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HIGHLIGHTS

« 0.145 M K,CrO4 inhibitor admixture exhibited optimal performance in H,SO4 medium.
« 0.679 M NaNO, inhibitor admixture exhibited optimal performance in NaCl medium.
« NaNO, inhibitor admixture exhibited poor corrosion inhibition performance in H,SO,.
« Compressive tests showed that H,SO,4 had adverse effect on the strength of concrete.
« Compressive tests showed that NaCl had no adverse effect on concrete strength.
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In this paper, effect of potassium-chromate (K,CrO4) and sodium-nitrite (NaNO,) on concrete steel-rebar
degradation in sulphuric-acid and in sodium-chloride media were studied. Electrochemical monitoring of
open circuit potential and compressive strength effect of the different concentrations of these admixtures
in steel-reinforced concretes immersed in the acidic/marine-simulating environments were analysed for
detailing admixture performance. Results subjected to ASTM C876 interpretations showed that concrete

admixed with 0.145 M potassium-chromate exhibited optimum inhibition effectiveness with good
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compressive strength improvement in the acidic medium. In the saline medium, the concrete admixed
with 0.679 M sodium-nitrite exhibited optimal inhibition performance, but with reduction in concrete

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Corrosion induced degradation of steel reinforcement (steel-
rebar) in concrete is the major cause of deterioration of concrete
structures including building facilities, bridges, parking garages
and other civil infrastructures [1-3]. Industrial, coastal and marine
environments of the world are well dispersed with rust stained,
cracked and spalled concrete structures caused by this form of deg-
radation of the reinforcing steel and the composite constituents of
the concrete structures [2,4,5]. The environments in which these
structures exist provide more than adequate agents necessary for
initiating and propagating the corrosion failure process. These
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corrosion inducing agents include oxygen, carbon dioxide and
moisture from the atmosphere [5], sulphate ions from microbial
or sewage environment [2,6] and chloride ions from saline or mar-
ine environment [1,4,7,8]. This is such that the corrosion destruc-
tion of concrete steel-rebar has contributed more than 80% of all
the damages of reinforced concrete structures globally [9]. Conse-
quent repair, maintenance and rehabilitation, to ensure in-service
continuance and durability, of concrete infrastructures gulp sub-
stantial resources of intensive labour and escalating costs annually
[3,5,10]. This, coupled with the inevitability of steel-reinforced
concrete as the material of choice for various construction works
in modern society [10-12], necessitates needs of research activities
aimed towards corrosion prevention for the durability of concrete
facilities [13].

Several methods could be used for the protection of steel-rein-
forced concrete structures from corrosion degradation. Some of the
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methods include: paintings, coatings or waterproofing membranes
of the outer surface of the concrete structure [9,14-16]; coating of
the steel rebar [17]; cathodic protection of steel rebar [18]; and
corrosion inhibitors admixed in concrete [19,20]. While each of
these methods had been employed in studies with varying degrees
of success, the use of corrosion inhibitor admixtures had been
described to be an effective method, which combines the advanta-
ges of lower cost with easy application compared to other meth-
ods, for controlling concrete steel-rebar corrosion [19,21].

Corrosion inhibitor is a chemical substance which, in the
presence of corrosive agent, decreases the corrosion rate in a cor-
roding system when used at suitable concentration [21-23]. Sev-
eral studies have investigated the inhibiting effectiveness and the
compressive strength effect of different corrosion inhibitor admix-
tures in reinforced concrete [3,9,22,24-27]. Many of these studies
linked the repressive capabilities to corrosion degradation and
the strength properties of the reinforced concrete due to the ap-
plied inhibitors studied to the inhibitor types and their admixed
concentration. Not many studies, however, had been carried out
on potassium-chromate and sodium-nitrite and their synergies as
well as the effect of their admixture in concrete on the compressive
strength of the concrete structures. Also, there is dearth of work
using the statistical tools, either of the normal probability density
function (PDF) or the Weibull PDF to analyse electrochemical po-
tential readings, which could be attended with fluctuations that
could make interpretation from such readings difficult.

The focus of this study is to comparatively investigate the effect
of potassium-chromate and sodium-nitrite as inhibitors on the cor-
rosion degradation of steel-rebar in concrete. The corrosion moni-
toring technique of the half-cell (or open circuit) potential [22,24-
26] was employed in the work, in accordance with ASTM C876-91
R99 [28], to study the performance of the different concentrations
of the two inhibitors and their synergies in sulphuric-acid and so-
dium-chloride media. The statistical modelling tools of the Normal
PDF and the Weibull PDF were used to analyse the quality, unifor-
mity and reliability of the comparative effectiveness of each inhib-
itor concentrations and goodness-of-fit criteria, by the PDF’s, were
determined using Kolmogorov-Smirnov statistics [29,30]. Also, the
effect of the different concentrations of inhibitor admixtures on the
compressive strengths of the concrete specimens were investi-
gated and reported.

2. Materials and methods
2.1. Concrete blocks preparation

Schematic drawings and pictorial representations of the materials and experi-
mental set-up employed for this study are shown in Fig. 1. Each concrete block,
Fig. 1(a), used for the experiment was made using Portland cement, sand and gravel
mixed with water at a mix ratio of 1:2:4 (cement, sand and gravel). The formulation
used for each reinforced concrete specimen was (in kg/m?): cement 320, water 140,
sand 700 and gravel 1150. The water/cement (w/c) ratio was 0.44.

