Construction and Building Materials 237 (2020) 117616

=
Construction

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

Effect of surface preparation on corrosion of steel rebars coated with
cement-polymer-composites (CPC) and embedded in concrete N

Deepak K. Kamde, Radhakrishna G. Pillai *

Department of Civil Engineering, Indian Institute of Technology Madras, Chennai, India

HIGHLIGHTS

« First paper on performance of CPC coated steel rebars considering the possible quality issues at construction sites.
« Paper covers from microstructure aspects of corrosion to the service life of a bridge structure.

« Possible corrosion mechanism for inadequately applied CPC coated steel is proposed.

« When CPC coatings are used, sandblasting of steel rebar can enhance the service life by twice.

ARTICLE INFO ABSTRACT

Article history:

Received 19 June 2019

Received in revised form 11 November 2019
Accepted 12 November 2019

Available online 26 November 2019

Nowadays, Cement-Polymer-Composites are widely used to coat steel rebars to delay the initiation of
corrosion in reinforced concrete (RC) structures. However, Cement-Polymer-Composite (CPC) coating is
sometimes inadequately applied on rusted steel and can lead to premature under film/crevice corrosion.
This paper investigates the effect of such inadequate applications of CPC coating and premature corrosion
on the service life of RC structures. For this, maximum surface chloride concentrations, diffusion coeffi-
cients, and chloride thresholds were determined by a one-year-long laboratory study on the specimens
obtained from a 6-year-old bridge and prepared in the laboratory. Studies found that the chloride thresh-
old of inadequately coated steel rebar (i.e., coating on ‘as received’ surface) is significantly lower than that
of the adequately coated steel rebars (i.e., coating on ‘sandblasted’ surface). Also, the corrosion initiation
time for systems with inadequately coated steel rebar was about 50% less than that of the systems with
adequately coated steel rebars. The corrosion mechanisms were justified with micrographs. It is recom-
mended not to use CPC coated steel rebars if adequate surface preparation (say, cleaning/sandblasting) is
not implemented.
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1. Introduction

In the past two decades, a lot of reinforced concrete (RC) struc-
tures, such as highway/railway bridges, high-rise buildings, and
power plants, have been constructed with a target service life of

Abbreviations: %bwob, % by weight of binder; AR, As-received; C (x, t), Chloride
concentration at depth ‘x’ after exposure for ‘t’ seconds; CDF, Cumulative distribu-
tion function; Cpe, Maximum chloride concentration at the exposed concrete
surface; CPC, Cement-Polymer-Composite; Cs, Surface chloride concentration; Clp,
Critical chloride threshold of steel-concrete interface; D, Diffusion coefficient of
concrete; erf, Error function; m, Decay constant; RC, Reinforced Concrete; SB, Sand-
blasted; SC, Steel-Cementitious; t, Exposure time; t;, Time to corrosion initiation;
wC, With coating; woC, Without coating; x, Depth from the exposed surface of
concrete.
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more than 100 years. Many of these RC structures are exposed to
highly aggressive environments. To achieve this desired long life,
the steel-cementitious (SC) systems in these structures must have
good corrosion resistance. Generally, the steel reinforcing bars
(‘rebars’, herein) are coated with organic materials to enhance their
corrosion resistance. Usually, these coatings are made of either a
polymer or a polymer-modified material. In general, these types
of organic coatings work by (i) providing a shield/physical barrier
between the underlying steel and the deleterious elements, such
as moisture, oxygen, chlorides, and (ii) restricting the ionic flow
between anodic and cathodic areas [1-3,4]. The polymer-
modified cementitious coatings have an additional feature of form-
ing a complex protective film by reacting with the metal surface.
This protective film can enhance the corrosion resistance of steel
coated with cementitious coatings. The cement-polymer-
composite (CPC) with acrylic base is a type of organic coating that
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is widely used in the construction industry. The CPC coating is sup-
posed to be applied onto sand-blasted (SB) rebars at sites. Litera-
ture provides sufficient information on the corrosion resistance
of SB/clean rebars with CPC and other organic coatings modified
with cement/fly ash [4-8]. However, it should be noted that many
site personnel may not insist on sandblasting or cleaning the
rebars prior to applying the CPC coating; and use rebars with as—
received (AR) conditions. The as-received steel may have the pos-
sible presence of rust on the rebar surface leading to premature
corrosion.

NACE impact report states that nearly 50% of structures experi-
ence a major repair within 10 years [9]. The costs of corrosion for
some developing and developed nations were estimated to be
about 3-4% of GDP [9,10]. If the practices of coating onto inade-
quately cleaned rebars continue, then it may lead to premature
corrosion - leading to reduced service life and higher cost of
corrosion.

The remaining paper is organized in the following manner. First,
a review of corrosion mechanisms and performance of organic
coatings in chloride environment is discussed. Then, a brief intro-
duction about CPC coating, followed by the problem statement is
provided. Further, field investigation and experimental program
to determine the maximum surface chloride concentration, diffu-
sion coefficient, and chloride threshold are discussed. Using these
input parameters, the time to corrosion initiation of RC structural
elements is estimated and compared. The proposed corrosion
mechanisms are then justified using the scanning electron micro-
graphs. Later, remedial measures to delay the corrosion initiation
are suggested. Finally, conclusions drawn from this research are
provided.

1.1. Corrosion performance of organic coatings in various applications

In the automobile and oil/gas sectors, coatings are applied by
skilled workers and only on clean metallic surfaces in a dust-free
environment with controlled temperature. In such conditions,
coating materials get adhered well to the metal surface and pre-
vent the premature, under film corrosion [8]. On the other hand,
in the civil construction sector, cementitious coatings to steel rein-
forcement are often applied by unskilled workers at construction
sites. This can lead to various issues associated with poor steel sur-
face preparation and application of coating materials.

