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Statistical Distributions for the Corrosion
Rates of Conventional and Prestressing
Steel Reinforcement Embedded in Chloride

Contaminated Mortar

J. Karuppanasamy* and R.G. Pillai**

ABSTRACT

INTRODUCTION

Many concrete structures are built using plain mild (PM) and
cold-twisted deformed (CTD) steel rebars. Also, quenched and
self-tempered (QST) and prestressing (PS) steels are exten-
sively used in today’s construction. For estimating the corrosion
propagation period (t,) of concrete structures, the current
practice is to assume that the corrosion rate (i.,) of different
steels are equal to that of PM steel—leading to erroneous
estimation of t,. This paper provides ic.r data from a 33-month
experiment on PM, CTD, QST, and PS steels embedded in
chloride contaminated mortar. Linear polarization resistance
test was adopted for i, measurement. A total of 100 spe-
cimens were tested. It was found that the CTD and QST steels
exhibit higher i, than the PM and PS steels. The paper also
provides statistical distributions for i, of these four steels. For
PM, CTD, @QST, and PS steel embedded in chloride contami-
nated mortar, and exposed to wet-dry conditions, these are
found to be ~Weibull (2.5, 20.7, O) uA/ e, ~Lognormal (0.45,
3.2, 0) uA/em?, ~Gamma (6.8, 3.5, 0) uA/cm?, and ~Weibull
3P (1.3, 6.5, —0.02) uA/cm?, respectively. Similar distribu-
tions for dry condition are also presented. These statistical tools
would help engineers in estimating residual service life and
scheduling repair activities.
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propagation, corrosion rate, quenched and self-tempered (QST),

plain mild steel, prestressing steels, statistical distribution,
thermomechanically treated
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The service life of structures can be defined as the
duration for which the structure is able to meet the
desired performance and safety. Most of the infra-
structure projects are designed and built by considering
a particular service life (or design life). However, many
of the reinforced concrete structures are showing the
signs of premature distress because of overloading,
aging of materials, aggressive environmental conditions,
inadequate maintenance, etc. The presence of oxy-
gen, moisture, and chlorides at the surface of embedded
steel reinforcing bars (i.e., rebar) can lead to the
initiation of corrosion. Because of prolonged corrosion,
the cover concrete can crack and spall. This can lead
to further deterioration and reduction in the structural
load carrying capacity. This increase in deterioration
is indicated by the increase in the slope of the curve in
Figure 1. The corrosion propagation period (t) can be
defined as the time required to initiate crack in the cover
concrete and depends on the corrosion rate (icoq) of
the embedded steel. Sometimes, the time available to
repair the corroding structural elements is very short,
once the corrosion is initiated. In order to avoid the
unexpected/sudden failure and facilitate precau-
tionary measures, the estimation of t, and frequent
monitoring of i.. for these structures are essential.
This paper focuses on determining the probabi-
listic icorr and t, for the systems with the following four
types of steel reinforcement that are widely used in
the concrete structures. These are: (1) plain mild (PM),
(2) cold-twisted deformed (CTD), (3) quenched and
self-tempered (QST), and (4) prestressing (PS) steel
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FIGURE 1. Representation of probabilistic corrosion propagation
period.

reinforcement. The QST reinforcement is also known
as thermomechanically treated (TMT) reinforcement,
especially in the Indian subcontinent.

This paper is organized as follows. A review of the
approaches for estimating the corrosion propagation
period (t,) is provided next. Then, reviews of icorr Of
various steel reinforcement and corrosion propagation
models available in the literature are provided. Fol-
lowing this, the significance of this research and the
details on the experimental program adopted to de-
termine the i.. are provided. Then, the experimental
results and statistical distributions of i of steels
embedded in mortar and exposed to cyclic wet-dry and
dry environments are provided. The probabilistic
estimations on t;, (i.e., until crack initiation) and the
time required for 10% and 15% reduction in tensile
strength of PM, CTD, QST, and PS steel reinforcement
are provided.

Corrosion Propagation Models

Life 365" is a commonly used software program to
estimate the service life and life-cycle cost of concrete
structures exposed to chloride environments.' This
software program assumes that t;, is equal to 6 y for all
structures irrespective of steel and concrete used.
This may not be conservative in many cases. Also,
considering the random nature of corrosion process,

a probabilistic approach for estimating t;, for different
types of steel/cementitious system is required. Many
corrosion propagation models are available in the
literature.