Thirty concrete blocks were used for the electrochemical monitoring experi-
ment; these were set-up in two-sets of fifteen specimens. Each block was admixed
with different concentrations of inhibitors and a fixed amount of 0.1 M Nacl to
accelerate the corrosion of the embedded steel by providing increased chloride ions
in the matrix and particularly around the steel-rebar. The inhibitor admixtures ran-
ged from 1.5 g to 9.0 g by mass in increments of 1.5 g for each of the potassium-
chromate and sodium-nitrite inhibitors. In concentration terms, these were:
0.048 M, 0.097 M, 0.145 M, 0.193 M, 0.242 M and 0.290 M of potassium-chromate;
and 0.136 M, 0.272 M, 0.408 M, 0.544 M, 0.679 M and 0.815 M of sodium-nitrite.
The synergetic combinations were: concrete admixed with 1.5 g (0.048 M) potas-
sium-chromate and 3.0 g (0.272 M) sodium-nitrite; and concrete admixed with
3.0 g (0.097 M) potassium-chromate and 1.5 g (0.136 M) sodium-nitrite. All chem-
icals used were of AnalaR reagent grade.

DIN-ST 60 mm type of steel rebar was used for the reinforcement. The steel was
obtained from Oshogbo Steel Rolling Mill, Nigeria and its chemical composition in-
clude: 0.3%C, 0.25%Si, 1.5%Mn, 0.04%P, 0.64%S, 0.25%Cu, 0.1%Cr, 0.11%Ni, and the
remainder Fe. The rebar were cut into several pieces each with a length of
160 mm and 10 mm diameter and embedded in the concrete. Abrasive grinder

was used to remove the mill scales and rust stains on the steel specimens before
each was placed in its concrete block. The protruded end of the block was painted
to prevent atmospheric corrosion.

2.2. Experimental procedures

The first sets of fifteen steel-reinforced concrete specimens were partially im-
mersed in plastic bowls containing 0.5 M dilute sulphuric-acid (H,SO4) medium
to simulate microbial (or sewage) environments. The second sets were partially im-
mersed in plastic bowls containing 3.5% sodium-chloride (NaCl) medium to simu-
late marine/saline environments. In each of these plastic bowls, the corrosive
test-media were made up to just below the steel reinforcement but without making
contact with it, as was schematically shown in Fig. 1(b).

Open circuit potential (OCP) readings were measured by placing a Cu/CuSO4
electrode (CSE), Model 8-A (Tinker & Rasor®), firmly on a conducting sponge, that
was wetted with electrical contact solution as prescribed by ASTM C876-91 R99
[28,30-33] before being placed on the concrete block, Fig. 1(c). The contact solution
was prepared with potable water to which local detergent and isopropyl alcohol
was added as described in ASTM C876-91 R04. The COM input (negative) socket
of a high impedance digital multimeter was connected to the Cu/CuSO, electrode
while the red lead terminal (the V input and positive socket) was connected to
the exposed part of the embedded steel reinforcement to make a complete electri-
cal circuit. The Model MY64 multimeter that was employed for the corrosion poten-
tial measurement was obtained from MASTECH® (China), Fig. 1(d). This MY64
multimeter model had input impedance of 10 Q, accuracy of +(0.5% reading +2 dig-
its) and was operated with 9V battery of type 6F22; and by these the instrument
conforms to the specifications of ASTM C876-91 R99 [28] for open circuit potential
measuring apparatus. These and other technical/accuracy specifications of the
MY64 multimeter model, by the manufacturer, were shown in Fig. 1(e).

OCP for each specimen was monitored over an exposure period of 32 days. The
readings were taken at three different points on each concrete block directly over
the embedded steel reinforcement [20,22] in 2-day intervals for the exposure per-
iod. The average of the three readings was computed and this was subjected to data
analysis and interpretation based on ASTM C876-91 R99 [28,30-33].

2.3. Data analysis

The distribution functions used for analysing open circuit potential readings in-
clude the Normal distribution, whose cumulative density function (CDF), Fy, could
be represented by [34-36]:

FN(X):(T\}E /:; exp {—(%)Z]dx (1)

where y is the mean and ¢ is the standard deviation of the sample variable x.
The other distribution function includes the two-parameter Weibull distribution
with CDF, Fy, given by [35,37-39]:

Fw(x) =1 —exp (— (g)k> )

where k is the shape parameter and c is the characteristic value or the scale
parameter of the Weibull distribution function. Eq. (2) can be expressed in linear
form [37-40] to obtain

In[-In[1 — Fw(x)]] = kInx —kInc (3)

A threshold value x, = 0 had been assumed by using the two-parameter Weibull
[39]. In order to ensure the consistencies of the negative OCP values, especially,
with the logarithmic nature of Eq. (3), x values had been taken to be in negative mil-
livolts versus Cu/CuSO4 electrode, i.e. —mV (CSE). This approach finds similarity
with the data presentation approach of [22]. Hence, positive values of x are used
in the equations for the distribution functions. To model the quality and variability
of the measured data using the Weibull distribution, estimations of the Weibull
mean puy and standard deviation oy, were obtained from [37-41]

Uy = cF(l +%> 4)

e {efr ()01

where I'(-) is the gamma function of (-).