At present, many organic coatings are commercially available
with the following resin as base material: epoxy, acrylic, polyester,
etc. If pure organic coatings (i.e., without any additives) are used,
then moisture and oxygen can easily penetrate through the coating
and result in crevice corrosion and/or under-film corrosion [11-
14]. However, when additives, such as cement, fly ash, nano-clay,
and composites of these materials, are mixed with epoxy/acrylic
resins, they can disperse uniformly into small platelets. These
small platelets can result in denser microstructure of the coatings
[15]. Therefore, with the inclusion of additives, the absorption/pen-
etration of water and oxygen can be significantly reduced [16,17].
Further, the shape, size, and pH of additives can also influence the
migration, inhibition (under-film corrosion or re-passivation), and
workability of the coating material. For example, flaky or small-
sized additives can provide a tortuous path for corrosion species
to travel and offer higher resistance to the penetration of corrosive
species [18]. Therefore, if cement/fly ash (particle size of about 1-
100 pm) is used as an additive, they can act as a filler and delay the
diffusion of corrosive species through the coating [15,19]. They
also help in the formation of a strong passive film by providing
an alkaline environment to the steel surface [20,21]. Therefore, this
can increase the resistance against the under-film corrosion [7]. In
addition, the spherical shape of fly ash can enhance the workability
of coating and make it easy to apply on rebars [15]. All these prop-

erties can be achieved only if the steel surface is sandblasted/-
cleaned adequately. Achieving this is a challenge in the civil
construction industry - mainly due to the large-scale usage of
rebars and poor workmanship. Literature report on the improved
corrosion performance of steel when coated with organic coatings;
however, these studies are carried out on cleaned steel surface [4-
8,21], which is not the usual practice at construction sites. Signifi-
cant concern exists on the corrosion performance of coated steel
reinforcement with the presence of rust beneath the coating [18].
Such issues and their impact on the service life of concrete struc-
tures are the focus of this paper.

1.2. Corrosion performance of organic coatings used in construction
applications

Organic coatings are widely used to coat the reinforcing steel to
delay the onset of corrosion by restricting the transport of moisture
and chlorides to the steel surface. Fusion-Bonded-Epoxy (FBE)
coated rebar is one of the most widely used coated rebars in the
construction industry [22,23]. Much literature is available on cor-
rosion performance of Fusion-Bonded-Epoxy (FBE) coated steel
rebars. Some of the literature shows that the FBE coated steel per-
forms well in chloride contaminated environment [2,3,24]. How-
ever, some literature reports that the structures with FBE coated
steel experienced initiation of corrosion within 30 years of service
life [11,14,25]. In a few of these cases, the coating was damaged by
bending and dragging of the coated rebars, and also exposed to
sunlight during the storage at construction sites [26]. Damage to
coating can result in moisture-induced corrosion without sufficient
chloride at the rebar level [27]. Therefore, studies on the chloride
threshold of these rebars are not available.

On the other hand, cement-based polymer coatings provide an
alkaline environment to the steel surface [2]. This may form a
stable passive layer on the steel surface. Therefore, high chloride
concentration (chloride threshold) may be required to initiate the
corrosion activity. But, literature on the chloride threshold of steels
coated with cement-based organic coatings is not available. Note
that a few literature focuses on evaluating the performance of
organic coating by using various test methods, such as flexibility
test, impact resistance test, salt spray test, and quantification of
charge transfer resistance [21], where four out of 16 coatings could
not meet the requirements for selection of organic coatings (see
Table 1). Please note that these test methods will not help in true
estimation of their performance and the service life of RC struc-
tures. Therefore, a study on the determination of chloride thresh-
old of coated steel with cementitious coatings is essential to
quantify the service life of RC structures with coated steel, espe-
cially when it is applied inadequately on steel surfaces.

The CPC coating consists of two coats (a rapid setting primer
coat followed by a cement polymer sealant coat). Both the primer
and sealant contain thermoplastic acrylic resins. In addition, sea-
lant is mixed with cement powder as an additive. The CPC coating
is supposed to be applied on the steel surface after sandblasting/-
cleaning. Sandblasting can remove the rust, dirt, oil, etc., which
could be contaminated by chlorides. Sandblasting results in the
large surface area of steel for chemo-mechanical bonding between
the bare steel and coating material [28]. It may be noted that the
cementitious components in the CPC coating can react with the
steel surface and form a stable passive layer of oxides. Fig. 1 shows
an example of inadequately applied CPC coating on the rebar of a
bridge pier of a coastal highway. The photograph was taken during
the construction time and it is evident that the coating is not
applied to the top regions of the vertical rebars. Also, the close-
up image shows the incomplete application of CPC coating, espe-
cially at the rebar intersections. These indicate that the coating is
applied at the site after the rebars are tied in position, and on
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Table 1
Corrosion performance of various organic coatings [21].

# Resin Pigment Ranking for each test

AP Al PP AcR Ep Si PA TiO, Zn3(P0O4), OPC FA FT IRT SS CTR
1 I I I I I 1 1 2 Pass
2 v I I I I 1 1 5 Fail
3 I I I I 1 1 7 Fail
4 I I v v 1 1 8 Fail
5 v » » I » 1 1 6 Pass
6 I I I I I 1 1 3 Pass
7 I I v v 1 1 4 Fail
8 v v I I 1 1 1 Fail
9 I I I I 2 1 7 Fail
10 I I I I 1 1 7 Fail
11 v v v 2 1 3 Fail
12 I » » 1 1 3 Fail
13 I I I I I I 1 1 6 Fail
14 I I I I I I 1 1 2 Pass
15 v v v » v 1 1 2 Fail
16 I I I I I 1 1 2 Fail

Al, Aromatic isocynate; Acr, Acralic rasin; AP, Acrylic polymer; CTR, Charge transfer resistance; Ep, Epoxy; FA, Flyash; FT, Flexibility test; IRT, Impact resistance test; OPC,
Ordinary Portland Cement; PA, Polyamide; PP, Polyster polyl; Si, Silicon; SS, Salt spray test.
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Fig. 1. Photograph of a column under construction with CPC coated rebars and
close-up showing inadequate CPC coating on rebars.