Each estimation model may vary in their choice of
input parameters and their approach of estimation. For
example, the cracking behavior of concrete caused by
the corrosion of steel was used in the nonlinear fracture
models and/or finite element analysis.?”® However,

f Trade name.
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such complicated mathematical models may not be
preferred by the practicing engineers as they require
many input parameters and additional skills to
estimate t,. A few other researchers have attempted to
develop simple mathematical models and empirical
formula to predict t,. Parameters required for the

t, models developed by various researchers for different
models are listed in Table 1.7'° Each model requires
different input parameters as per the assumed
corrosion mechanism and cracking process in con-
crete cover. In this paper, the Wang and Zhao® model
that uses some of the most commonly and easily
available parameters was considered for the estimation
of t,.

Wang and Zhao® have developed an empirical
model with an assumption of constant corrosion rate
to estimate t;,. This model assumes that the t, ends
when the first corrosion-induced crack occurs, as
defined earlier in this paper. It is assumed that first
crack occurs in concrete when the corrosion product
reaches a certain quantity. Equation (1) gives the
empirical formula suggested by Wang and Zhao® to
estimate t,.

H
A A
H=2= 2)
Y [0.33 (g)o'%"’fgf%}
w
Pr=|—=——)icorr (3
(Fpst)

where t;, is time between corrosion initiation and the
first cracking of cover concrete (y), H is the critical
depth of rebar penetration (mm), A is the critical
thickness of corrosion product (mm), ic is the av-
erage corrosion rate (A/ mm?), vis the corrosion product
expansion coefficient, D is initial diameter of the rebar
(mm), C, is the thickness of concrete cover (mm), f.,
is the cube strength of concrete (N/mm?), P, is the
penetration rate (mm/s), W is the equivalent weight of
steel (g), F is the Faraday’s constant (C), and pg; is the
density of steel (g/ mm°®). Wang and Zhao® model as-
sumed that the corrosion products will fill the steel/
cementitious interface and develop an expansive pres-
sure or tensile stress on the cover concrete, which will
crack when the exerted tensile stress from the expansive
corrosion product exceeds the tensile strength of the
concrete.® This is empirically related to the compressive
strength. The t, can be predicted using this model
using the i, data measured from the field and
laboratory.

Andrade, et al.,® derived an empirical formula
(Equation [4]) which uses the i.. to calculate the

CORROSION—SEPTEMBER 2017
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TABLE 1
Input Parameters Required for Different Propagation Models

SI. No Parameters Considered

Wang and Zhao® Bazant® Morinaga’ Liu and Weyers® Stratfull® Clear'®

1 Initial diameter of steel rebar v v v v

2 Corrosion rate of steel rebar v v v v

3 Density of steel rebar v v v

4 Equivalent weight of steel rebar v v v

5 Faraday’s constant v v v

6 Perimeter of steel rebar v v

7 Bar hole flexibility v

8 Poisson ratio of concrete v

9 Elastic modulus of concrete v

10 Concrete creep coefficient v

11 Thickness of cover concrete v v v
12 Crack expansion coefficient of concrete v

13 Cube strength of concrete v

14 Depth of rebar penetration v

15 Density of corrosion product v

16 Thickness of corrosion products to generate v

the tensile stress on concrete
17 Mass of steel rebar corroded v
18 Thickness of pore band around steel/concrete v
interface
19 Chloride concentration at surface v 4
20 Water-cement ratio v v
21 Time of exposure v
reduction in the diameter of steel rebar after long- represent the corrosion propagation mechanism that
term exposure. occurs in field conditions.
0, =00 — 0.023 X fgorr X t @) Corrosion Rates of Steel Reinforcement

@, is the diameter of the rebar at time “t” after cor-
rosion initiation and @, is the initial diameter of rein-
forcement. Note that Equation (4) considers constant
icorr- However, this icorr can vary with time, depending on
the relative humidity (RH) and temperature variations
prevailing in the different exposure conditions and
inside concrete. Therefore, the prediction of t, must
consider the duration of wet and dry seasons prevailing
at site in order to get realistic estimates.

Average Annual Corrosion Rate in the Field

In the current test program, i.. data were
measured at the end of each wet cycle followed by a dry
period measurement. The i.o at field conditions can
vary as a function of the length of the annual rainy/
sunny seasons (i.e., wet and dry periods). By con-
sidering the seasonal effects, icorr,wet @nd icorr,ary. the
weighted average of annual corrosion rate (icorr.annuat
is calculated as given in Equation (5):'?

icorr,annua_l =oX icorr,wet + (1 - OC) X icorr,dry (5]

where i.orrwet = COrrosion rate in wet conditions,
icorr,ary = cOTTOSiON rate in dry conditions, and o = ratio
of the duration of rainy-to-sunny season per year.
The t, estimated based on the icorr,annual May better

