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Abstract
In Bangladesh, every year around five billion distorted bricks are produced due to overheating. These distorted bricks are 
treated as wastes in brick fields and usually disposed under the soil causing significant negative environmental impact. Recent 
studies found that internally cured (IC) concrete, using saturated brick chips (BCs) as an internal curing medium partially 
in place of stone chips, experienced enhanced mechanical and durability properties than conventional concrete (NC) with 
stone aggregate when exposed to adverse curing conditions. Consequently, distorted brick chips (DBCs) appear to have 
considerable potential to produce IC concrete, provided that they possess adequate absorption and desorption capacities. 
Hence, an effort was made to explore the potential of DBC as internal curing agent when proper curing for concrete cannot 
be ensured. It was found that saturated DBC showed moderate absorption and satisfactory desorption property and could be 
used to produce IC concrete. IC samples with DBC experienced higher strength and enhanced resistance against chloride 
intrusion than their NC counterparts in the presence of improper curing. Moreover, significant economic and environmental 
benefit could be attained through the utilization of these waste distorted bricks partially in place of conventional stone chips.
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Introduction

Bricks are used as the primary material in majority of 
masonry constructions of Bangladesh. Moreover, brick 
aggregates are quite popular in the country as coarse aggre-
gate in concrete production due to local scarcity of natural 

stone aggregates [1]. The conventional stone aggregates are 
relatively expensive in Bangladesh due to foreign import 
[2] and high demand, which are often not used in the con-
struction of structural members requiring average strength 
and durability, particularly in rural areas and outskirts of 
cities. In such construction sites, locally manufactured brick 
aggregates are usually used as an alternative to stone chips, 
as coarse aggregate, to prepare concrete mixes due to their 
availability and low cost. In Bangladesh, bricks are gener-
ally produced by manual molding of locally available clay 
soils from paddy fields followed by burning in the kilns, 
which causes differences in material composition due to 
variation in soil composition [2]. According to Department 
of Environment (DOE), Bangladesh database, around 7873 
coal fired kilns along with 6 natural gas fired kilns are under 
operation to produce 34 billion of bricks per annum in the 
country [3, 4]. Generally, five different brick-burning tech-
nologies are being used in brick kilns, such as Fixed-Chim-
ney Kiln (FCK), Zigzag, Hybrid Hoffman (HHK), Vertical 
Shaft Brick Kiln (VSBK) and Tunnel Kiln [5]. Despite hav-
ing interventions from DOE, comparatively less energy-effi-
cient FCK and Zigzag technologies are still responsible for 
92% of brick production in the country [5]. Commercially, 
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four classes of bricks, namely picked or pick-Jhama (Type 
A), first class (Type B), second class (Type C), and third 
class (Type D), are produced in the brick fields. Nomencla-
ture of these commercially produced bricks is done as per 
the descending order of burning concentration inside the 
kiln [2]. Brick field owners aim at producing mainly Type A 
and Type B bricks as they are being used in masonry works 
as well as coarse aggregate in reinforced concrete (RC) [2]. 
However, due to improper temperature control in the kiln, it 
is often difficult to control the quality of brick production. 
Moreover, according to previous studies [2] and the sur-
vey conducted in different brick fields of the country, it has 
been found that approximately 10–15% of bricks are being 
over-heated from a single burn inside the kiln due to uncon-
trolled heating process. These bricks are highly irregular in 
shape and size, darker in color, partly swollen and flattened 
(shown in Fig. 1), which undergo heavy distortion due to 
uneven shrinkage. Such distorted bricks (say Type E) are 
rejected by the brick producers as they cannot be used either 
in construction or masonry works. Hence, they are treated 
as wastes in brick fields. Disposal and management of these 
waste bricks have been a crucial concern to the brick pro-
ducers as well as to the DOE. Generally, these waste bricks 
are disposed under soil in the vicinity of brick fields inviting 
extra man power and transportation. Such disposal method 
affects the nearby soil by reducing fertility in crop produc-
tion and thus causes environment pollution. Besides, some 
of these distorted bricks (less distorted and overheated) are 
mixed with other types of bricks especially with Type C and 
Type D to minimize the loss incurred from the generation 
and disposal of these waste bricks.

In the context of Bangladesh, alternative use of distorted 
bricks is of immense importance for managing such large 
quantity of wastes. A potential application of distorted 
bricks could be in the production of concrete as internal 
curing agent where proper curing conditions are difficult to 
maintain. Recent studies conducted at Bangladesh Univer-
sity of Engineering and Technology (BUET) showed that 

brick chips (BC) produced from Type A and Type B bricks 
can absorb a large amount of water while mixing and are 
capable of desorbing it later under ideal conditions [6, 7]. 
Such impressive absorption and desorption properties of BC 
make it an efficient internal curing agent where curing of 
concrete is done by itself from inside of the concrete matrix 
[8, 9]. Those studies showed that internally cured (IC) con-
crete, with around 20% substitution of conventional stone 
chips (SC) by saturated BC, produced better concrete in the 
absence of proper curing conditions [6, 7]. Another study 
by the same research group showed that under unfavorable 
curing conditions, IC concrete produced from saturated BC 
as internal curing medium yielded lower chloride diffusion 
coefficient [1]. As such, time to corrosion initiation was 
delayed significantly in IC concrete [1]. The saturated BC, 
as internal curing agent, hinders the creation of voids inside 
the concrete due to improper curing by supplying additional 
internal water for hydration under adverse curing condi-
tions. In light of the earlier studies, it seems that distorted 
brick chips (DBC) could also be used as an internal curing 
medium within concrete for supplying additional water dur-
ing hydration if they possess adequate absorption and des-
orption capacities. It is likely that lower absorption capacity 
of DBC, owing to over-heating and distortion, would result 
in lower efficacy as an internal curing medium in compari-
son with commercially produced bricks of superior qual-
ity (Type A and Type B). Nevertheless, moderate degree of 
internal curing from DBC could contribute significantly in 
management of such huge quantities of waste bricks.