‘as-received’ steel surfaces with rust. The application of the coating
on the as-received steel surface can result in inadequate chemo-
mechanical bonding and passive film - resulting in premature
and/or under film corrosion. The use of coating on as-received
rebars could lead to a much lower chloride threshold and service
life than the case with coating on SB rebars; however, many site
personnel wrongly believe that the CPC coating could perform even
without steel surface cleaning. Therefore, the focus of this paper is
to quantify these differences in chloride threshold due to the dif-
ference in the surface conditions of the CPC coated steel rebars
and their effect on service life.

Though CPC coating (or cement-based polymer modified coat-
ing) is widely used in India. Many cement/fly ash based polymer
modified coatings are being used in different parts of the world.
For example, Pei et al. (2015) and Pei et al. (2017) compared the
bond and corrosion performance of six combinations of cementi-
tious capillary crystalline waterproofing coating (CCCW), which is
widely used in Canada [29,30]. Likewise, Jorge et al. (2012) com-
pared the bond between steel rebars coated with cement-based
anticorrosive coatings, and repair mortar [31]. These coating mate-
rials are used for concrete repair in some parts of Europe. In addi-
tion, Tang et al. (2012) reported the corrosion performance of
cement-modified enamel coatings, showing the use of cement-
based coatings in USA [6]. Likewise, Wang et al. (2014) compared
the corrosion performance of polymer-modified cement-based
coatings perform superior to FBE coated steel, showing the use of

such coated rebar is ongoing in China as well [32]. The use of
organic coatings modified with cementitious additive is a world-
wide practice. Therefore, understanding the corrosion mechanisms
of coated steels with cement-based organic coatings will help to
overcome the quality issues related to coating application
practices.

2. Research significance

Recently, many developing countries are witnessing construc-
tion boom. Unfortunately, many constructions are happening with
poor quality materials and poor applications due to the race for
fast-track construction and low quest for quality/durability among
some of the stakeholders. One such example is the use of steel
rebars with the inadequate application of cement polymer com-
posite (CPC) coating material. This paper provides the field and lab-
oratory data indicating that the use of inadequately coated steel
rebars (coating on as-received rebars) can lead to at least 40%
lower service life than the adequately coated systems (coating on
sand-blasted rebars). If the use of poorly coated rebars continues,
then many large scale infrastructure systems will incur the high
cost of corrosion. This paper will help engineers to quantitatively
estimate the effect of poorly coated rebars on the service life of
reinforced concrete structures and develop strategies to ensure
the use of quality materials and construction/maintenance
practices.

3. Field inspection and experimental program

A 6-year old concrete bridge located in the chloride-rich envi-
ronment (within 2 km from the sea) of a coastal city in India was
considered for this study. Fig. 2 (a) shows the schematic showing
the girder, pier, pile cap, and pile of this bridge. The bridge experi-
ences around 4 months of heavy rain in a year and the ambient rel-
ative humidity ranges between 70 and 85% during the rest of the
year. Therefore, sufficient moisture is expected to be always avail-
able at the surface of the embedded rebar. This makes it a favour-
able condition for the chloride-induced corrosion process [33]. The
desired service life of the bridge is 120 years. To achieve this long
life, the CPC coated steel rebars were proposed by designers.
However, CPC coating was applied on ‘as-received’ steel surface.
(instead of ‘sand-blasted’ steel surface). This practice can lead to
poor corrosion resistance. Cementitious binders with 25-30%
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Fig. 2. Schematics of (a) bridge elements under study and (b) cylindrical concrete
specimens cored from the bridge elements [Not drawn to scale].

Table 2
Details of the concrete mix used in the bridge.

Ingredient Pile cap and Pier (M45), kg Girder (M60), kg
pile (M35), kg

Cement (C) 280 390 440

Fly ash (F) 130 145 125

20 mm aggregate 438 0 500

12.5 mm aggregate 605 802 687

Manufactured Sand 737 953 640

Total water 223.6 215.9 183.0

(C+F): FA: CA 1:1.45:2.05 1:1.76:1.48 1:1.13:2.10

Admixture (%bwob) 0.55 0.70 1.10

Retarder (%bwob) 0.10 0.20 0.10

Class - F fly ash was used in making the M60, M45, M35, and M35
grade concretes for the girders, piers, pile caps, and piles, respec-
tively (see Table 2 for mix design).

The bridge being located in a coastal city, the governing deteri-
oration mechanism could be chloride-induced corrosion. As a con-
servative practice, service life can be considered as the time to
corrosion initiation, t;, which is defined as the time taken by the
chlorides to travel through the cover concrete to reach the steel
rebar, and initiate the active corrosion. The t; can be estimated
by using the (i) the maximum chloride concentration at the con-
crete surface (Cpay), (ii) the chloride diffusion coefficient of cover
concrete (D), and (iii) the critical chloride threshold of the steel-
concrete interface (Cly;) and the Fick’s 2°¢ law of diffusion. To
obtain Cy. and Dg, cylindrical concrete specimens of about
90 mm diameter and 100 mm length were extracted from the gir-
der, pier, pile cap, and pile elements and laboratory experiments
were performed. To determine the Cly, the as-received and sand-
blasted rebars were collected from the bridge site. Then, the CPC
coating was applied, and experiments were performed in the labo-
ratory. In this, the effect of surface preparation on the Cl;, of rebars
was studied. Details on the experimental programs adopted to
determine these parameters are discussed below.