CORROSION—Vol. 73, No. 9

Many researchers have been following the gravi-
metric mass loss method to obtain the average corrosion
rate over the period of exposure (say, in mm/y).
Nowadays, with the advancement of technology, the
linear polarization resistance (LPR) tests can be con-
ducted to represent the instantaneous corrosion rate or
corrosion current density (say, in pA/ cm?). Table 2
shows the i.o for different steel reinforcement reported
in literature.'®?! These reported values exhibit sig-
nificant scatter. The possible reasons for such huge

TABLE 2
Corrosion Rates of Different Steel Reinforcement Reported
in Literature®™

Steel

Type Corrosion Rate Reference

BS 2.54 umfly Spellman and Stratfull'®
BS 94 um/y Clear'

BS 16 to 32 um/y Hladky, et al.'®

BS 0.025 to 1.620 pm/y Ismail and Ohtsu'®

BS 1to 2 umly Hansson and Sorensen'”
BS 0.026 to 1.575 pA/cm? Berke, et al.’®

CTD 3 to 4.2 uAlcm? Pradhan and Bhattacharjee'®
CTD 0.7 to 2.6 pA/cm? Firodiya, et al.?®

MS 0.5 to 1.7 pAlem? Firodiya, et al.®

PS 3 to 9 pA/cm? Karuppanasamy and Pillai®'

A BS: black steel. CTD: cold-twisted deformed. MS: mild steel.
PS: prestressing steel.

1121
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scatter are the differences in (i) chemical composition
of steel, (ii) specimen design, (iii) test methods,

(iv) experimental setup, (v) exposure conditions, etc.,
across the studies. For example, Soylev and Richard-
son>? exposed the black steel rebar to 2%, 3%, and 4%
of sodium chloride solution and found the i.. as

5.7 uA/cm?, 6 uA/cm?, and 10.7 pA/cm?, respectively.
Pradhan and Bhattacharjee'® reported that the ico of
CTD reinforcement embedded in ordinary Portland
cement (OPC) concrete with various water-cement
ratios and different dosages of pre-mixed chlorides
ranged from 3 pA/cm? to 4 pA/cm?®. Pradhan and
Bhattachaljee” also reported i for the QST steel
reinforcement embedded in concrete is within the range
of 2.5 pA/cm? to 6 uA/cm?. Thus, the literature
confirms that the i.., may vary for different steel types,
cementitious system, exposure conditions, and testing
methods. Also, the statistical distribution of iy of
various steels are necessary for realistic estimation

of t,.

RESEARCH SIGNIFICANCE

Service life of a structure can be defined as a
sum of corrosion initiation period (t;) and corrosion
propagation period (t,). Most of the reinforced
concrete structures are built or being built using
either PM, CTD, QST, or PS steel as reinforcement.
The statistical distribution of i.o is necessary for
probabilistic estimation of t,. However, very limited
information is available on the i.o of PM, CTD,
QST, and PS steel reinforcement, making it difficult
to estimate the t,. Current practice is to assume
similar iy for PM, CTD, QST, and PS steel, which
may give erroneous estimations of probabilistic t,.
In addition, many software programs inadequately
assume deterministic values for t,, irrespective of the
type of materials used in the structure. This paper
provides experimental data and statistical distribu-
tions for i.or of PM, CTD, QST, and PS steel rein-
forcement embedded in chloride contaminated
mortar. These statistical distributions and proba-
bility density function (PDF) developed can be very
valuable to budget and plan the maintenance,
monitoring, and repair activities for the structures
experiencing corrosion.

EXPERIMENTAL PROGRAM

Overview

A comprehensive corrosion test program was
conducted to determine the probabilistic corrosion rate
(icorr) of four types of steel reinforcement. Schematic of
the test specimen is shown in Figure 2. Twenty-five
specimens of each steel type, adding to a total of 100
specimens, were cast. The cast specimens were cured
for 28 d and then subjected to cyclic wet-dry exposure
using 3.5% sodium chloride solution for a period of

1122

’/_, Electrical lead

-=—— Rebar (epoxy coated)

-+—— Mortar cover around the bar

420 mm 50 mm Rebar (exposed to NaCl)

325 mm Epoxy coating at mortar joint

Repair mortar

40 mm

16 mm

Note: For prestressing steel specimens, the diameter of the steel
piece and mortar cylinder were 5.2 mm and 29.2 mm, respectively.

FIGURE 2. Corrosion test specimen with a steel bar embedded in
mortar.

24 months. Every month, at the end of wet period, the
corrosion rate (icorr.wet) Of €ach specimen was measured
using linear polarization technique. Also, the speci-
mens were then allowed to dry in the standard labo-
ratory environment until the end of the 33rd month.
The corrosion rate (icorr,ary) Wwas measured at the 27th
and 33rd month. These data were used to develop a
statistical distribution of icorr,wet @nd icorr,ary. Which were
later used to estimate probabilistic t,. The details of
the materials used, casting, exposure conditions, test
procedure, etc., are described next.