2.4. Goodness-of-fit test statistics

To ascertain the compatibility of the OCP data to each of the Normal and the
Weibull distributions, the Kolmogorov-Smirnov (K-S) goodness-of-fit test (GoF)
statistics [29,34,36-39,41-45] was used. This measures the absolute difference be-
tween empirical distribution function F*(x) and theoretical distribution function
F(x) through the statistics [29,36,38,41,42]
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4. Technical indicators
4.1. Comprehensive indicators

* Operating environment and condition:

1000V CAT.II, 600V CAT.III pollution grade: 2

Elevation <2000 m

Environment temperature and humidity: 0~40 °C

(<80% RH, <10°C, itis not to be considered).

Storage temperature and humidity: 0~60 °C(<70%

RH, remove the battery).
« Temperature coefficient: 0.1 Accuracy /°C
(<18°C or >28°C).

* The maximum allowable voltage between
measurement end and ground: 1000V DC
or 750V AC RMS

 Fuse protection: mA grade: Fuse FF 250mA/250V;
fuse with Agrade F 10A/500V

* Sampling rate: about 3 times/sec.

* Display: 3 1/2 digit LCD display. Automatically display
unit symbols in accordance with measurement
function grade. <

* Over-range indication: LCD will show “1”.

« Low battery indication: When the battery voltage is
lower than the normal operating voltage, “ =4 "will
display on the LCD display. }

« Input polarity indication: automatically display
“-”symbol.

*Power supply: DC 9V===

+ Battery type: NEDA 1604, 6F22 or 006P.

+ Outside measurement: 188 mm(L)*x93 mm(W)x50mm(H).

* Weight: about 380g (include battery).

4.2 Accuracy indicators

Accuracy:
+(%reading + word) with one year of warranty.
Reference conditions:
environmental temperature is from 18 °C to 28 °C,
relative humidity is not more than 80%.

4.2.1 DC voltage
Measuring range | Resolution Accuracy
200mV 0.1mV
2V mV 3 e
20V TomV +(0.5% reading + 2digits)
200V 100mV
1000V 1V +(0.8% reading + 2digits)

Inputimpedance: 10MQ
Maximum input voltage: 1000Vdc or 750Vac RMS,
250Vdc or ac RMS with the measuring range of 200mV.

4.2.2 AC voltage

Measuring range | Resolution Accuracy

200mV (only for | 100pV

MYE0, e(ﬁ""eyz)” H +(1.2% reading + 3digits)
2V 1mV g s T
S0V T (0.8% reading + 3digits)
200V 100mV

750V 1V +(1.2% reading + 3digits)

Inputimpedance: 10MQ
Maximum input voltage: 1000Vdc or 750Vac RMS,
250Vdc or ac RMS with the measuring range of 200mV.

Fig. 1. Materials and set-up of electrochemical, half-cell (or open circuit) potential, monitoring experiment (a) schematic dimension of steel-reinforced concrete specimen,
(b) schematic set-up of potential measurement, (c) measuring corrosion potential, (d) readout example of corrosion potential, and (e) manufacturer’s technical and accuracy
specifications of voltmeter instrument, MASTECH® equipment, showing conformity with specifications of ASTM C876-91 R99.

d=d(x,..., %) = Vn sup |F % (X) — F(x)| (6)
—o0<x<o0

where n is the sample size. By employing the method described in [29], the va-
lue of d computed from Eq. (6) was used with n to directly compute the one-sample
two-sided probabilistic value (p-value) that the OCP data follow each distribution
function studied. These p-value computations not only establish, or otherwise,
how well the measured OCP data followed the distribution functions but also facil-
itate direct comparisons of the description of the OCP data by the Normal and the
Weibull distribution functions.

2.5. Compressive strength determination for specimen samples

The consistency of the different concentrations of potassium-chromate and so-
dium-nitrite on the steel-reinforced concrete specimens was determined by inves-
tigating the compressive strength of the concrete samples after the potential
monitoring period [3,22]. This was done by removing each specimen from their
respective test medium, allowing it to dry/harden in air for seven days after which
each concrete block was carefully placed lengthwise on a compressive fracture ma-
chine and load applied until the block failed. Compressive failure loads from these
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were then compared with that from two other steel-reinforced concrete specimens,
without inhibitor admixture, one of which was cured in air and the other cured in
water for two weeks [24].

3. Results and discussions
3.1. Experimental results

Graphical plots of averaged readings of open circuit potential
(OCP) against time, obtained during the experiment for the two-
set specimens of reinforced concrete samples are presented in
Fig. 2 for the two media - Fig. 2(a) for H,SO,4 and Fig. 2(b) for NaCl.

The open circuit potential readings from the graphical plots
shown in Fig. 2(a) and (b) could be observed as being predomi-
nated with fluctuations in the form of spikes of varying amplitudes
for each concentration of inhibitors presented. Studies referred to
these sharp oscillatory drifts between the active and passive re-
gions as “electrochemical noise” [46,47]. The fluctuating spikes
can be attributed to constant corrosion damage of the protective
film by the notorious corrosive media and subsequent inhibition
by the constantly formed protective layer of applied inhibitor
admixture on the reinforcing steel [46]. Interpreting inhibiting
effectiveness by the varying concentrations of admixed inhibitor
using these fluctuations in the observed data was difficult. These
difficulties of performance interpretations were however tackled
by the use of probabilistic modelling tools for analysing and esti-
mating effectiveness of each inhibitor concentration in the corro-
sive media.