It is evident that appropriate curing is crucial to produce 
concrete with desired mechanical properties. However, 
ensuring appropriate curing requires strict quality control 
protocol, which is often difficult to achieve in construction 
sites, particularly at remote regions, due to ignorance of 
workers and improper supervision [6, 10–14]. Degradation 
in durability and strength due to improper curing is further 
aggravated in saline conditions affecting the service life of 
RC structures adversely [15, 16]. Therefore, internal cur-
ing can overcome the shortcomings of concrete under unfa-
vorable curing conditions by ensuring enhanced saturation 
within the cement matrix during hydration. In this study, an 
effort was made to explore the potential of DBC to produce 
IC concrete with better mechanical and durability proper-
ties when subjected to improper curing. Initially, the water 
absorption and subsequent desorption capacities of DBC 
were measured to ascertain the water release capacity of 
DBC under various relative humidity (RH) values. The pore 
structures of DBC and first class (Type B) BC were observe 
and compared using scanning electron microscope (SEM) 
images. Concrete specimens were produced with 20% par-
tial replacement of SC by saturated DBC as IC samples and 
without DBC (with stone chips only) as control samples. IC 
samples with 20% BC were also made for comparison. The Fig. 1   Distorted bricks in brick field
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performance of the produced IC (with both DBC and BC) 
concrete was then assessed and compared with control sam-
ples in terms of strength (compressive strength as per ASTM 
C39 [17]) and permeability (chloride diffusion coefficient as 
per NT Build 492 [18]) under different simulated unfavora-
ble curing conditions in the laboratory. Six different simu-
lated improper curing conditions were considered ranging 
from severe to moderate adverse curing. Finally, the effect of 
inclusion of DBC, as internal curing agent within concrete, 
on chloride induced time to corrosion initiation (TCI) was 
predicted according to the FIB code [19]. Chloride-induced 
corrosion of RC structures primarily depends on the resist-
ance of concrete against intrusion of chloride ion, which 
is usually evaluated by the chloride diffusion co-efficient 
from non-steady-state migration test [18, 20–23]. Improperly 
cured concrete is left with a lot of interconnected voids, due 
to loss of water by evaporation and inadequate hydration, 
which act as continuous medium for chloride ion to intrude 
easily [24, 25]. As a result, resistance of concrete against 
chloride intrusion is significantly decreased, which in turn 
makes the RC structures more susceptible to corrosion with 
reduced TCI [26–31]. Additional water supplied by inter-
nal curing agents can be expected to ensure relatively better 
hydration under such inadequate curing and consequently, 
delay TCI of a RC structure.

The main objective of the research work was to evaluate 
the potential of distorted brick chips (DBC) as internal cur-
ing (IC) medium in enhancing the strength and durability 
of RC structures against chloride-induced corrosion under 
adverse curing conditions. After a comprehensive literature 
review, it was found that there is lack of significant research 
on this issue focusing the use of waste bricks of brick fields 
in the construction sector. The authors believe that the out-
comes of this study will not only contribute in the manage-
ment of waste bricks by utilizing significant amount of the 
same in construction sectors but also compensate economic 
loss incurred by brick producers. However, further study will 
be required to get complete insight on application of DBC 
to produce IC concrete.

Materials and mix design

Materials collection

The over-burnt distorted bricks were collected from com-
mercial brick fields located near Dhaka, the capital of Bang-
ladesh. The distorted bricks were crushed to prepare DBC to 
be used as internal curing agent. Standard first class bricks 
(Type B) were also collected to prepare BC and compare the 
properties of BC to that of DBC. Besides, locally available 
conventional stone chips (SC) and ‘Sylhet’ sand were col-
lected to use as coarse aggregate (CA) and fine aggregate 

(FA), respectively. Ordinary Portland cement (OPC) (simi-
lar to ASTM Type 1) was used as binding materials. Sieve 
analysis of CA (SC) and FA (sand) was performed to get 
their gradation curves as per ASTM C136 [32]. The grada-
tion curves of both CA and FA are shown in Figs. 2 and 3, 
respectively.

Fineness moduli (FM) values of CA and FA were 
obtained as 6.64 and 2.69, respectively. Bulk specific gravity 
(OD) of both SC and DBC was measured as per ASTM C127 
[33] and found to be 2.71 and 1.70, respectively. Besides, 
absorption capacity of SC, BC, and DBC was determined 
to be 0.65%, 12%, and 8%, respectively. Similarly, bulk spe-
cific gravity and absorption capacity of sand were evaluated 
as 2.65 and 1.16%, respectively, as per ASTM C128 [34]. 
Moreover, unit weight of SC, BC, DBC and sand was deter-
mined as 1485, 995, 1010 and 1550 kg/m3, respectively, fol-
lowing ASTM C29 [35] specifications. According to ASTM 
C187 [36] and ASTM C191 [37], the normal consistency 
and setting time of OPC were measured to be 27.2%, and 
155 min (Initial) and 240 min (Final), respectively. On the 
other hand, its fineness was computed as 28.2 m2/kg fol-
lowing ASTM C204 [38]. Subsequently, cement mortar’s 
compressive strength was measured in accordance with 
ASTM C109 [39] and 28-day mortar strength was obtained 
as 32.80 MPa satisfying the code requirement [40].

Fig. 2   Gradation curve for CA

Fig. 3   Gradation curves of FA
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Mix design

Concrete mixes were prepared to attain a moderate strength 
in the range of 25 to 30 MPa, which is quite common in 
ordinary concreting works. After several trial, a mix ratio 
of 1: 2.1: 2.8 (cement: FA: CA) on weight basis with water-
to-cement (w/c) ratio of 0.50 was selected that resulted in 
compressive strength of around 30 MPa for normal concrete 
or control sample kept under standard curing environment. 
Two types of concrete cylinders were produced following 
this ratio. One set of samples were produced with only SC 
as CA, which has been termed as control samples (NC). 
Another two sets were prepared with 20% replacement of 
SC by BC (Type B) and DBC as internal curing agent, which 
have been termed as internally cured (IC) samples: IC(B) 
and IC(E), respectively. All sets of concrete samples were 
kept under the laboratory-simulated curing conditions after 
casting. Besides, one set of sample was additionally pre-
pared with only SC as CA with 28-day curing under water 
to represent standard normally cured concrete samples des-
ignated by NCS. The mix design was developed for such 
NCS sample to achieve target strength of around 30 MPa 
as mentioned above. Table 1 presents approximate amounts 
of constituents needed to prepare 1 m3 of concrete for the 
weight-based mix ratio of 1: 2.1: 2.8. All the collected mate-
rials were converted to saturated-surface-dry (SSD) condi-
tion in the laboratory prior to mixing.