Materials Used

The mortar with water:cement:sand ratio of
0.55:1:2.75 and an average compressive strength of
about 30 MPa was used. The initial and final setting
time of the 53 Grade OPC cement was 52 min and
265 min, respectively. The fineness value was
310 m?/kg, as per ASTM C204.2> The oxide composition
of the OPC cement was determined by x-ray fluo-
rescence spectroscopy (see Table 3). Standard silica
sand (known as Ennore sand in India) of Grades I,
II, and III, as classified in 1S:383%* was used. Distilled
water was used for preparing the mortar and chloride
solutions. Table 4 shows the chemical composition
(determined using optical emission spectroscopy)
of PM, CTD, QST, and PS steel reinforcement used for
this study.

Specimen Design and Preparation
The schematic of the specimen is shown in
Figure 2. The PM, CTD, and QST reinforcement (with

CORROSION—SEPTEMBER 2017
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TABLE 3
Chemical Composition of 53 Grade Ordinary Portland
Cement (OPC) Used

Ingredients Concentration (%)
CaO 66.67

SiO, 18.91

F6203 4.94

Al,O4 4.51

SO; 25

MgO 0.87

K>0 0.43

Na,O 0.12

Loss of ignition 1.05

TABLE 4
Chemical Composition of PM, CTD, QST, and PS Steel
Reinforcement Used®™

Element PM CTD QsT PS
Cu 0.27 0.09 0.16 0.02
Co - 0.01 0.02 0.01
Al - 0.01 0.03 0.04
Ni 0.09 0.07 0.15 0.02
Mo 0.02 0.01 0.06 0.00
Cr 0.08 0.07 0.24 0.27
S 0.05 0.27 0.01 0.00
P 0.06 0.09 0.08 0.06
Mn 0.64 0.45 0.63 0.83
Si 0.26 0.23 0.24 0.29
C 0.19 0.13 0.2 0.84
Fe Re. Re. Re. Re.

A Re.: Remaining.

16 mm diameter and 420 mm long) and king wire

(5.2 mm diameter and 420 mm long) removed from a
7-wire PS strand were used to prepare the test spe-
cimens. The steel reinforcement was cleaned by im-
mersing in ethanol and using an ultrasonic cleaner
for 5 min—to maintain “as-received condition.” To
facilitate corrosion measurements, an insulated
copper wire (300 mm long) was fastened to one end of
the steel specimen using a metallic screw. Then, the
steel bar (except the 50 mm length at the center) and the
screw were coated with two thin layers of a low vis-
cosity epoxy (Sikadur®-52 UFY). The steel reinforcement
was then embedded in mortar.

Curing and Exposure Conditions

The test specimens were cured in a laboratory
environment (ambient temperature = 25+3°C and RH =
65+5%) for 24+1 h after casting. After this, the spe-
cimens were immersed/cured by immersing in satu-
rated limewater for additional 27 d. Then, the cured
specimens were subjected to cyclic wet-dry exposure
(i.e., 7 d wetting followed by 7 d drying) using 3.5%
sodium chloride solution and in a laboratory environ-
ment with ~65% RH and ~25°C. During the wet
period, the specimens were kept in a plastic container

CORROSION—Vol. 73, No. 9

with sodium chloride solution. This container was
covered with a plastic lid to avoid evaporation. During
the dry period, the specimens were placed outside of
this container. The wet-dry exposure was continued for
a period of 24 months under the laboratory envi-
ronment. Later, the specimens were allowed to
completely dry and the corrosion rates were mea-
sured at the 27th month and 33rd month.
Unfortunately, after 10 months of exposure, the
2-layer epoxy coating at the bottom end portion of
the steel specimens (a lower region with no mortar
cover; see Figure 2) failed/cracked and led to severe
underfilm or crevice corrosion (i.e., beneath the
epoxy layer). This was a result of the poor long-
term performance of epoxy coating; the specimens
exhibited large scatter in the i, data. The ic.r data
obtained during this period do not truly represent
the actual corrosion rate at the predefined exposed
surface (center 50 mm long) of the specimen.
Therefore, the damaged epoxy coating and the
underfilm or crevice corrosion products were re-
moved by following the procedure given in ASTM
G1-16 (Designation C.3.5 in Table Al. 1)%° and re-
coated with two new layers of epoxy. To avoid further
failure/cracking of the epoxy coating, the bottom
part of the epoxy coated steel was covered with
cement mortar (denoted as “repair mortar” in
Figure 2). The interface between the old and new
mortar was also sealed with epoxy. After 28 d of
curing of the repair mortar, the repaired specimens
were again exposed to cyclic wet-dry conditions
using 3.5% sodium chloride solution and corrosion
rate measurement was resumed after the 18th
month. During the period from the 10th month to the
18th month of exposure, the specimens were stored
in the laboratory environment (~65% RH and ~25°C).
However, it should be noted that only the icor
measured from the 19th month to the 24th month was
used for the development of statistical distribution
in this paper.