—etp— Control —ili— 1.5g K2CrO4 3.0g K2CrO4
(a) 4.5g K2CrO4 —x— 6.0g K2Cro4 —@— 7.5g K2CrO4
—+— 9.0g K2CrO4 ———— 1.5g NaNO2 ~——w—— 3.0g NaNO2
4.5g NaNO2 6.0g NaNO2 ——&—— 7.5g NaNO2
9.0g NaNO2 1.5g K2CrO4 + 3.0g NaNO2 ~—@- 3.0g K2CrO4 + 1.5g NaNO2
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Fig. 2. Graphical plots of open circuit potential readings vs. time for steel-
reinforced concrete samples with varying concentrations of potassium-chromate
and sodium-nitrite admixtures (a) samples in H,SO4 medium; (b) samples in NaCl
medium.

3.2. Statistical probability modelling

The probability density function (PDF) plots for the Normal and
Weibull distribution functions are presented Fig. 3 for the rein-
forced concrete samples. Results of analytical modelling of the
mean OCP data using the Normal distribution and the Weibull
distribution fittings are presented in Table 1 for reinforced con-
crete samples with admixed inhibitors immersed in sulphuric-acid
medium, while those immersed in sodium-chloride medium are
presented in Table 2.

Table 1 shows that the analysed results of the experimental OCP
data obtained from the concrete samples immersed in H,SO, med-
ium had considerable discrepancies in the estimated parameters
by the Normal, compared to the estimations by the Weibull distri-
bution. These discrepancies can also be inferred from the PDF plots
of the two distributions in H,SO, medium presented in Fig. 3(a)
and (b). Both the Weibull mean (uw) and standard deviation
(ow) were well overestimated than that obtained from the sample
mean (u) and standard deviation (o) for each of the H,SO4-im-
mersed samples. Also, the Weibull mean modelling were at larger
values of Weibull probability of Weibull mean (Prob(uy)) than the
Weibull probability of sample mean (Prob(u)). Weibull PDF mod-
elled data of seven specimens of concrete samples in H;SO4, med-
ium, out of the fifteen considered, did not follow the Weibull
distribution function because their K-S p-values are less than the
level of significance, o =0.05, usually employed in studies. The
remaining eight specimens immersed in H,SO; medium follow
the Weibull PDF according to the K-S GoF criteria.

Eleven specimens of concrete samples immersed in H,SO4 med-
ium follow the Normal PDF with K-S p-values greater than 0.05.
These include four out of the seven specimens which did not follow
the Weibull distribution function. Also, the control specimen in
H,SO4 medium, which follows the Weibull PDF with a Weibull
model K-S p-value of 0.0575, did not follow the Normal PDF at
which its modelled K-S p-value is 0.0268, a value less than 0.05.

From Fig. 3(c) and (d) and Table 2, analysed results of the OCP
data by the two-parameter Weibull distribution function compare
very well with that by the Normal distribution function, for all the
reinforced concrete samples immersed in NaCl medium. Estimated
parameters from the two distribution models exhibited equalities
of inhibiting qualities, i.e. u ~ uw, to two correct to decimal places
for all the samples in NaCl medium. Also, the p-values from the
Kolmogorov-Smirnov (K-S) goodness-of-fit test show that the
measured OCP data, for all these NaCl-immersed concrete samples,
follow both the Normal and the two-parameter Weibull distribu-
tion functions. These p-values were all greater than 0.05. Also,
the large shape parameter (k) values of the Weibull model of these
samples imply small scatter of OCP data, which thus translate to
good uniformity of the measured data.

By the foregoing considerations, three specimens of concrete
samples have their analysed OCP data following neither the Nor-
mal PDF nor the Weibull PDF in this study. These three specimens
include concrete samples, immersed in H,SO,4, which are admixed
respectively with 9.0 g NaNO, inhibitor, 7.5 g NaNO, inhibitor and
4.5 g NaNO, inhibitor. The concrete sample admixed with 9.0 g
NaNO, inhibitor in H,SO4 medium was characterised by the lowest
shape factor (k) value of 0.91 in this study, followed by the sample
admixed with 7.5 g NaNO, inhibitor in H,SO4 medium which has a
k value of 0.98. These shape factor (k) values represent the Weibull
slope of the modelled data. The fact that these shape factor values
are less than unity indicates large scatter of the modelled OCP data
even as it also suggests low measure of uniformity in the modelled
data of the specimen samples. The third concrete sample admixed
with 4.5 g NaNO, inhibitor in H,SO4 medium had a larger shape
factor (k) value of 1.93. While the reason for the data from this
sample not following the Weibull would require further analytical
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Fig. 3. Probability density function (PDF) plots for steel-reinforced concrete samples (a) Normal PDF for H,SOs-immersed samples; (b) Weibull PDF for H,SO4-immersed
samples; (c) Normal PDF for NaCl-immersed samples; (d) Weibull PDF for NaCl-immersed samples.