3.1. Maximum chloride concentration at the exposed concrete surface
(Cmax)

Cmax is the maximum chloride concentration that can get accu-
mulated on the exposed surface of the concrete. The C,,ox depends

on water-to-binder ratio (w/b), the percentage of fly ash in the
cementitious binder, cement content, and the ambient chloride
concentration [34]. Many literature report that surface chloride
concentration increases with the exposure time [35-37]. There-
fore, Cihax can be determined by long-term exposure (say, several
years) of the concrete specimen to the chloride-rich environment.
However, such long exposure may not be always possible. Neme-
cek et al. (2018) and Devi (2012) reported that accelerated testing
underestimates the Cpq, leading to the overestimation of service
life [38,39]. The aim of this study is to compare the service life of
various elements of the bridge with different steel surface condi-
tions. Therefore, rapid migration tests (i.e., NT-build 492) were
conducted on concrete specimens extracted from the bridge [40].
It was experimentally found that the chloride concentration was
less than 0.02 %bwob at depths greater than 30 mm from the sur-
face. Hence, a 45 mm thick slice was cut from the extracted cylin-
drical core specimen for Cpqy study, as shown in Fig. 2 (b). The
experimental test setup used for migration test was the same as
that described in NT-build 492. After the completion of the migra-
tion test, the average chloride concentration of the 5 mm thick
concrete layer in contact with the chloride solution (during the
migration test) was determined and defined as Cy;,qx. Later, this Cpax
was used to determine the time to corrosion initiation.

3.2. Chloride diffusion coefficient of concrete (D)

Fig. 2(b) shows the 30 mm thick test specimen sliced from the
extracted core and used to determine D As per ASTM C1556
(2015), chloride profiles up to 25 mm were obtained for each spec-
imen [41]. Lathe machine and single head diamond dresser tool
were used for grinding these concrete specimens. The powdered
samples from each layer were collected, and chloride concentra-
tions were determined as per SHRP-S-330 (1993) [42]. Later, these
chloride profiles and Fick’s second law (Eq. (1)) were used to deter-
mine the Dg.

X

) = € = (€= € e () )
where, ‘C(x, t)' is the chloride concentration measured at depth ‘X’
from the exposed concrete surface at exposure time of ‘t’ seconds,
‘Cs’ is the surface chloride concentration built-up on the exposed
concrete surface after exposure time of t seconds, ‘G is the initial
chloride concentration (assumed to be zero in this study), ‘D is
apparent chloride diffusion coefficient, and ‘erf()’ is the mathemat-
ical error function. Here, D, is considered as a time-variant function
and determined by using Eq. (2),

to\™
Dy(t) = Dy x <?> (2)
where ‘Dg(t) is the chloride diffusion coefficient at time t, ‘D’ is
chloride diffusion coefficient of concrete at the age of 28 days, ‘t’
is the age of the bridge in days, ‘to’ is age equal to 28 days, and
‘m’ is the decay constant, which was calculated using Eq. (3) [43].

FA(in%))

m=02+04 (T

3)
where ‘m’ is the decay constant (also known as ageing coefficient),
which influences the rate of reduction of D of concrete as a func-
tion of time. The term FA stands for the replacement level (in %)
of fly ash in the concrete.

3.3. Chloride threshold of steel-coating-concrete interfaces (Cly,)

Chloride threshold (Cl;,) is the minimum chloride concentration
required at the steel-coating-concrete interface to initiate active
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corrosion. Table 3 shows the details of test variables and the num-
ber of specimens cast to evaluate the effect of steel surface prepa-
ration and CPC coating on the chloride threshold of steel rebars.
Following steel surface and coating conditions were studied: (i)
‘as-received’ steel rebar without coating (AR-woC), (i) ‘as-
received’ steel rebar with coating (AR-wC), (iii) ‘sand-blasted’ steel
rebar without coating (SB-woC), and (iv) ‘sand-blasted’ steel rebar
with coating (SB-wC). Five macrocell corrosion specimens each
with these four types of steel rebars were prepared (total 20 spec-
imens) and exposed to chlorides until corrosion measurements
confirm the initiation of corrosion.

3.3.1. Specimen preparation

To prepare the CPC coated steel, one thin layer of CPC primer
was applied on the uncoated steel surfaces (AR and SB) and
allowed to dry for a minimum of 30 min. To avoid the discontinu-
ities in the primer coat, the second layer of CPC primer coat was
applied and allowed to dry for 30 min. Later, sealant was applied
on the primer coated steel surface and allowed to cure for a mini-
mum of 6 h (as per manufacturer’s guideline). The average final
coating thickness was measured using a coating thickness gauge
(Elcometer 456). It was ensured that the coating thickness is more
than the minimum recommended coating thickness of 175 pm
[44]. In addition, moisture absorption test was conducted on 10
CPC coated steels. The following test procedure was followed:
Uncoated steels were weighed to the precision of 0.0001 gm
(W1). Then, CPC coating was applied on the surfaces of the steel.
Then, the CPC coated steels were weighed to the precision of
0.0001 gm (W2). After that, Each coated steel was immersed in
concrete simulated pore solution for 24 h. Later, these coated steels
were removed from the solution and were wiped using cotton
cloth to surface dry condition; and weighed to the precision of
0.0001 gm (W3). The difference in the mass (W3-W2) is the mois-
ture absorbed by the coating material. The average absorbed mois-
ture [(W3 — W2)/(W2 — W1)) *100] after 24 h immersion of CPC
coated steel was found to be [mean:25, standard deviation: 1.33]
% by weight of coating material.