Simulated adverse curing conditions

After casting, all NC and IC samples were subjected to 6 
(six) adverse simulated curing conditions (ranging from 

severe to moderate) in the laboratory. Table 2 presents the 
descriptions and abbreviations of various simulated curing 
conditions. The severity of adverse curing conditions was 
expressed numerically from 1 to 6 where 1 represents the 
extreme adversity considered in the study. One set of IC(B), 
IC(E) and NC samples were kept outside the laboratory 
without any cover immediately after the casting to simulate 
the most severe curing conditions, which was designated 
as “1” in terms of the degree of severity. These samples 
were designated as IC(B/E)0W and NC0W, respectively 
(Table 2). Likewise, another set of both types of samples 
termed as IC(B/E)0P and NC0P, respectively, were exposed 
to similar conditions but with polythene covering. On the 
other hand, another two sets of IC samples and one set of 
NC samples were exposed to ambient condition after curing 
under water for 3 and 7 days to represent comparatively less 
severe curing conditions. Moreover, in order to simulate the 
ideal curing environment, one set of samples, termed as NCS 
prepared with SC as CA only was submerged under water 
for a period of 28 days. Figure 4 shows various simulated 
curing conditions in the laboratory.

Experimental program and methodology

Desorption test of brick aggregates

The desorption test of DBC was performed as per ASTM 
C1761 [41]. The desorption of BC was also conducted for 
comparison. Like any lightweight aggregate (LWA), the 
efficacy of DBC aggregate as internal curing agent can be 
evaluated by its absorption and desorption properties [42]. 

Table 1   Approximate amounts 
of constituents needed for 1-m3 
concrete

Water/
cement ratio

Cement (kg) FA (kg) Percent replacement 
of SC by BC (%)

SC (kg) BC (kg) Slump (mm)

0.50 353 736 0 1000 0 55
20 800 200 61 (Type B)

64 (Type E)

Table 2   Simulated curing conditions and their abbreviations in the laboratory

SL Simulated curing conditions Degree of 
severity

IC(B)/IC(E) Samples NC samples

1 Exposed just after casting without any cover 1 IC(B/E)0W NC0W
2 Exposed just after casting and covered with polythene 2 IC(B/E)0P NC0P
3 Exposed after 3 days of curing under water and without any cover 3 IC(B/E)3W NC3W
4 Exposed after 3 days of curing under water and covered with polythene 4 IC(B/E)3P NC3P
5 Exposed after 7 days of curing under water and without any cover 5 IC(B/E)7W NC7W
6 Exposed after 7 days of curing under water and covered with polythene 6 IC(B/E)7P NC7P
7 Curing under water for 28 days – NCS
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Consequently, desorption test of the saturated DBC was con-
ducted using a dehumidifier (Model: HBY-60B), as shown in 
Fig. 5a, to determine its efficiency in desorbing of absorbed 
water following ASTM C1761 [41]. A total of 20 differ-
ent tests were performed in the humidifier having a wide 
range of temperatures and relative humidity (RH) values. 
Tests were performed for four RH values of 70, 80, 90, and 
95% and five different temperatures of 15, 20, 25, 30, and 
35 °C. In order to perform desorption test, DBC aggregates 
were made fully saturated by water under a vacuum chamber 
known as desiccator. After that, these DBC samples were put 
inside the dehumidifier at the aforementioned temperatures 
and RHs as shown in Fig. 5b. Loss of water was measured at 
1-h interval by weighing until the measured weight becomes 
constant.

Pore structure of BC and DBC

The microstructure of standard BC and over burnt DBC 
was investigated by scanning electron microscope (SEM) 
images. The SEM images were captured using Jeol JSM-
7600F Schottky Field Emission Scanning Electron Micros-
copy (FE-SEM). The pore structure of BC and DBC was 

analyzed using SEM images and ImageJ software in order 
to complement the macro-behavior of aggregates through 
micro-structure. Smile View software was also used to eval-
uate tentative size of pores from the SEM images.

Compressive strength test

The compressive strength tests of IC (made with both BC 
and DBC), NC and NCS samples were conducted following 
ASTM C39 [17] standard. The IC, NC and NCS samples 
(100 mm-by-200 mm concrete cylinder) were taken out from 
each simulated curing condition after 28 days for compres-
sive strength test. The cylindrical samples were subjected 
to axial load by compression machine until failure at a rate 
of 0.15 MPa/s.

Non‑steady‑state rapid migration test

To compute the chloride migration co-efficient, a non-
steady-state migration test (RMT) was conducted for all IC, 
NC and NCS samples following NT Build 492 [18] standard. 
The chloride diffusion co-efficient of concrete samples was 
measured following Eq. (1) from the NT Build 492 [18]. 

Fig. 4   a Standard curing condi-
tion (under water) and b adverse 
curing conditions with and 
without cover

Fig. 5   a Dehumidifier and b 
DBC samples inside the dehu-
midifier
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The migration tests of all samples were carried out when 
the samples were of 45 days old. For the migration test, 
50-mm-thick cylindrical samples were prepared from for-
merly cast cylinders. The specimen’s surface was dried, and 
epoxy (Fig. 6a) coating was applied to side surface in order 
to restrict chloride intrusion only through the exposed end 
surfaces. When the epoxy was dried, the specimen was vac-
uum-saturated by using a desiccator (Fig. 6b) and submerg-
ing under Ca(OH)2 solution for 20 h. The vacuum-saturated 

samples were submerged under 10% NaCl catholyte solution 
and 0.3 M NaOH anolyte solution in the migration test setup 
as shown in Fig. 7a [18]. Chloride ion from catholyte solu-
tion of NaCl was forced to penetrate the concrete samples 
by applying external power. The test was carried out for 24 h 
duration and at the end of the migration test; the specimen 
was divided axially into two halves. A spray of 0.1 M silver 
nitrate solution was applied on one of the freshly split sec-
tions (Fig. 7c) that reacted with the Cl− ion resulting silver 

Fig. 6   Sample preparation: a 
epoxy-coated test specimen and 
b preconditioning

Fig. 7   Non-steady-state migration test a experimental setup, b schematic view, c spraying of AgNO3 on tested specimen and d chloride penetra-
tion depth measurement
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chloride precipitation (white). Using a ruler, the depths of 
visible white silver chloride precipitation were measured at 
a 10-mm interval (Fig. 7d). Finally, chloride diffusion co-
efficient of different tested concrete samples was calculated 
from penetration depths of silver nitrate, applied voltage and 
temperature using Eq. (1) [18].

where
Dnssm: chloride migration coefficient, (in 10–12 m2/s);
U: voltage applied (absolute value), V;
T: temperatures in the anolyte solution (average of initial 

and final), °C.
L: thickness of the sample, mm;xd: depths of penetration 

(average), mm;t: duration of test, hour.