Corrosion Test Setup and Corrosion Rate
Measurements

Figure 3 shows the three-electrode corrosion cell
with a working electrode (WE), a counter electrode (CE),
and a reference electrode (RE). All of the electrodes
were placed in a glass beaker with 3.5% sodium chloride
solution. Then the corrosion cell setup was connected
to a potentiostat and computer. The central 50 mm
long uncoated region of the steel piece was considered
as the WE. A 90 mm diameter and 50 mm long
pipe (annular setup) made of Nichrome wire mesh
(24 wires of 0.5 mm diameter per in) was used as the CE.
The test specimen was placed at the center of the
annular CE. The saturated calomel electrode (SCE) was
used as the RE and placed near the surface of mortar
cylinder (near the uncoated steel portion at the
center 50 mm).
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Counter electrode (CE)
O Reference electrode (RE)

G5

Glass beaker

Mortar cover (12 mm)
Steel specimen (WE)

Connecting wire

Reference electrode (RE)
(SCE)

—— Working electrode (WE)
(Steel specimen)

"\ Counter electrode (CE)
(Nichrome mesh)

-+——83.5% NaCl solution

Front View

FIGURE 3. Schematic of the three-electrode corrosion cell setup.
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Corrosion measurements were made at the end of
the alternate wetting period (say, once in a month).
At first, the open-circuit potential (OCP) of the steel
specimen was measured. Immediately after measuring
the OCP, the LPR test was conducted with a scan
range of 15 mV to —15 mV with respect to the measured
OCP and at a scan rate of 0.1667 mV/s. The mea-
sured corrosion current density (i) was plotted with
respect to the applied potential (E) to generate the LPR
curve (see Figure 4 for a typical LPR curve). The i . was
calculated as follows.
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B B

e T ;

where B is the Stern-Geary coefficient, R, is the
polarization resistance, E is the applied potential, and
iis the measured corrosion current density. B is
assumed as 26 mV for all of the measurements.
Corrosion Rate Measured During the Wet-Dry Cycle
and the Dry Period — The specimens were exposed to
7 dwet and 7 d dry cycle. The i.or values measured at
the end of every 2nd wet cycle from the 19th month to
the 24th month are used as the corrosion rate during
wet period (denoted as icorr.wet)- From the 25th month
to the 33rd month, the specimens were allowed to
dry in a laboratory environment (temperature = 25+3°C
and RH = 65+5%) and the i, were measured at
the 27th month and the 33rd month. These were
considered as the corrosion rate for dry period
(denoted as icorr ary)- Note that the dry specimens
were wetted by placing in a glass beaker with 3.5%
sodium chloride solution for 30 min prior to the
electrochemical testing. Only the icorr wet» and icorr,ary
data were used for estimating t;,, provided later in
this paper.

RESULTS AND DISCUSSION

Measured Corrosion Rate of Different Steels
in Laboratory

As mentioned earlier, this paper focuses only on
tp, which mainly depends on the i..+ of embedded steel
reinforcement embedded in mortar. Figure 5 shows
the average OCP of PM, CTD, QST, and PS steel rein-
forcement measured until the 33rd month. After 2
months of exposure, corrosion potential (E..) values
were more negative than —-276 mVgcg (equivalent to
—350 mV ¢y, cusos €lectrode) and exhibited a significant
reduction in OCP when compared to initial readings.
This indicates that the specimens are possibly
experiencing “active” corrosion. Also, all of the steels
exhibited similar OCP values. Figure 6 shows the av-
erage i.o Of the different steels exposed to chloride
environment. After 5 months of exposure, the ico of
steel specimens started showing huge scatter in the
measured i.or. This phenomenon is a result of the
failure of the epoxy coating provided at the bottom
portion of the steel bar. Later, the specimens were
repaired as described in the Curing and Exposure
Conditions section. The corrosion testing was resumed
from the 18th month onward until 33 months. At the
end of 33 months of exposure, corrosion stains were
visible on the surface of test specimens. However,
they did not exhibit cracking—even with severe
corrosion. The probable reasoning could be as fol-
lows. The overall/effective permeability of concrete
could be less than that of mortar with similar paste
quality, because of the presence of impermeable coarse
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aggregates occupying about 70% of volume. In the
case of test specimens, the corrosion products could
easily permeate through the relatively more perme-
able 12 mm thick mortar cover without building up
expansive pressure and cracking. Although the
pressure buildup and eventual cracking mechanisms
(in the bulk cover material) are different in the steel-
mortar and steel-concrete systems, the corrosion rate
(an interface property) from steel-mortar systems can
be used for estimating the corrosion propagation time in
steel-concrete systems.