Fig. 3 shows the photograph and schematic of macrocell speci-
mens (200 x 75 x 75 mm in size) with one anodic rebar at the top
and two cathodic rebars at the bottom, similar to the ASTM G109
(2013) specimen. The anode-to-cathode ratio of the test specimens
was 0.5, as in ASTM G109 specimen. The AR steel surface is
expected to have the mill scale and/or mild rust layer on the steel
surfaces; whereas, SB steel surface is expected to be free from rust,
dust, or any other foreign elements. AR and SB steel rebars of
10 mm diameter were cut to 200 mm length and were used as ano-
dic and cathodic rebars. For the specimens with uncoated steel
rebars, two thin layers of the epoxy coating were applied on the
25 mm long region at both ends of the rebars; and allowed to cure
for two days. This region was further covered with a heat-shrink
tube to avoid the entry of oxygen and moisture (see Fig. 3). For
the specimens with coated steel rebars, Later, as it was done on
uncoated steel rebars, the 25 mm long region at both ends of the

Table 3
Test variables and number of specimens.

Surface condition Coating condition Number of specimens

As-received (AR) wC 5
woC 5
Sand-blasted (SB) wC 5
woC 5
Total number of specimens 20

wC - with coating.
woC - without coating.

CPC coated steel rebars were covered with two thin layers of epoxy
coats and a heat-shrink tube.

After positioning the prepared rebars in the mould, the mortar
was placed in the mould to cast the macrocell specimen. In this
study, the mortar was used (instead of concrete) because Cly, is a
steel-concrete interface (SCI) property, and it depends on the local
characteristics (or microclimate) of the SCI. The microclimate at
the SCI can change due to many factors, including the presence
of aggregates [45]. However, the influence of the presence of inert
aggregates on Cly, is due to the indirect effect of the change in the
microclimate of SCI. To avoid nonuniformities in the physical
microclimate at the SCI, mortar was used to prepare the macrocell
specimens. Also, the use of mortar can help to reduce the test dura-
tion and the size of the specimens. Many researchers have used
mortar to quantify the Cl, of various steel-cementitious systems
[46-48]. Therefore, mortar with cement: sand: w/b of 1: 2.75:
0.5 was used to prepare the macrocell specimens. The Ordinary
Portland Cement (53 Grade) with the requirements confirming
with [S:12269 (2008) was used to prepare the mortar for the cast-
ing of macrocell specimens. Table 4 shows the chemical composi-
tion and physical properties of OPC used in this study. The Grade II
and Grade III silica sand as per 1S:383 (1970) was used in equal
proportion by mass [49]. Distilled water was used to prepare all
the macrocell specimens.

3.3.2. Exposure and electrochemical measurements

Macrocell specimens were cast and cured in the mould for one
day; then, moist-cured for another 27 days. Then, the specimens
were kept in an environment with a relative humidity of 65 + 5%
and 27 + 5 °C for the remaining exposure/testing period. Electrical
connections using a 100 Q resistor were made between the anode
and cathodes. Silicone sealant was applied on the inclined side
faces of the reservoir to enable one-dimensional chloride transport
through mortar cover towards the embedded steel rebar. To accel-
erate the chloride transport, cyclic 2 days wet followed by 5 days
dry regime using 15% sodium chloride solution was adopted. At
the end of each wet period, the potential differences between the
top and the bottom rebars were recorded across the 100 Q resistor.
These potential differences and Ohm’s Law were used to calculate
the macrocell corrosion rates every week. Then, the total corrosion
was calculated using the trapezoidal rule. As per ASTM G109, when
the total corrosion was reached to 150 Coulombs (C), the speci-
mens were defined to have depassivated [50]. The chloride concen-
tration at the steel surface at this instant was considered as Cly,.
Hence, when the total corrosion reached 150 C, the macrocell spec-
imens were autopsied and the powder from the mortar near to the
upper face of the top rebar was collected. Chloride concentrations
of these powdered samples were determined using the guidelines
given in SHRP-S-330 (1993) and defined as the Cl;, of the specimen
[42].

3.4. Estimation of corrosion initiation time (t;)

Service life assessment models, such as DuraCrete, Life-365™,
STADIUM®, are commercially available to estimate the corrosion
initiation time of RC structures. A open source software (Life
365™) developed by ACI Committee 365 was used for the estima-
tion of corrosion initiation time/service life [43]. Life-365™ was
chosen for this study because it considers Cpax, D, Clin, and m as
input parameters to estimate the service life. It also allows the user
to provide the coefficient of variation for each input variable. Also,
probabilistic responses were obtained for the corrosion initiation
time (t;).
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Note: All dimensions are in mm.
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Fig. 3. Macrocell corrosion test specimen (similar to ASTM G109).

Table 4
Chemical composition and physical properties of OPC used in this study.

Composition (%)

Physical properties

ALO; Fe,05 Ca0 MgO (Na,0) Lol

Mean diameter (pm)

Specific surface area (m?/kg) Specific gravity

5.54 4.71 61.7 1.06 0.2 2.27

15 330 3.15

4. Results and discussions

The data on Cyqx, Dg, and Cly, were obtained from various exper-
iments conducted on the concrete specimens obtained from the
girder, pier, pile cap and pile of the 6-year old bridge and the steel
specimens similar to those used in the bridge. The Cp,qx, Dg, and Clyy,
were used as input parameters for the estimation of corrosion ini-
tiation time (t;) using Life-365™.