Surface resistivity test

Surface resistivity test was conducted on all set of samples 
using a “Proseq Resipod” following AASHTO TP 95 code 

(1)

Dnssm =
0.00239(273 + T)L

(U − 2)t

(
xd − 0.0238

√
(273 + T)Lxd

U − 2

)

[43]. Surface resistivity (SR) measurement provides informa-
tion about the likelihood of corrosion and the rate of corrosion 
of reinforced concrete. In order to conduct resistivity meas-
urement, the concrete cylinder was first oven-dried and then 
vacuum-saturated with lime water. After that samples were 
submerged under water for duration of 18 h to measure satu-
rated surface resistivity using the resipod. The tested concrete 
surface was brought in contact with the caps of outer probes 
by firmly pressing the resipod over it as shown in Fig. 8. The 
resistivity values of the tested mixes were displayed on the 
screen of the instrument. The measured resistivity values were 
then corrected applying geometric and temperature correction 
factors [44–46] as discussed in the following sections.

Factor for geometry effects

The Wenner probe was used for measurement of surface resis-
tivity of the concrete samples. Since concrete surface resistiv-
ity provides information about the ability of concrete to resist 
chloride penetration, it is an important parameter to understand 
the durability of concrete. However, resistivity is independ-
ent of the geometry and configuration of the specimen [47]. 
Generally, commercially available devices like Proceq Resipod 
measure the concrete resistance. The measured resistance is 
then corrected for specimen geometry using a geometry fac-
tor (k), considering the specimen size, shape, and electrode 
configuration [47]. The corrected resistivity value (r) is deter-
mined by multiplying the geometry factor (k) with the resipod 
reading (R) as provided in Eq. 2.

Figure 9 schematically shows fundamental principle of sur-
face resistivity measurement. It is required to use large spacing 
(s) of probe tip during resistivity measurement for avoiding 
aggregate interference that ensures infinite half-space achieve-
ment (s ≪ d, L, where d and L are the diameter and length of 
cylinder, respectively) [48]. However, in cylindrical specimen, 

(2)r = R.k

Fig. 8   Surface resistivity measurement

Fig. 9   Surface resistivity meas-
urement principle
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the large spacing cannot be maintained due to smaller sample 
dimension, and hence, the geometry factor (k) of cylindrical 
specimen is measured through Eqs. 3–5. The Proceq Resipod 
[49] automatically applies adjustment for k1 to the readings, 
and therefore, the value of k1 should be taken as unity in Eq. 3.

Factor for temperature correction

Temperature also influences surface resistivity measurement 
of concrete samples, and therefore, correction for tempera-
ture is needed with respect to a reference temperature. Sur-
face resistivity values are corrected for temperature using the 
activation energy-based relationship [47], as given in Eq. 6.

In Eq. 6, rTref is the corrected resistivity, r is the resistivity 
measured at temperature T, Ea-cond is the activation energy, 
R is the universal gas constant (8.314 J/k/mol) and Tref is the 

(3)k =
k1

k2

(4)k1 = 2�s

(5)
k2 = 1.10 −

0.730(
d

s

) +
7.34(
d

s

)2

(6)
rTref

r
= exp−

Ea-cond

R

(
1

T
−

1

Tref

)

reference temperature (23 °C). In this study, surface resis-
tivity was measured at temperature 25 °C. The activation 
energy for OPC mixes was taken as 25.1 kJ/mol from a pre-
vious study by Spragg [47].

Prediction of service life

In the marine environment, durability of any RC structure is 
typically measured by its resistance against chloride-induced 
corrosion. Such resistance is described by the accumulation 
of critical chloride level on the rebar’s surface to initiate cor-
rosion through depassivation of the inherent protective layer 
due to the reduction in pH within concrete matrix and subse-
quent propagation of the cracks beyond allowable limit. As 
such, service life against chloride-induced corrosion for of 
RC structures comprises of time required to initiate corro-
sion, time required to initiate crack and time required for the 
propagation of crack beyond the allowable limit. However, 
the primary component that determines the service life of 
RC structure is time to corrosion initiation as other two com-
ponents are comparatively smaller in duration. Time to cor-
rosion initiation (TCI) is determined by the accumulation of 
critical amount of chloride ions on the rebar’s surface from 
outside environment by penetrating the concrete cover. As 
per European standard EN 206-1[42], four chloride-induced 
corrosion phenomena have been categorized into four expo-
sure classes depending on the surroundings of a structure. 
A description of four exposure classes according to EN 
206-1 [42] with chosen concrete covers (for analysis in the 
study) is presented in Table 3. For each class of exposure, 
different feasible cover values were selected in this study for 

Table 3   Various classes of exposure in relation to chloride-induced corrosion [42]

Classes Sub-classes Description of the environment Chosen 
concrete cover 
(mm)

Corrosion induced by chlo-
rides other than from sea 
water (XD)

XD1 Concrete surfaces exposed to airborne chlorides 25

37.5
XD2 Parts of bridges exposed to spray containing chlorides, pavements, car 

park slabs
75

100
125
150

Corrosion induced by Chlo-
rides from sea water (XS)

XS1 Structure near to or on the coast exposed to airborne salt 37.5

50
XS2 Part of marine structures with the tidal, the splash and spray zone 75

100
125
150
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predicting TCI to achieve service life of around 50 years or 
more. Chloride-induced TCI was measured using the revised 
equations of DuraCrete [50, 51] and is shown in Eqs. 7 and 
8. Different parameters of the equations, chosen from FIB 
Bulletin 34 [19], are provided in Table 4.

Results and discussion

After performing relevant tests pertaining to the study, 
obtained results are presented and discussed in depth. In 
this regard, appropriate graphs and bar charts are used to 
comprehend the relationship among them. Initially the 
results obtained from desorption test of brick aggregates are 
presented and discussed. Afterwards how internal curing 
affects concrete’s compressive strength, chloride diffusion 
coefficient, surface resistivity and time to corrosion initia-
tion under various adverse curing conditions simulated in 
the laboratory are discussed.