Table 1

Estimated parameters from the Normal and Weibull distribution analyses of the open circuit potential readings for steel-reinforced concrete samples in H,SO4 medium.

S/No  Admixed inhibitor Normal distribution Weibull distribution
pu(—mV (CSE)) o p-value (K-S) k c pw (—mV (CSE))  ow Prob(uw) Prob(u) p-Value (K-S)

1 Control 455.69 247.07 0.0268 1.14 553.00 527.96 465.07 0.6127 0.5517  0.0575
2 1.5 g K,CrO4 409.06 109.48 0.3699 211 49423 437.72 217.61 0.5386 0.4885  0.0225
3 3.0 g KoCrO4 461.69 269.52 0.1979 1.14 54537 520.09 456.46 0.6122 0.5625 0.3164
4 4.5 g K,CrO4 258.94 199.91 0.5611 1.01 283.94 282.88 280.36 0.6307 0.5980 0.6913
5 6.0 g KoCrOy4 479.50 22096 0.0516 1.10 611.59 58947 534.75 0.6172 0.5344  0.1030
6 7.5 g K,CrO4 429.69 163.12 03334 125 555.68 517.20 415.16  0.5991 0.5154  0.0444
7 9.0 g K,Cr0Oy4 276.31 102.08 0.4324 1.17 373.28 35341 302.73 0.6086 0.5049  0.0540
8 1.5 g NaNO, 619.75 163.23 0.1624 2.08 75226 666.32 336.41 0.5403 0.4875  0.0982
9 3.0 g NaNO, 605.75 186.22 0.5473 1.66 760.92 679.98 419.83 0.5637 0.4955  0.0755
10 4.5 g NaNO, 680.13 148.73  0.0041 1.93 854.12 757.54 408.60 0.5476 0.4748  0.0085
11 6.0 g NaNO, 529.13 281.30 0.1225 1.00 657.74 659.04 662.11 0.6328 0.5530 0.0748
12 7.5 g NaNO, 560.00 271.14 0.0098 098 723.07 729.38 744.18 0.6353 0.5409  0.0357
13 9.0 g NaNO, 613.69 213.15 0.0057 091 898.80 937.47 1026.04 0.6463 0.5061  0.0040
14 1.5g K;CrO4 +3.0 g NaNO,  505.63 17133  0.1254 147 64455 583.11 402.17 0.5780 0.5030  0.0235
15 3.0g K,CrO4 + 1.5 g NaNO,  602.88 158.01 0.0971 1.88 748.44 664.41 367.70  0.5505 0.4864  0.0099

scrutiny beyond the scope of this present study, it is opined that
this could be due to the existence of outlier in the measured data.
This could be such that the outlier, that seems not to affect the
slope of the plot, however, affected how well the data for the sam-
ple followed the Weibull PDF fitting.

3.3. Corrosion condition classifications

The estimated sample mean, representing the Normal mean
model, and the Weibull mean were subjected to the corrosion

classification standard of ASTM C876-91 R99 [28] with reference
to Cu/CuSO, electrode [32,33]. The corrosion condition classifica-
tions, obtained based on the standard, are presented in Table 3
for concrete samples immersed in sulphuric-acid medium and in
Table 4 for samples immersed in sodium-chloride medium.

It could be observed from Table 3 that the corrosion condition
classifications, based on ASTM (C876-91 R99 [28], of the Normal
and Weibull estimates of inhibiting quality for concrete samples
immersed in H,SO, medium find agreements in ten out of the
fifteen classified specimens. The remaining five samples were
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Normal and Weibull distribution modelling of the open circuit potential readings for steel-reinforced concrete samples in NaCl medium.
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S/No Admixed inhibitor

Normal distribution

Weibull distribution

u(—mV (CSE)) o p-value (K-S) Kk c tw (—mV (CSE))  ow Prob(uw) Prob(u) p-Value (K-S)
1 Control 450.19 56.86 0.5401 8.72 47548 449.62 61.52 0.4588 0.4625  0.3556
2 1.5 g K5CrOy4 477.19 61.70 0.1746 7.72 507.16 476.79 73.11 0.4624 0.4646 0.2919
3 3.0 g K,CrO4 464.25 4227 0.9576 1234 483.05 463.38 45.68 0.4505 0.4581  0.7503
4 4.5 g K,CrO4 391.56 68.38 0.2557 574 423.11 391.58 78.98 04732 0.4731  0.4830
5 6.0 g K2CrO4 486.88 60.43 0.5508 8.66 514.12 486.00 66.95 0.4590 0.4642  0.7801
6 7.5 g K,CrO4 565.69 83.90 0.9142 7.16 603.07 564.79 9294 0.4649 0.4687  0.9902
7 9.0 g K,CrO4 571.19 133.12 0.5264 4.10 631.18 572.94 157.03 0.4894 0.4851  0.6315
8 1.5 g NaNO, 592.38 108.73  0.4413 520 644.75 593.30 131.21 04775 04748 0.5814
9 3.0 g NaNO, 543.06 64.55 0.5299 8.52 57417 54235 75.85 0.4595 04632  0.8201
10 4.5 g NaNO, 386.75 89.54 0.9469 469 42255 386.53 93.89 0.4824 0.4833  0.9778
11 6.0 g NaNO, 521.81 92.25 0.0694 4.10 582.81 529.00 145.15 0.4894 0.4704  0.0847
12 7.5 g NaNO, 268.88 4438 0.1696 5.14 293.70 270.10 60.32 0.4780 04701  0.2359
13 9.0 g NaNO, 459.75 93.86 0.4612 435 507.36 462.08 12020 0.4862 0.4788  0.2599
14 1.5g K,CrO4 +3.0 g NaNO,  464.13 26.88 09777 19.09 476.67 463.49 30.05 04432 0.4517  0.7991
15 3.0g K,CrO4 + 1.5 g NaNO,  539.38 97.94 0.4271 436 59736 544.10 141.33  0.4862 04732 0.4167