4.1. Maximum chloride concentration at the concrete surface (Cpax)

The average Cq of concrete specimens obtained from the gir-
der, pier, pile cap, and pile were 1.16, 1.17, 1.29, and 2.94% by
weight of binder (%bwob), respectively. The time required to build
the C,qx On the concrete surface (time_GCqx) depends of the poros-
ity and the ion-exchange phenomenon at the near-surface concrete
and the exposure conditions. Here, each element of the bridge is
made of different concretes and exposed to different exposure con-
ditions. For example, the girders and piers are exposed to airborne
chlorides; whereas, the pile caps and piles are exposed to moist soil
with chlorides. The average surface chloride concentrations (Cs) at
6 years of exposure were found to be 0.1, 0.2, 0.9, and 2.6 %bwob
for girder, pier, pile cap, and pile, respectively. Based on this, the
rate of growth of C; was determined assuming a linear increase.
The time_Cy,qx for the girder, pier, pile cap, and pile was estimated
to be 65, 36, 10, and 6.5 years, respectively. These results are sum-
marised in Table 5 and were used for estimating t;.

4.2. Chloride diffusion coefficient of concrete (D)

Fig. 4(a)-(j) show the chloride profiles of the concrete speci-
mens obtained from girders, piers, pile caps, and piles. Due to the
significant variations in the leaching/chloride-ion exchange phe-

Table 5
Chloride transport properties of concrete for different structural elements.

nomenon near the concrete surface, the chloride concentrations
in the 5 mm thick layer near the concrete surface was not consid-
ered for determining the D, [35]. These chloride profiles and Fick’s
second law were used to determine the D, for each specimen. Note
that these diffusion coefficients are determined at the age of
6 years. Hence, D at 28 days were calculated by estimating the
decay constant, m, from Eq. (3). As shown in Fig. 4(k), the average
D (at 28 days) after the construction of the girder, pier, pile cap,
and pile were estimated to be 1.71, 1.9, 2.4, and 2.7 x 107! m?/s,
respectively. Then, these diffusion coefficients were used for fur-
ther assessment. The quality and uniformity in the construction
practices (say, mixing, placement, compaction, curing, etc. of con-
crete) can significantly influence the variation in the transport
properties of concrete. Higher the coefficients of variation (COV)
of D, the larger will be the uncertainty in the estimated t;. In this
study, the uncertainty in the t; due to the D of girder and pile caps
were assessed using the COV of 36% and 6%, as exhibited by the
three values of D obtained. In the case of piers and piles, only
two specimens could be obtained and tested for D., for which
the COV was assumed to be 25%.

4.3. Chloride threshold of steel-coating-concrete interfaces (Cly,)

Fig. 5 shows the total corrosion (in Coulombs) for AR-woC, SB-
woC, AR-wC, and SB-wC specimens (with two cases in each graph).
In this study, corrosion is defined to initiate when the total corro-
sion reached 150 C [50]. As shown in Fig. 5(a), the AR-woC and SB-
woC specimens exhibited corrosion initiation at about 50 and
70 days of cyclic exposure, respectively. This delay in the onset of
corrosion for SB-woC specimens can be attributed to the formation
of a uniformly thick and dense passive layer that is well-adhered to
the SB steel surface with high surface energy [51]. On the other
hand, the passive layer on AR steel surface may not exhibit uniform

Structural element m Dy (m?[s) Cs (% bwob) Cinax (% bwob) time_Cpnax (years)
Girder (M60) 0.38 1.71 x 107" 0.1 1.16 65
Pier (M45) 0.42 1.90 x 107" 0.2 1.17 36
Pile cap (M35) 0.45 237 x 101 0.9 1.29 10
Pile (M35) 0.45 2.69 x 1011 26 2.94 6.5




Chloride concentration (% bwob) Chloride concentration (% bwob)

Chloride concentration (% bwob)

Chloride concentration (% bwob)

D.K. Kamde, R.G. Pillai/Construction and Building Materials 237 (2020) 117616

0.14 : : 0.14 T T T T 0.14 : ‘ T
a ® Girder 1 - test b Rl c ® Girder 3 - test
0.12 - - - Girder 1 - Predicted | { 0-12 rder 2 - Predicted f .12 | — - Girder 3 - Predicted |
\
01| \ 1ol % 1ol ]
\\ \ °
-1 m2 ° \
008 | \ 0.51 x 10~ m?/sec | o0.08 L 11 12 1008 \
o b, 1.08 x 10" m?¥sec o 0.79 x 10-"" m?/sec
N \
006 | NG . 1 006 | e * 4006 | L) :
AY ~ Y
\ ™ ~
~ I ~
0.04 - S—-_0___o 1 004+t ---o 10.04 - "—~-2___. 1
002 L 4 0.02 - 1 0.02 B
0 . . . . . 0 L L L . L 0 . . . . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
0.15 T T T T T 0.15 T T T T T
d B Pier 1 -test e W Pier2-test
L - — Pier 1 - predicted + — Pier 2 - predicted
0.12 - \ 4 012 4
"\
||
0.09 | AN 4009 .
\I
~ . n__ .
006 . 0.81x 10~ m%/sec 1 006 - ]
0.96 x 10-"" m?/sec
N
0.03 - 4 0.03 | L I} 4
&
- —n
0 I | I 1 L 0 1 1 . . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
06 : : ‘ , : 06 : : , 0.6 , . : ,
* =
f * P!Iecap 1 -test ) g * Pilecap 2 - test h . * Pilecap 3 - test )
05} \\ = —Filscapr] < piedicted 05 | - —Pilecap 2 - predicted || 05 | N - —Pilecap 3 - predicted | |
\ } *
04 - * 4 041 4 04+ AN - .
\ -
23 < _
031} N 1 o0sl ‘\0 | o3l - .
% 10~
N ¢ o 0.96 x 10~ m2/sec 1.09 x 10-"" m?/sec
02 e 1 o2 02} 7
1.02 x 10" m%/sec Ne
\ T~
0.1+ 4 L * 4 01+ -
0.1 ~— e
0 l l ‘ l : 0 : . ‘ ‘ s 0 ! : : : !
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
2 2 Depth from exposed concrete surface (mm)
i A Pile 1 -test l 2 A Pile 2 - test
- — Pile 1 - predicted A\‘ - —Pile 2 - predicted 35 , . ,
‘ a k A
15| 115} \ 18 3t
o
\ s Eosl .
\ A PR
10 1 1L 1 L
= ~ > —— -
[’d &
R 1.37 x 10" mZsec % — g1°
05 L N 0.96 x 10~ m¥sec 05 L 1 o 1F e
. z *Q
A “ ®0.5[ 1.71 1.9 237 269
~ 3 0.36 0.25* o006 0.25*|COV
x*= — 4 Q o ; ; i
0 . : , ! ‘ 0 ‘ . ‘ ‘ , Girder Pier Pilecap Pile
0 5 10 15 20 25 30 0 5 10 15 20 25 30 P