Effect of temperature and RH on desorption rate 
of BC and DBC

Desorption rates in terms of absorbed water of BC and DBC 
for four different RHs and five different temperatures are pre-
sented in Fig. 10a and b, respectively. Earlier, the absorption 

(7)

Ccrit = C(x = a, t) = CO +
(

CS,Δx − CO
)

.
⎡

⎢

⎢

⎢

⎢

⎣

1 − erf

⎛

⎜

⎜

⎜

⎜

⎝

x − Δx

2.
√

KeKt

(

to
t

)a
Dcrm

(

to
)

.t

⎞

⎟

⎟

⎟

⎟

⎠

⎤

⎥

⎥

⎥

⎥

⎦

(8)where ke = exp

(
be

(
1

Terf
−

1

Treal

))

capacities of BC and DBC were found to be 12% and 8%, 
respectively. It was observed from desorption test that, in 
general, with the increase of temperature the desorption 
rate increased. On the other hand, reverse relationship was 
observed between relative humidity and desorption rate for 
both BC and DBC. It was evident from desorption test that 
maximum desorption rate of 88% and 80% was obtained 

Table 4   Values of different parameters of Eqs. 7 and 8 [19]

Parameters Definition XD1 XD2 XS1 XS2

Ccrit Critical chloride content [wt.-%/c] 0.60 0.60 0.60 0.60
C0 Initial chloride content of the concrete [wt.-%/c] 0.10 0.10 0.10 0.10
CS,Δx Chloride content at a depth Δx and a certain point of time t [wt.-%/c] 1 2 1.5 2
Δx Depth of the convection zone [mm] 0 10 0 10
Dcrm(to) Apparent coefficient of chloride diffusion through concrete [mm2/years] From RMT test as per NT Build 492 [18]
kt Transfer parameter 1 1 1 1
a Ageing exponent 0.65 0.30 0.65 0.30
t0 Reference point of time [years] 0.1233 0.1233 0.1233 0.1233
be Regression variable [K] 4800 4800 4800 4800
Tref Reference temperature [K] 301 301 301 301
Treal Temperature of structural element or ambient air [K] 301 301 301 301

Fig. 10   Effect of temperature and RH on desorption rate of a BC and 
b DBC
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at RH of 70% (the lowest RH during experiment) and tem-
perature of 35 °C (the highest temperature considered in the 
study) for BC and DBC, respectively. Such trend in desorp-
tion capacity was analogous to the previous findings on BC 
as internal curing medium within concrete [6, 7, 10]. Moreo-
ver, based on current desorption test results and previous 
studies [6, 7, 10], it can be inferred that DBC would experi-
ence desorption rate of more than 80% under reduced RH 
than that of 70%. On the other hand, minimum desorption 
rates of 18% and 15% for BC and DBC, respectively, were 
found at RH ranged between 90 and 95% and temperature of 
150C. It was also observed that the desorption rate become 
somewhat similar when the RH reached 90% and above. It 
was evident that DBC showed relatively lesser absorption 
and desorption capacity as compared to BC due its modified 
pore structure resulting from over-burning. However, even at 
higher RH of 95%, DBC showed desorption rate of around 
40% of its absorbed water at relatively higher temperature, 
which confirmed the presence of extra water inside concrete 
matrix just after the casting when both RH and temperature 
remain considerably higher.

Pore structure analysis of BC and DBC through SEM 
images

In this section, an attempt has been made to analyze the 
pore structure of BC and DBC using SEM images. ImageJ 
and Smile View software were used to have a general idea 
on size and area of pores within BC and DBC. In Fig. 11, 
the tentative size of pores measured through Smile View is 
shown. Figure 12 shows the SEM images of both BC and 
DBC with pores in the ImageJ environment. The images on 
left side show the pores on SEM images, and the outlines of 
the pores are shown in the images on right side of Fig. 12.

Visible pores in SEM images of BC and DBC were ana-
lyzed using both Smart View and ImageJ software to com-
pare the size and distribution of pores within normal and 
over burnt brick matrix. It is evident from Fig. 11 that DBC 
had relatively larger pores as compared to its BC counter-
part. Pores outlined by ImageJ software, as shown in Fig. 12, 
also matched with the observation from Smart View out-
comes. The ImageJ software also provides quantitative 
numerical analysis of pores in terms of size [52]. The aver-
age size of pores of DBC was obtained as 104.6 µm2, which 
is significantly higher than that of BC (34.9 µm2). Feret’s 
diameter is the measure of the longest distance between any 
two points along the selection boundary. Therefore, it is used 
to present the largest dimension of the pores from ImageJ 
analysis. Pores in DBC showed maximum Feret’s diameter 
of 14.3 µm, whereas in case of BC, maximum Feret’s diam-
eter was obtained as 11.2 µm. The percentage area of pores 
in DBC was also higher as compared to BC. Numerically, 
2.1% of area was occupied by the pores in DBC and 1.3% 
in case of BC. Therefore, it is obvious from SEM image 
analysis that DBC had larger pores than that of BC which 
matched with previous studies [53, 54]. Cultrone et al. [53] 
observed that over-burning of bricks resulted in increase in 
proportion of large pores and reduction of pore connectivity. 
The reduced absorption capacity of DBC as compared to 
BC, as discussed in "Materials collection" section, was due 
to such discontinuity between pores caused by over burning.

Effect of IC on compressive strength

In Fig. 13, compressive strengths of all IC(B) and IC(E) 
samples are graphically presented using bar diagrams 
alongside NC samples for all simulated adverse cur-
ing conditions to show the variation among them. The 

Fig. 11   Tentative pore size using SEM images by Smart View of a BC, b DBC
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compressive strength values provided in Fig. 13 are the 
mean of minimum three test results of each sample type. 
The error bars represent the standard deviation of meas-
ured compressive strength values of each sample. For com-
parison, dashed lines are used to depict the compressive 
strengths of control sample under standard curing (NCS). 
Trends in compressive strength results indicated 1–8% 

higher compressive strength for IC(E) samples than those 
of the corresponding NC sample under similar adverse 
curing condition. Particularly, under 0P and 0W curing 
conditions, which were comparatively harsher (Table 2), 
IC(E) sample showed 8% and 7% higher strength, respec-
tively, than that of their NC counterparts. This clearly 
shows the efficacy of internal curing by DBC in terms of 
compressive strength of the resultant concrete. It was also 
found that IC(B) samples exhibited greater compressive 
strength as compared to their IC(E) counterparts due to 
relatively higher absorption and desorption ability of BC. 
For instance, under 0P and 0W curing conditions, IC(B) 
samples produced about 4.5% and 4% more strength than 
the corresponding IC(E) samples. However, under 7W and 
7P condition, there is no significant difference between 
compressive strengths of concrete samples with or without 
IC. In fact, all samples showed almost similar strength 
when they were cured under water for 7 days and then 
covered with polythene sheets. Under such conditions, the 
NC samples gained considerable strength due to longer 
duration of submergence under water and consequent 
less evaporation. It should also be noted that sample with 