Table 3
Corrosion condition classification models for concrete samples immersed in H,SO4 medium.

S/No Admixed inhibitor u Corrosion condition (normal PDF model) Hw Corrosion condition (Weibull PDF model)
1 Control 455.69 High (>90% risk of corrosion) 527.96 Severe corrosion
2 1.5 g K;CrO4 409.06 High (>90% risk of corrosion) 437.72 High (>90% risk of corrosion)
3 3.0 g K,CrOy4 461.69 High (>90% risk of corrosion) 520.09 Severe corrosion
4 4.5 g K;CrO,4 258.94 Intermediate corrosion risk 282.88 Intermediate corrosion risk
5 6.0 g KoCrO4 479.5 High (>90% risk of corrosion) 589.47 Severe corrosion
6 7.5 g KoCrOy 429.69 High (>90% risk of corrosion) 517.2 Severe corrosion
7 9.0 g K,CrO4 276.31 Intermediate corrosion risk 353.41 High (>90% risk of corrosion)
8 1.5 g NaNO, 619.75 Severe corrosion 666.32 Severe corrosion
9 3.0 g NaNO, 605.75 Severe corrosion 679.98 Severe corrosion
10 4.5 g NaNO, 680.13 Severe corrosion 757.54 Severe corrosion
11 6.0 g NaNO, 529.13 Severe corrosion 659.04 Severe corrosion
12 7.5 g NaNO, 560 Severe corrosion 729.38 Severe corrosion
13 9.0 g NaNO, 613.69 Severe corrosion 937.47 Severe corrosion
14 1.5 g K;CrO4 + 3.0 g NaNO, 505.63 Severe corrosion 583.11 Severe corrosion
15 3.0 g K,CrO4 + 1.5 g NaNO, 602.88 Severe corrosion 664.41 Severe corrosion

Table 4

Corrosion condition classification models for concrete samples immersed in NaCl medium.
S/No Admixed inhibitor u Corrosion condition (Normal PDF Model) Hw Corrosion condition (Weibull PDF model)
1 Control 450.19 High (>90% risk of corrosion) 449.62 High (>90% risk of corrosion)
2 1.5 g K,CrO4 47719 High (>90% risk of corrosion) 476.79 High (>90% risk of Corrosion)
3 3.0 g KyCrO4 464.25 High (>90% risk of corrosion) 463.38 High (>90% risk of corrosion)
4 4.5 g K5CrOy 391.56 High (>90% risk of corrosion) 391.58 High (>90% risk of corrosion)
5 6.0 g K,CrO4 486.88 High (>90% risk of corrosion) 486 High (>90% risk of corrosion)
6 7.5 g K;,CrOy4 565.69 Severe corrosion 564.79 Severe corrosion
7 9.0 g K,CrO4 571.19 Severe corrosion 572.94 Severe corrosion
8 1.5 g NaNO, 592.38 Severe corrosion 593.3 Severe corrosion
9 3.0 g NaNO, 543.06 Severe corrosion 542.35 Severe corrosion
10 4.5 g NaNO, 386.75 High (>90% risk of corrosion) 386.53 High (>90% risk of Corrosion)
11 6.0 g NaNO, 521.81 Severe corrosion 529 Severe corrosion
12 7.5 g NaNO, 268.88 Intermediate corrosion risk 270.1 Intermediate corrosion risk
13 9.0 g NaNO, 459.75 High (>90% risk of corrosion) 462.08 High (>90% risk of corrosion)
14 1.5 g K,CrO4 + 3.0 g NaNO, 464.13 High (>90% risk of corrosion) 463.49 High (>90% risk of corrosion)
15 3.0 g K,CrO4 + 1.5 g NaNO, 539.38 Severe corrosion 5441 Severe corrosion

classified as exhibiting higher probability of corrosion risk by the 3.4. Performance rankings of inhibiting effectiveness

extreme value distribution model of the Weibull PDF than the
classifications obtained from the Normal distribution model. From

Rankings of inhibiting performance by the Weibull, compared

Table 4, however, the corrosion condition classifications of the with the Normal, distribution function are presented in Fig. 4 for
Normal and Weibull estimates of inhibiting effect for concrete the specimens of steel-reinforced concrete samples immersed in
samples immersed in NaCl medium were in agreements for all H,S04 medium, Fig. 4(a), and for the samples in NaCl medium,

the specimen samples studied. Fig. 4(b).
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Fig. 4. Rankings of inhibiting performance for specimens of concrete samples by
the Weibull, compared with the Normal, PDF (a) samples in H,SO, medium; (b)
samples in NaCl medium.