icorr,wet Measurements

Figure 7(a) shows the dot plot of the measured
icorr.wet Of PM, CTD, QST, and PS steel reinforcement
measured at the end of each wet period during cyclic
wet-dry exposure from the 19th month to the 24th
month. The average icorr.wet of PM steel reinforcement
is about 19 pA/ cm? with coefficient of variation (COV) of
0.44. The icorrwet data obtained for CTD steel rein-
forcement exhibited huge scatter with a mean of
27 uA/cm?® and COV of 0.44. The icorr.wet data
obtained for QST steel reinforcement exhibited a mean
value of 24 uA/cm? and COV of 0.38. Similarly, the PS
steel reinforcement showed the average icorrwet Of

CORROSION—Vol. 73, No. 9

6 uA/cm? and COV of 0.77. The results showed
higher icorrwet values when compared to the value
reported in literature. However, the average ico. in the
real structure would be different from the instanta-
neous corrosion rate measured in the severe labo-
ratory conditions. This is taken into consideration
during the estimation of t, later in this paper (see
Parametric Studies and Probability Density Function
of t,, section)

Icorr,ary Measurements

Figure 7(b) shows the dot plot of the measured
icorr,ary of PM, CTD, QST, and PS steel reinforcement. The
average icorr,ary Of PM steel reinforcement is about
5.3 pA/cm® with a COV of 0.63. The icorr, ary data obtained
for CTD steel reinforcement exhibited huge scatter
with a mean of 7 pA/(:rn2 and COV of 0.43. The icorr,ary
data obtained for QST steel reinforcement exhibited a
mean value of 8.6 uA/cm2 and COV of 0.74. Similarly,
the PS steel reinforcement showed the average icorr,ary
of 2.5 pA/cm? with COV of 0.7. In short, the icorr.wet Was
~2.5 times higher than the average of icorr,ary for QST
and PS steel reinforcement. Similarly, the average icorr wet
was ~3 and 4 times higher than icor gry for PM and
CTD steel reinforcement, respectively.
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The CTD steel reinforcement experienced higher
average corrosion rates than QST steel reinforcement.
This may be because the CTD steel reinforcement
is strain-hardened or cold-twisted during the
manufacturing process to increase the yield strength.
This process can lead to residual stresses and surface
defects (at the microstructure level), which can lead to
corrosion when exposed to aggressive environments.
The PM and PS steel reinforcement have smooth
surfaces (i.e., without any ribs), and no residual stresses
at the surface. Hence, they show less i.or when
compared to other steels. The difference in chemical
composition may be another reason for the low cor-
rosion rate.

Average Annual Corrosion Rate in the Field

By considering the seasonal effects, icorrwet, and
icorr,ary. the weighted average of annual corrosion rate
(icorr,annual is calculated as given in Equation (6). The t,
was estimated based on the icorr annuai, Which may
better represent the corrosion propagation mecha-
nism that occurs in field conditions. Thus, the icorr,annual
is used for the case study presented later in the

Parametric Studies and Probability Density Function
of t, section.

Statistical Distributions of Corrosion Rate of
Different Steels

For simulation purpose, i+ should be treated as
a positive real number. Hence, choosing a normal dis-
tribution for the i.., is mathematically incorrect. This
is because the random data generated using a normal
distribution might have negative numbers and can
cause mathematical difficulties during simulation
studies.?® Also, Shapiro-Wilkinson normality tests on
the icorr,wet aNd icorr,ary data sets for PM, CTD, QST, and
PS steel reinforcement concluded that the data sets
do not follow a normal distribution. To find appropriate
statistical distributions, the software package Easy-
Fit"?? was used. Based on the Kolmogorov-Smirnov
(K-S) goodness of fit test (see Table 5), the data sets
were ranked with different statistical distributions that
are commonly used (e.g., Gaussian, Weibull, Gamma,
Normal, and Lognormal) The measured icor wet data for
PM, CTD, QST, and PS steel reinforcement fit well
with Weibull, Lognormal, Gamma, and Weibull 3P

TABLE 5
Goodness of Fit for iz, of PM, CTD, QST, and PS Steel Reinforcement™
icorr,wet icorr,dry
PM CTD QsT PS PM CTD QsT PS
Normal 4 7 7 7 6 2 7
Lognormal 7 5 6 5 6 5 7
Lognormal 3P 2 3 2 5 3 3 2
Weibull 6 4 3 3 7 4 3
Weibull 3P 3 5 6 4 2 4
Gamma 5 2 2 2 5 6 5
Gamma 3P 6 4 3 4 7 4 6

A \Wet data measurements from the 19th through 24th months. Dry data measurements from the 27th and 33rd month.
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FIGURE 8. Distributions for icorwet @nd icorr,qry OF various steel reinforcement.

