth according to chloride content
(R*=0.98).

The effect of additive content on the conductivity of
concrete resulted in more variation in chloride resistivity,
due to the conductivities of different additives.

White sediment is observed above the surfaces of the
chloride diffused, and AgNO; sprayed concrete samples,
due to CI+AgNO; AgCI+NO; reaction. The white
sediment, which is observed as a result of CI" ions, is
AgCl and verified by SEM analysis (Figures 3, 4, and 5).
When this white sediment (AgCl) is exposed to sun rise,
its color transforms to purple and then to black. This type
of color transformation results in errors, while observing
the color transformation gap. Thus, for the color analysis,
the AgNO; sprayed concrete samples have to be digitized
as soon as possible. The variation of chloride content and
chloride penetration depth is directly proportional (above
98%) with the depth of color transforming pixels (Figures
6 and 7).

Conclusion

A fast, reliable method to determine the chloride
concentration in cement-based materials can save
significant time and money. Engineers and researchers
responsible for testing and monitoring cement-based
materials for corrosion performance can economically
determine the chloride concentration of a larger number
of samples in a relatively shorter time if correlations
between the faster and slower methods can be
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Figure 6. Chloride penetration depth according to Volhard and Color analysis method (air cured).
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Figure 7. Chloride penetration depth according to Volhard and Color analysis method (water

cured).

determined. The results obtained from this study indicate
that the measurements obtained from the Color Analysis
Method and the tested, other method samples are highly
correlated. Results from this research clearly indicate that
the Color Analysis method for assessing the chloride
penetration depth is applicable to various cement-based
systems. Future research should examine and modify the
calibration procedure of the method, to take into account,
the ions coming from unconventional aggregates, as
suggested in the literature, to decrease the difference
between the results of the variable methods.
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