From the performance ranking in Fig. 4(a), the two-tier PDF
models showed that most of the concentrations of potassium-chro-
mate admixtures considered in this study exhibited better inhibit-
ing quality than the control specimen in H,SO, medium. These
include 4.5 g K;CrOy, 9.0 g K,CrOy4, 1.5 g K;Cr0y, 7.5 g K,CrO4 and
3.0 g K,CrO4. Optimal inhibiting performance was exhibited by
the modelled OCP data of 4.5 g K,CrO4 admixture in reinforced
concrete, modelled at Normal PDF p = —258.94 mV (CSE); Weibull
PDF p = —282.88 mV (CSE) at 63.07% reliability. This modelled per-
formance of 4.5 g K,CrO4 admixture in H,SO4 medium was classi-
fied to be in the “intermediate corrosion risk” in Table 3 based on
ASTM C876.

However, with the exception of 1.5 g K,CrO, admixture, the
Normal PDF rankings and classifications of the remaining potas-
sium-chromate inhibitors that exhibited better performance than
the control specimen differ from the model rankings by the Wei-
bull PDF. As the only exception, both the Normal PDF model and
the Weibull PDF model classified the concrete admixed with
1.5 g K,CrO4 to the “high (>90% risk of corrosion)” range (from
Table 3). The Normal PDF modelled 9.0 g K,CrO, admixture to

the “intermediate corrosion risk” range, but the Weibull PDF mod-
elled this admixture sample to the “high (>90% risk of corrosion)
range”. Concrete admixtures with 7.5 g K,CrO4 and 3.0 g K>CrO4
were also classified by the Normal PDF to the “high (>90% risk of
corrosion)” range but they were modelled for the “severe corro-
sion” range by the Weibull PDF.

All the concrete admixtures with sodium-nitrite concentrations
were modelled as exhibiting very poor performance, in this study,
compared to the control specimen in H,SO4 medium. Although the
concrete samples with synergetic admixtures of potassium-chro-
mate showed better performance than most of the concrete sam-
ples with sodium-nitrite alone, the inhibition performance of the
synergies still lagged behind that of the control specimen in the
H,S04 medium.

The performance ranking in Fig. 4(b) showed that concrete sam-
ple admixed with 7.5 g NaNO, exhibited optimal inhibiting quality
in sodium-chloride medium. This sample was modelled with
inhibiting quality p=—-268.88 mV (CSE) at a variability of 44.38
by the Normal PDF, Table 2, while by the Weibull PDF modelling,
the inhibiting quality ¢ =—270.10 mV (CSE). The reliability of the
Weibull model for this inhibiting quality equals 47.80%. The Nor-
mal and Weibull distributions modelled the corrosion condition
of this sample to the “intermediate corrosion risk” range, Table 4,
according to ASTM standard C876-91 R99 [28].

Also identified, by the ranking in Fig. 4(b), as exhibiting good
inhibiting effectiveness in NaCl medium, compared to the control
specimen, include the concrete sample with 4.5 g NaNO, and the
concrete sample with 4.5g K,CrO4 For concrete sample with
4.5 g NaNO,, Normal PDF p=-386.75mV (CSE); Weibull PDF
W=-386.52 mV (CSE) at 48.24% reliability. And for the concrete
sample with 4.5 g K,CrO4 Normal PDF y = —391.56 mV (CSE); Wei-
bull PDF p = -391.58 mV (CSE) at 47.32% reliability. Both of these
samples were modelled to the “high (>90% risk of corrosion)” range
by the two PDF models. All the other concentrations of admixed
inhibitors, including the synergetic admixtures, in NaCl medium
had inhibiting effectiveness which lagged behind that of the con-
trol sample in the medium.

3.5. Compressive strength effect of admixture on concrete

The compressive fracture loads of the steel-reinforced concrete
samples were presented, in ranking order of the compressive
strengths exhibited in their respective media, in Fig. 5. This figure
showed that the compressive failure loads ranged from 256 kN to
294 kN for the concrete samples partially immersed in sulphuric-
acid medium, Fig. 5(a), while it ranged from 269 kN to 330 kN
for the samples immersed in sodium-chloride medium, Fig. 5(b).
These failure loads of steel-reinforced concrete samples in both
media surpassed that of the specimen cured in water which had
compressive failure load of 210 kN. These higher-than water-cured
specimen failure load values could be due to multiple reasons. The
samples with inhibitor admixtures could have higher failure loads
as a result of the relative chemical reaction hardening effect of the
inhibitor substance with the concrete. Also, the experimental sam-
ples were partially immersed in their sulphate or saline media with
the other halves exposed to the air throughout the monitoring per-
iod. By this, greater consistency could be infused in these samples,
than that obtained in the water-cured specimen, through the dual
hardening media of air and the solution of partial immersion.