Depth from exposed concrete surface (mm) Depth from exposed concrete surface (mm)

*COV is assumed as 25%

Fig. 4. Chloride profiles and diffusion coefficients for various concrete specimens cored from the bridge elements.

thickness and may be porous due to the presence of rust and dust

particles on the steel surface [52].

Fig. 5 (b) shows that the AR-woC and AR-wC specimens exhib-
ited corrosion initiation at the same time. The effect of the coating

is not realized due to the inadequacy in the preparation of steel
surface before the application of CPC coating. For example, two
AR-wC specimens exhibited corrosion along with all the AR-woC
specimens at about 60 days of cyclic exposure. Authors observed
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Fig. 5. Total corrosion measurements of various macrocell specimens.

that the rust on the steel surface offered traction during the appli-
cation of the coating. As a result, the intermittent microcracks were
observed between the steel and CPC coating (see Fig. 6(a)). It was
experimentally found that the CPC coating can absorb about
[mean: 25, standard deviation: 1.33]% moisture by weight of the
coating material. If the coating does not adhere to the steel surface,
it may not be able to provide the stable passive film to the steel
surface, and chlorides with moisture can penetrate through the
coating and lead to localized and premature corrosion. In addition,

CEG 15.0kV 10.2mm x500 SE

(a) AR-wC

the rust layer might absorb the moisture and maintain a corrosive
environment between the steel and coating. This moist rust layer
can provide a low resistance path for ionic transfer and lead to pre-
mature corrosion, even with low chloride levels. It can be con-
cluded that the CPC coating exhibits no improvement in
corrosion resistance when applied on the AR surface (see Fig. 7).
Fig. 5(c) shows that the SB-woC and SB-wC specimens exhibited
corrosion initiation at about 70 and 200 days of exposure, respec-
tively. Therefore, there is a significant improvement in corrosion

CEG 15.0kV 10.1mm x500 SE

(b) SB-wC

Fig. 6. SE images of the steel-coating-mortar interface.
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Fig. 7. Chloride thresholds of uncoated and CPC coated steels.

resistance when the coating is applied to clean/sand-blasted steel
surface. This is mainly due to the physical barrier provided by
the coating, which is well-adhered to the steel surface [see Fig. 6
(b)]. Many site personnel have the wrong perception that the
CPC coating can perform well even without sandblasting or clean-
ing of steel surface. To address this, Fig. 5(d) provides evidence that
the AR specimens with CPC coating exhibited corrosion initiation
between 50 and 100 days of exposure. This large scatter could also
be attributed to the variation in the quality of coating when
applied on the as-received steel surface. On the other hand, the
SB-wC specimens exhibited corrosion only after 200 days of cyclic
exposure - indicating the highest corrosion resistance among the
cases studied. Table 6 summarizes the time to corrosion initiation
for AR-woC, AR-wC, SB-woC, SB-wC was found to 70, 110, 80, and
200 days, respectively. The system with sandblasting and coating
(SB-wC) could significantly delay the corrosion initiation process

Table 6
Average exposure time required for initiation of corrosion in various cases.

Specimen type  Corrosion initiation time (days) [mean, standard deviation]

AR-woC ~LN [70, 30]
AR-wC ~LN [110, 45]
SB-woC ~LN [80, 30]
SB-wC ~LN [200, 30]

to approximately twice the duration observed in the case of AR-
wC. This is because when CPC coating is applied on the SB surface,
it can provide (i) high resistance to chloride penetration due to bet-
ter continuity of the CPC coating, ii) reduced ionic transfer, iii) good
adherence between the steel and CPC coating and iv) limited avail-
ability of oxygen to the steel substrate.

Upon corrosion initiation, the specimens were autopsied. The
powdered mortar samples were collected from the mortar adjacent
to the top rebar. The chloride concentrations in the collected pow-
der were determined using the guidelines given in SHRP-330
(1993) and defined as Cl;;. Fig. 7 shows that the statistical distribu-
tions of Cly, [expressed as ~ LN(, COV) %bwob] of AR-woC, AR-wC,
SB-woC, and SB-wC specimens were ~LN (0.4, 0.03), ~LN (0.5, 0.07),
~LN (0.6, 0.12), ~LN (0.9, 0.08) %bwob, respectively. The average
Cly, of SB-wC specimens was found to be significantly higher (i.e.,
0.9% bwob) than the other cases. This indicates that the full poten-
tial of CPC coating can be exploited only when it is applied on SB
steel surface.