TABLE 6
Summary of Distributions Based on the Corrosion Rate of
Different Steel Reinforcement Exposed from 19 to 24 Months

Parameter
Steel Type Distribution (D) ~D (o, p, y) in pAlcm?
PM Weibull ~WB (2.5, 20.7, 0)
CTD Lognormal ~LN (0.45, 3.2, 0)
QST Gamma ~GM (6.8, 3.5, 0)
PS Weibull 3P ~WB3P (1.3, 6.5, —0.02)

distributions, respectively. Similarly, icorr,ary data for
PM, CTD, QST, and PS steel reinforcement fit well with
Lognormal 3P, Weibull 3P, Gamma, and Normal
distributions, respectively.

Figures 8(a) and (b) show the histograms and the
PDF's for icorr,wet @and icorr,ary, T€Spectively, of PM, CTD,

CORROSION—Vol. 73, No. 9

TABLE 7
Summary of Distributions Based on the Corrosion Rate
of Different Steel Reinforcement Measure at 27th
and 33rd Month

Parameter ~D (o, p, ) in

Steel Type Distribution (D) nAlcm?

PM Lognormal 3P ~LN3P (0.4, 2.1, -3.1)
CTD Weibull 3P ~WB3P (4.6, 13.3, -5)
QsT Gamma 3P ~GM3P (1.2, 6.1, 1.1)
PS Normal ~N (1.9, 2.6, 0)

QST, and PS steel reinforcement. Tables 6 and 7 show
the statistical parameters for icorr,wet and icorr,ary arrived
for each steel type. A significant difference is observed
between the icorr,wet and icorr,ary- The variation in the type
of distribution and the change in the statistical
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TABLE 8
Parameters Considered for Estimating t; Using
Wang and Zhao®

Parameters Unit Value
Cover depth (C,) mm 50
Compressive strength MPa 30

of concrete (fc,)

Initial steel diameter (D) mm 16 for PM, CTD,

QST; 5.2 for PS
Equivalent weight of steel (W) g 27.92

Faraday’s constant (F) Coulombs 96,500
Density of steel (pst) gm/cm® 7.85
Crack expansion coefficient 3.02

of concrete (y)

-~ 05 Assumptions

h= Cover depth = 50 mm

g‘ 0.4 1 .;'”%‘- Comp. strength of concrete = 30 MPa
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FIGURE 9. Estimated crack initiation period based 0n icorr annuar-

parameters clearly shows that the use of same corrosion
rate and considering a normal distribution for all of
the steel types will lead to an erroneous estimation of t;,.

Parametric Studies and Probability Density
Function of t,

Probabilistic Estimation of t, to Initiate Crack in Cover
Concrete — As mentioned earlier in Table 1, Wang and
Zhao® considered the iqo,, cover depth (C,), and

25th percentile

compressive strength (f.,) as the major influencing
parameters to estimate tp.5 In this analysis, the sta-
tistical distributions of icorr annual for different steel was
used, which was calculated from icorr,wet and icorr,dry
using Equation (4). The input parameters required for
Wang and Zhao” model are listed in Table 8. The t;, for
concrete systems with different steel reinforcement
was estimated using the model by Wang and Zhao.®
A typical south Indian climate, in which 1 y can be
divided into 3 month of wet season and 9 month of dry
season is considered for this parametric study.

Figure 9 shows the PDF of t, obtained for the
systems with PM, CTD, QST, and PS steel reinforce-
ment. Note that these PDFs are skewed to the right.
For skewed distributions, the median is a better statistic
than the mean or average and the vertical lines within
the PDF curves indicate the median values, which are
herein denoted as M(t,). The model by Wang and
Zhao® estimates that the M(t,) for concrete structures
with PM, CTD, QST, and PS steel reinforcement are
4.5, 2.4, 2.7, and 8.5 y, respectively.