Twelve out of the samples immersed in H,SO4 medium showed
improvement in compressive strength compared to the control
sample in the medium, Fig. 5(a). From these, concrete sample with
the synergetic admixture of 1.5 g potassium-chromate and 3.0 g
sodium-nitrite had the highest compressive strength improvement
with the failure load of 294 kN followed by the sample with 3.0 g
potassium-chromate which had 288 kN failure load. The control
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Fig. 5. Rankings of compressive failure load of steel-reinforced concrete samples
with inhibitor admixtures and comparisons with that of water-cured and air-cured
specimens (a) samples partially immersed in H,SO4 medium (b) samples partially
immersed in NaCl medium.

sample which failed at 268 kN compressive load exhibited greater
compressive strength improvement than concrete sample admixed
with 3.0 g sodium-nitrite which failed at 267 kN and that with
9.0 g sodium-nitrite that failed at 256 kN. It is worth noting that
all the concrete samples admixed with potassium-chromate inhib-
itors, though not in a particular order of concentration, exhibited
greater compressive failure strength than the control sample in
H,S04 medium.

With the exception of concrete sample with 1.5 g K,CrO4+3.0 g
NaNO, and that with 3.0 g K,CrOy,, all the other concrete samples
immersed in H,SO, medium had compressive failure loads which
fell short that of the concrete specimen cured in air, at its 285 kN
failure load. That the control sample failed at a lower compressive
load of 268 kN, than that of the specimen cured in air, indicated
that the sulphuric-acid medium had adverse effect on the com-
pressive strength of the concrete samples partially immersed in
it. By this, it could be inferred that the adverse effect on the
compressive strength of the concrete samples by this medium
was improved by the twelve samples that failed at higher compres-
sive loads than that of the control sample in the medium. These,
therefore, bear implication that the optimum inhibiting quality
exhibited by the concrete sample admixed with 4.5 g K,CrO4 was

achieved with the additional advantage of compressive strength
improvement, of 283 kN, over the failure load (268 kN) of the
control.

These types of inferences could not be drawn, in this study, for
concrete samples partially immersed in NaCl medium. This is be-
cause the control sample which failed at the compressive load of
330 kN, had higher failure load than that of the specimen cured
in air (285 kN) and the failure loads of all the concrete samples
with inhibitor admixtures in the medium, Fig 4(b). The concrete
sample with 3.0 g K;CrO4 and 1.5 g NaNO, synergistic admixture
at its compressive failure load of 306 kN trailed behind the com-
pressive strength of the control specimen though it surpassed that
of the other samples with inhibitor admixtures. These bear sugges-
tions that the NaCl medium had no adverse effect on the compres-
sive strength of the concrete samples partially immersed in it and
that all the inhibitor admixtures studied herein caused losses in
the compressive strength of the concrete samples in the medium.
Of all these, the greatest loss in compressive strength was exhib-
ited by the concrete sample with 9.0 g K,CrO, admixture, at its
compressive failure load of 269 kN. These also implied that the
optimal inhibiting quality exhibited by the concrete sample ad-
mixed with 7.5 g NaNO,, at its failure load of 286 kN that is less
than the 330 kN observed with control, was attained at the ex-
pense of the compressive strength of the concrete. However, these
losses in compressive strength of concrete samples in NaCl med-
ium were in relative comparison with that of the control sample
in the medium. In other considerations, ten of the concrete sam-
ples with inhibitor admixtures, in the medium, also exhibited high-
er compressive failure loads than that of the specimen cured in air,
just as the control sample, Fig. 5(b). This further suggests that the
compressive strength improvement by the NaCl medium overshot
the losses in compressive strengths that could be caused by these
inhibitors. However, these foster recommendation of the
requirement of further studies seeking for inhibitor admixtures
for achieving both corrosion inhibition of concrete steel-rebar with
the added advantage of better compressive strength improvement
in the concrete than that of the control sample in the NaCl
environment.

4. Conclusion

The effect of potassium-chromate and sodium-nitrite on con-
crete steel-rebar degradation in sulphuric-acid and sodium-chlo-
ride media had been investigated in this study. From the results
in the study, the following conclusions can be drawn:

e In a modelling agreement by the Normal and the Weibull PDF,
steel-reinforced concrete sample with 4.5 g K,CrO,4 (0.145 M)
inhibitor admixture was estimated as exhibiting the lowest
probability of corrosion risk in sulphuric-acid medium. The cor-
rosion condition for this inhibitor concentration classified to the
“intermediate corrosion risk” range both by the Normal and the
Weibull PDF as per ASTM C876.

NaNO, admixtures performed poorly at inhibiting steel-rebar
corrosion in the acidic medium.

Steel-reinforced concrete sample with 7.5 g NaNO, (0.679 M)
inhibitor admixture was estimated as exhibiting optimal perfor-
mance in sodium-chloride medium by both statistical model-
ling distributions. The corrosion condition for this inhibitor
concentration also classified to the “intermediate corrosion
risk” range both by the Normal and the Weibull PDF as per
ASTM C876.

In this study, the 0.145 M K,CrO,4 admixture combined optimal
inhibition of steel-rebar corrosion with added advantage of
compressive strength improvement that was better than that
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of the control sample in concrete immersed in the H,SO4
environment.

However, the optimal 0.679 M NaNO, admixture, in the NaCl
medium, exhibited reduction in compressive strength in com-
parison with that of the control sample in the medium, that
no other admixture studied attained the compressive strength
of the control sample in the medium fosters recommendation
for further studies in search of admixtures that will both inhibit
steel-rebar corrosion and improve concrete compressive
strength of in the NaCl medium.
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