Fig. 12   Analysis of pore structure using SEM images by ImageJ of a BC, b DBC

Fig. 13   Effect of IC on compressive strength
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polythene covering showed higher compressive strength 
than samples without any cover for all curing conditions. 
The IC(B) samples exhibited the highest compressive 
strength irrespective of adverse curing condition due to the 
higher absorption and desorption capacity of Type B brick 
as mentioned earlier. Under all simulated adverse curing 
conditions, concrete samples prepared from stone chips 
only (NC) exhibited lower compressive strength than that 
of IC samples due to the poor hydration, resulting from the 
loss of water by evaporation. On the other hand, the satu-
rated brick chips acting as internal curing agent ensures 
better hydration in concrete by supplying additional water 
under such circumstances. Nevertheless, control samples 
(NCS) under ideal curing conditions produced the maxi-
mum compressive strength among all other samples.

Effect of IC on chloride diffusion coefficients

In Fig. 14, chloride diffusion coefficients obtained from 
migration test are portrayed graphically for each IC and NC 
samples side by side for all adverse curing conditions. The 
bar diagrams represent average of at least three samples 
tested as per NT Build 492 [18]. Besides, diffusion coeffi-
cient of control sample (NCS) is also presented using dotted 
lines for better representation of comparison among them.

As seen from Fig.  14, IC samples (both B and E) 
showed lower chloride diffusion coefficients than their NC 
counterparts for all simulated adverse curing conditions. 
Numerically, about 2–9% lower migration coefficients were 
observed for the samples with IC(E) than corresponding 
NC one cured under the similar simulated conditions. This 
clearly indicates the superior performance of IC(E) sam-
ples (ensured by internal curing ability of DBC) over NC 
in terms of resisting chloride intrusion when exposed to 
adverse curing conditions. Besides, NC sample under 0W 
condition, which is considered as the most unfavorable cur-
ing condition of the study (Table 2), showed highest diffu-
sion rate which was about 65% higher than that of properly 
cured NCS. Again, when compared to NCS samples, IC(E) 

samples under the same adverse curing condition (0W) 
experienced about 55% higher diffusion coefficient. Such 
behavior of IC samples is the effect of curing ability of DBC 
internally, which resulted in better hydration inside concrete. 
Similar to compressive strength results, DBC, as an internal 
curing agent, exhibited significant positive impact on the 
resistance of chloride intrusion under adverse curing envi-
ronment. Moreover, it was observed that polythene cover-
ing exhibited better chloride resistance performance as com-
pared to without covering condition due to prevention of loss 
of water through evaporation except in case of 3P and 3W 
curing conditions for IC(B) samples. Such inconsistency was 
probably due to variation in sample preparation and test con-
ditions. It should also be noted that more prominent effect of 
covering was observed for “0” curing conditions since in this 
condition, samples were exposed just after casting.

Effect of IC on surface resistivity of concrete

Resistivity determines the capability of concrete to resist 
the passage of electric ions into the concrete. Corrosive ions 
can easily pass through the concrete with high porosity and 
interconnected pore network. In Fig. 15, the variations in 
resistivity of the samples for various simulated curing condi-
tions are shown. The dotted line in Fig. 15 represents surface 
resistivity of NCS sample.

Figure 15 shows that when compared under similar curing 
condition, IC samples exhibited reasonably higher surface 
resistivity than the corresponding NC ones. For instance, 
under 0P, 0W, and 3P conditions, IC(E) samples showed, 
respectively, 25%, 20% and 15% higher resistivity than 
corresponding NC samples indicating their superior resist-
ance against chloride penetration. On the other hand, rela-
tively less significant variations in surface resistivity were 
observed for samples cured under comparatively less critical 
curing conditions (like 7W and 7P). It was also found that, 
in general, concrete samples with IC(B) exhibited higher 
resistivity than that of their IC(E) counterparts due to bet-
ter absorption and desorption ability of Class B aggregates.

Fig. 14   Effect of IC on chloride diffusion coefficients

Fig. 15   Effect of IC on surface resistivity of concrete
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Effect of DBC as internal curing agent on time 
to corrosion initiation (TCI)

The estimated corrosion initiation time (as per fib code) of 
all concrete samples under each adverse curing condition is 
presented in Fig. 16 through Fig. 18 for exposure category 
of XD1, XS1 and XD2/XS2, respectively. Such estimation 
of TCI is important to quantitatively evaluate the impact of 
internal curing on chloride-induced corrosion-related ser-
vice life of RC element under adverse curing conditions. 
Moreover, results of concrete samples produced from IC (B 
and E) and NC are presented by bar diagram side by side 
in order to understand the effectiveness of DBC as internal 
curing agent. In addition, time to corrosion initiation of NCS 
is also displayed for comparison by dashed line.