Probabilistic Estimation of t,, for a Particular
Reduction in Cross-Sectional Area (t, s4,)

In reinforced concrete structures, when the loss
in the cross-sectional area of steel reinforcement
exceeds =10% of the nominal cross-sectional area, the
structure may reach an unsafe level and major repair/
replacement of steel is needed. That is, 10% loss in
cross-sectional area is approximately equal to 10%
reduction in tensile strength of steel rebars. When
such a state is reached, repair/rehabilitation/
retrofitting work is recommended because of the
limited safety margins. Thus, the reduction in t, with
the corresponding percent reduction in the cross-
sectional area (A%) of the rebar is studied and repre-
sented as t; r0. The study was conducted for A% of 5,
10, and 15% and the PDF for the four steel were
developed.

Once the crack is initiated, the rate of corrosion
propagation may vary significantly, as the availability of
moisture and oxygen is expected to be high. However, in
this study, the t; 50, tp, 100 and t; 150, Were estimated

Median
75th percentile

0.
0 °  qet

FIGURE 10. t; 52, {5,109, and t, 15+, loss in PM steel rebar with reference to exposure period.
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FIGURE 12. {;, 54, b, 10%, and t, 159, loss in QST steel rebar with reference to exposure period.
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FIGURE 13. t;, 59, by 10%, and t, 1s¢, loss in PS steel rebar with reference to exposure period.

using Equation (4)° by assuming a linear corrosion
propagation mechanism and constant icorr annua deter-
mined from icorrwet aNd icorr,ary Using Equation (4).
Figures 10 through 13 shows the probability of Mt 50).
M(tp,1000), and M(tp, 150¢) for different steel reinforcement
after the corrosion initiation. In the PDFs, the vertical solid
line from the abscissa denotes the median (50th per-
centile), which is M(t,) and the dotted vertical lines along
the left and right side of the solid line denotes the 25th
percentile and 75th percentile, respectively, of the esti-
mated corrosion propagation period.

CORROSION—Vol. 73, No. 9

Figure 10 shows the probability of M(t, 50)
M(tp,10%), and M(t,, 159) for PM steel reinforcement after
the corrosion initiation. Based on the probabilistic
estimation, the M(tp 506). Ml(tp,10%), and Mty 159) for a
concrete system with PM steel is about 4.5, 9, and
15 y, respectively. Figure 11 shows the probability of
M(tp,50), Mltp,10%), and Mty 1500) for CTD steel rein-
forcement after the corrosion initiation. The concrete
system with CTD steel reinforcement may have
M(tp,506), Mltp,1000), and Mty 1500) as 2.5, 5, and 7.5y,
respectively. The concrete system with QST steel may
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have M(tp,E%)’ M(tp,lo%)s and M(tp,15%] of 3, 55, and 9 Yy,
respectively, as shown in Figure 12. As shown in
Figure 13, the M(t; 500), Ml(tp,10%). and Mt 150) in the
concrete system with PS steel reinforcement is
around 8.5, 17, and 26 y, respectively.

Therefore, instead of assuming t, as 6y, it is
recommended that the probabilistic distributions for
icorr,wet and icorr,ary presented in this paper and a
suitable model may be used to estimate t;, for structures
with different steel reinforcement.

CONCLUSIONS

Based on the experimental results and the cor-
rosion propagation models discussed in this paper, the
following conclusions are drawn.

% When embedded in similar cementitious system to
that used in the present experiment and when subjected
to a wet cycle exposure to chloride environment, the
corrosion rate, icorrwet, Of PM, CTD, QST, and PS steel
reinforcement can be statistically expressed as follows:

I. PM: ~Weibull (2.5, 20.7, 0) uA/cm?.

II. CTD: ~Lognormal (0.45, 3.2, 0) uA/cm2.

III. QST: ~Gamma (6.8, 3.5, 0) pA/cm?.

IV. PS: ~Weibull 3P (1.3, 6.5, —0.02) uA/cm?.

% When embedded in similar cementitious system to
that used in the present experiment and when subjected
to a dry exposure, the corrosion rate, icorr dry. of PM,
CTD, @QST, and PS steel reinforcement can be statisti-
cally expressed as follows:

I. PM: ~Lognormal (0.4, 2.1, -3.1) uA/crnZ.

II. CTD: ~Weibull 3P (0.46, 13.3, -5) pA/cm?.

III. QST: ~Gamma 3P (1.2, 6.1, 1.1) pA/cm?.

IV. PS: ~Normal (1.9, 2.6, 0) uA/ch.

% Using the statistical distributions mentioned

above and the Wang and Zhao® model, the median time
required to crack the cover concrete M(t,) is about

1.5 times higher in the case of PM and PS steel rein-
forcement than that in the case of CTD and QST steel
reinforcement.

% The median time required for 10% reduction in
tensile strength is around 1.2 times higher in PM and PS
steel reinforcement when compared to CTD and QST
steel reinforcement.

The content of this paper can help the engineers to
schedule and strategize suitable repair activities to
avoid severe damage and possible structural failures.
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