The corroded steel surfaces of all the specimens were visually
observed and photographs were taken. Fig. 8 shows sketches of
various types of steel specimens showing the regions with corro-
sion and/or debonded coating. The dark-shaded regions in Fig. 8
(a) shows that the large surface area of rebars in AR-woC speci-
mens were corroded; whereas, for SB-woC type specimen, corro-
sion was limited to a smaller surface area [see Fig. 8 (c)]. This is
evidence of the formation of a stable and uniform passive layer
on SB-woC steel specimens. Fig. 8 (b) shows the corroded surface
of AR-wC specimens; where a larger area of rebar surfaces was
found to be corroded, and a significant coating was debonded from
the steel surface - indicating the under-film corrosion. This is
because of the low resistance path offered by the possible moist

D]

W& L O Y

; i«fwﬁl

&7 77 |&5§ ,Q T h a2 S
(a) AR-woC (b) AR-WC =
B ; // / y '/,/ ,/, ; { // W 77

(c) SB-woC

Il Corrosion spots

(d) SB-wC

[ Coating debonding

Fig. 8. Schematic of corroded surfaces of various rebars at the end of the test.
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Fig. 9. CDF of corrosion initiation time for a) girder, b) pier, c) pile cap, and d) pile.

rust layer between the steel substrate and CPC coating (see the typ-
ical long and continuous microcrack in Fig. 6 (a)).

However, as shown in Fig. 8 (d), when sandblasting is done
prior to the application of CPC coating, limited corrosion was
observed. This indicates that the CPC coating was continuous and
well-adhered to the sand-blasted steel surface - resulting in lim-
ited entry of chlorides. Also, once the corrosion was initiated, the
ionic conduction was reduced due to the limited steel surface
available as cathode - resulting in minimal under film/crevice cor-
rosion. Therefore, it is suggested to use CPC coated rebar only when
the steel surface is clean.

4.4. Estimation of corrosion initiation time (t;)

In this study, service life is defined as the time to corrosion ini-
tiation (t;). Life-365™ (2016) was used to estimate the t; of the gir-
der, pier, pile cap, and pile elements of the bridge under study.
Fig. 9(a)-(d) shows the Cumulative Distribution Function (CDF)
of t; for the girder, pier, pile cap, and pile elements, respectively.
For this, the probability of 50% of corrosion initiation was consid-

ered to be the end of service life. The input parameters, such as
D¢, Crnax, concrete cover (x), and ‘m’ for each case are given adjacent
to the respective CDFs. In each case, t; for AR-wC specimens was
found to be at least 50% less than SB-wC specimens. The estimated
t; for the best case (SB-wC) of pile caps and piles was found 90 and
40 years, respectively; which is significantly shorter than the orig-
inal design life of 120 years. It should be noted that the pile cap and
pile elements are underground; where availability of oxygen is
limited and therefore, the corrosion rate of rebars could be less
[53]. However, sufficient oxygen can be available for 1 to 2m
below the ground level and the corrosion rate within this region
for pile cap and pile could be high when sufficient chlorides are
available - leading to premature corrosion of these elements [53].

5. Remedial measures

A large number of structures with poor quality CPC coating are
constructed. Unfortunately, many more are being constructed,
especially in the coastal zone with high levels of chlorides [47]. If
the application of CPC coating is continued to be applied on rusted
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rebar, soon many structures will face premature corrosion and the
cost of repair will be significant. Therefore, site personnel should
be insisted to sand-blast the rebars prior to the application of
CPC coatings or order only the necessary and small quantities of
steel (with minimal storage requirements), as being practiced in
many parts of the world. In this way, they do not get exposed for
long-term and experience corrosion by the time of application of
the coating. For new structures, if such quality practices cannot
be assured then it is strongly recommended to avoid the on-site
application of CPC coatings. For the existing structures, cathodic
prevention systems using galvanic anodes could be installed to
delay the onset of corrosion. A small investment of about 3% of
the total project cost before the onset of corrosion can significantly
delay the initiation of corrosion [10]. Once, corrosion starts, it is
more difficult and expensive to install an efficient cathodic protec-
tion system - hence, cathodic prevention is recommended.

6. Summary and conclusions

Recently, many infrastructure systems (railways/highways)
have been constructed using Cement-Polymer-Composite (CPC)
coated steel rebars. Many of them are constructed with poor qual-
ity coatings. One such bridge was considered for this study; where
CPC coating material was applied on as-received steel rebar with a
layer of rust (instead of the clean sand-blasted surface). In order to
assess the quality of concrete used, cylindrical concrete specimens
were extracted from the various elements on the bridge. Experi-
ments were performed to determine surface chloride concentra-
tions (Cs), maximum surface chloride concentrations (Cqx), and
diffusion coefficients (D). To quantify the differences in the chlo-
ride threshold (Cl;;,) of coated and uncoated as-received (AR) and
sand-blasted (SB) steel specimens, macrocell corrosion tests were
conducted on specimens with four steel surface and coating condi-
tions. Then, Life-365™ was used to estimate the corrosion initiation
time.

Experimental results show that the lack of cleaning/sandblast-
ing prior to the application of CPC coating can lead to 50% reduc-
tion of the Cly. Visual inspection of corroded surfaces of steel
specimens also indicated that when CPC coating was applied on
the sand-blasted steel surface, the coating could adhere well to
steel surface - resulting in higher resistance to ionic transfer and
under-film corrosion. This was justified using the SEM images
showing microcracks in the case of as-received specimens and
well-adhered interfaces in the case of sand-blasted specimens. In
addition, significant scatter was observed on the chloride diffusion
coefficient of concrete used in the bridge. Combining the effects of
chloride threshold and chloride diffusion coefficient, the proba-
bilistic corrosion initiation time (t;) was obtained; it was found that
the structures with inadequately coated steel reinforcement might
exhibit about 50% less average service life than expected. There-
fore, surface preparation (rust removal) prior to the application
of CPC coating is an important step to achieve the desired service
life of RC structures.
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