In Fig. 16a, b, results of TCI for XD1 exposure are pre-
sented for concrete cover of 25 mm and 37.5 mm, respec-
tively. In general, when cured under similar conditions, 
IC(B) samples experienced similar or slightly higher TCI 
than that of IC(E) samples due to their reduced migration 
coefficient, resulting from better absorption and desorption 
capacity of first class brick. It is also observed from Fig. 16a 

that when subjected to similar curing environment for con-
crete cover of 25 mm, both IC(E) and IC(B) samples showed 
higher corrosion initiation time in comparison with control 
sample. In case of relatively severe curing conditions, i.e., 
0W, 0P, 3W and 3P, IC(E) samples exhibited reasonably 
higher time to corrosion initiation than their NC counter-
parts. On the other hand, under 7W and 7P curing condi-
tions, the differences between TCI of internally cured sam-
ples and control samples were comparatively less. Similar 
trend was also observed for 37.5 mm cover from Fig. 16b 
where it showed significantly increased TCI for all inter-
nally cured samples considered in the study. Such behavior 
was the indication of the fact that DBC could be an effec-
tive IC agent under comparatively severe curing condition 
and XD1 exposure. However, TCI was considerably higher 
for 37.5-mm cover in comparison with 25-mm cover for all 
samples. For 37.5 mm-cover, all concrete samples regardless 
of curing conditions exhibited TCI of significantly higher 
than 100 years and therefore might not create durability 
issues regarding chloride-induced corrosion. However, for 
lesser cover, internal curing appears to provide reasonable 
increase in chloride-induced corrosion initiation time and 

Fig. 16   Effect of IC on TCI 
for XD1 and cover a 25 mm; b 
37.5 mm

Fig. 17   Effect of IC on TCI for 
XS1 and cover a 37.5 mm; b 
50 mm
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consequent enhancement of durability. Similar trend of sig-
nificant delaying in corrosion initiation due to internal cur-
ing was observed for relatively lower cover values under 
other exposure conditions that have been discussed in the 
following sections.

The TCI values of IC and NC samples under XS1 expo-
sure and with cover of 37.5 mm and 50 mm are shown in 
Fig. 17a and b, respectively. When subjected to similar cur-
ing conditions, IC samples experienced enhanced service 
life compared to NC samples echoing the pattern of previous 
exposure class. For 50-mm cover, all samples exhibited con-
siderably higher TCI since XS1 exposure is reasonably less 
severe as compared to XD2 and XS2 exposure classes. In 
case of 37.5-mm cover, the delay in TCI for IC(E) samples 
ranged from 7 to 15 years for relatively severe curing condi-
tions, i.e., 0W, 0P, 3W and 3P. Such delay in TCI was signifi-
cant as compared to NC samples under these adverse curing 
conditions that ranged between 35 and 55 years. Therefore, 
benefit of using DBC as internal curing agent was apparent 
from the delayed TCI as compared to corresponding normal 
concrete under unfavorable curing environment.

Figure 18a, b illustrates the chloride-induced corrosion 
initiation time of all samples tested in the study under XD2/
XS2 exposure class for concrete covers of 125 mm and 
150 mm, respectively. The lower cover values than 125 mm, 
i.e., 75 mm and 100 mm, were not included since these cover 
values resulted in significantly reduced TCI (lesser than 
25 years) for all IC and NC samples. This is due to the fact 
that XD2 and XS2 exposure classes represent the harshest 

exposure at which lower cover values appear to have less 
practical significance. Under these two exposure classes, 
the RC structures are directly exposed to spray containing 
chlorides or tidal and splash zones of marine environment. 
It is evident from Fig. 18a, b that all adversely cured IC sam-
ples showed delay in TCI as compared to NC samples. For 
instance, concrete sample with 150-mm cover and having 
comparative harsh curing environment of 0P and 0W showed 
about 4.5 and 10 years increment in TCI values in compari-
son with NC samples. On the other hand, under 3P and 3W 
conditions, IC(E) samples showed around 7.5–9.5 years 
delay in corrosion initiation for 150-mm cover. Such delay 
in TCI clearly indicates the efficacy of DBC to be used as 
IC agent for the RC structures, which are in direct contact 
with saline environment under adverse curing conditions.

Economic benefit of using DBC as internal curing 
agent 

Utilization of DBC as an effective construction material 
could have considerable impact on the economy of brick 
industry as well as construction sector of the country. Dif-
ferent aspects of economic benefit of DBC in relation to 
construction sector are summarized in Table 5. According 
to DOE database, annual production of useable bricks (com-
mercial bricks) in the country is about 34 billion [3, 4]. In 
actual fact, total production of brick is around 38–40 billion 
as 10–15% got wasted due to uneven heating process in the 
kiln. This means annually around 5 billion (considering a 

Fig. 18   Effect of IC on TCI for 
XD2/XS2 and cover a 125 mm; 
b 150 mm

Table 5   Snapshot of economic benefit of distorted brick chips

a 1 USD = 82.5 BDT

Parameter Unit Quantity Monetary value (BDT)a

Annual brick production (commercial) Number 34.0 billion [3, 4] 333 billion (3.90 billion USD) [55]
Distorted brick generation (12.5%) Number 5 billion 49 billion (5.55 million USD)
20% Stone chips in 1m3 concrete (1: 2.1: 2.8) m3 0.13 825 (10 USD) [55]
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mean wastage of 12.5%) waste bricks are being produced 
in the country.

It is evident from Table 5 that brick sector incurs around 
BDT 49 billion (USD 5.55 million) annually due to the 
unwanted generation of distorted bricks [55]. Moreover, 
these bricks are disposed under soil, which needs vehicle 
and manpower requiring more money for disposal. Besides, 
disposal of bricks under the soil can have significant nega-
tive impact on nearby soil and environment. On the other 
hand, price of stone chips is considerably high in the country 
as it has to be imported. So, replacement of 20% stone chips 
by DBC as coarse aggregate can significantly reduce the use 
of stone chips, which in turn reduce the cost of construc-
tion materials. Numerically, around 0.13 m3 stone can be 
saved (considering mass based mix ratio of 1:2.1:2.8) per 
cubic meter of concrete reducing the cost of coarse aggre-
gate around BDT 825 (USD 10) per cubic meter of concrete 
[55]. It is evident from the study that such replacement can 
be done in construction sites where proper curing is dif-
ficult to maintain. The IC concrete with 20% DBC exhib-
ited TCI of significantly higher than 100 years for concrete 
cover of 37.5 mm and 50 mm under XD1 and XS1 exposure 
classes, respectively. Therefore, concrete with 20% DBC 
as partial replacement of stone aggregate can also be used 
when exposure class is less severe. Moreover, the compres-
sive strengths of concrete with 20% DBC under 7P and 7W 
curing conditions were found to be comparable with the 
strength of control concrete exposed to ideal curing. The 
control concrete of the study was developed for moderate 
strength of 30 MPa as it is commonly used in ordinary con-
struction works of the country. Therefore, concrete with 
20% DBC appears to achieve equivalent strength of stand-
ard concrete with conventional stone aggregate for moderate 
strength range and under proper curing conditions. However, 
further studies will be required with larger sample sizes and 
mix variations to propose comprehensive guidelines in this 
matter. Nevertheless, the outcome of the study sheds light on 
the potential of utilizing waste distorted bricks in different 
types of construction scenarios of the country.

Conclusion

This research was primarily conducted to investigate the 
potential of distorted brick chips (DBC) as internal cur-
ing agent to produce internally cured (IC) concrete with 
enhanced mechanical and durability performance as com-
pared to control concrete under adverse curing conditions. 
Utilization of such waste distorted bricks as partial replace-
ment of stone aggregates can also reduce economic loss, 
environmental pollution and usage of natural resources 
like stones. The outcomes of the study can be concluded 
as follows:

•	 Like any light weight aggregate (LWA), saturated dis-
torted brick chips (DBC) possess moderate absorption 
and satisfactory desorption property to be used as inter-
nal curing agent within concrete. As the temperature 
rises and relative humidity (RH) drops, the rate of des-
orption of saturated DBC increases and vice versa. How-
ever, DBC experienced lesser absorption and desorption 
capacity than that of first class brick (Type B) chips (BC).

•	 It was found that IC samples with DBC as internal curing 
agent, i.e., IC(E) samples, showed 1–8% more compres-
sive strength compared to NC sample under different 
simulated curing conditions of the study. The difference 
in strength between IC and NC samples was observed to 
be dependent on severity of the curing conditions. Under 
comparatively harsh curing environment (like 0P and 
0W), relatively higher strength was obtained by IC(E) 
samples as compared to NC ones. Moreover, samples 
with polythene covering showed enhanced strength as 
compared to the samples without any cover for all con-
sidered curing environment.

•	 Under relatively less harsh curing phenomena (like 7P 
and 7W), concrete samples with DBC, i.e., IC(E) sam-
ples, exhibited comparable strength of normal concrete 
exposed to proper curing (NCS samples).

•	 Saturated DBC used as IC agent showed significant posi-
tive impact on the resistance to chloride intrusion, thus 
enhancing the durability issues of concrete. It was found 
that for different adverse curing conditions considered 
in the study, IC(E) samples showed 2–9% lower chloride 
diffusion coefficients than their NC counterparts when 
subjected to unfavorable curing conditions.

•	 The enhanced durability performance of IC samples was 
also validated through surface resistivity tests. Under rel-
atively severe curing conditions, i.e., 0P, 0W, 3P and 3W 
conditions, IC(E) samples showed, on an average, about 
20% higher resistivity than corresponding NC samples.

•	 Due to reduced chloride diffusion coefficient, higher cor-
rosion initiation time was exhibited by IC(E) samples as 
compared to NC samples under similar simulated adverse 
curing conditions. Various exposure classes and concrete 
covers were considered in measuring time to corrosion 
initiation (TCI) of all the sets of samples considered. 
Under relatively less severe exposure classes like XD1 
and XS1, IC(E) samples with typical cover of 37.5 mm 
or 50 mm exhibited satisfactory TCI for all the simu-
lated curing conditions of the study. It was also observed 
that internal curing could provide reasonable delay in 
initiation of chloride-induced corrosion and consequent 
enhancement of durability when subjected to extreme 
exposure class, i.e., XD2 and XS2 under harsher curing 
conditions.

•	 About 5 billion bricks are being wasted annually in the 
country due to overheating in the kiln. The distorted 
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brick chips (DBCs) in the study were produced from such 
overheated brick wastes. Therefore, utilization of DBC 
as construction materials can have significant economic 
benefit. It was found from the study that DBC has con-
siderable potential to be used as internal curing agent in 
construction sites where adverse curing conditions exist. 
Moreover, concrete with 20% replacement of conven-
tional stone aggregate by DBC could achieve compara-
ble strength of properly cured moderate strength normal 
concrete. Application of distorted brick aggregates as 
internal curing agent or partial replacement of stone 
chips can save significant amount of money. In addition, 
environmental problems associated with the dumping of 
waste bricks in soil can be avoided. The cost of per cubic 
meter of concrete can also be reduced by 20% partial 
replacement of stone aggregate. Moreover, such partial 
replacement will lessen the usage of conventional stone 
chips and consequently will result in reduction of the 
depletion of natural resources.

Appendix A

List of abbreviations

IC Internal curing/internally cured
BC Brick chips
NC Concrete sample with stone aggre-

gate exposed to adverse curing 
condition

DBC Distorted brick chips
DOE Department of Environment
FCK Fixed-chimney kiln
HHK Hybrid Hoffman
VSBK Vertical shaft brick kiln
RC Reinforced concrete
BUET Bangladesh University of Engi-

neering and Technology
BC Brick chips
SC Stone chips
RH Relative humidity
SEM Scanning electron microscope
TCI Time to corrosion initiation
FIB International Federation for Struc-

tural Concrete
CA Coarse aggregates
FA Fine aggregates
OPC Ordinary Portland cement
FM Fineness modulus
OD Oven dry
w/c Water-to-cement ratio

IC(B) Concrete sample with 20% 
replacement of SC by BC (Type 
B) exposed to adverse curing 
condition

IC(E) Concrete sample with 20% 
replacement of SC by BC (Type 
E) exposed to adverse curing 
condition

NCS Concrete sample with stone 
aggregate kept under water for 
28 days

SSD Saturated surface dry
ICB0W Concrete sample with 20% 

replacement of SC by BC (Type 
B) exposed just after casting 
without any cover

ICE0W Concrete sample with 20% 
replacement of SC By BC (Type 
E) exposed just after casting 
without any cover

NC0W Concrete sample with stone aggre-
gate exposed just after casting 
without any cover

ICB0P Concrete sample with 20% 
replacement of SC by BC (Type 
B) exposed just after casting and 
covered with polythene

ICE0P Concrete sample with 20% 
replacement of SC by BC (Type 
E) exposed just after casting and 
covered with polythene

NC0P Concrete sample with stone aggre-
gate exposed just after casting 
and covered with polythene

ICB3W Concrete sample with 20% 
replacement of SC by BC (Type 
B) exposed after 3 days of cur-
ing under water and without any 
cover

ICE3W Concrete sample with 20% 
replacement of SC by BC (Type 
E) exposed after 3 days of cur-
ing under water and without any 
cover

NC3W Concrete sample with stone aggre-
gate exposed after 3 days of 
curing under water and covered 
with polythene

ICB3P Concrete sample with 20% 
replacement of SC by BC (Type 
B) exposed after 3 days of cur-
ing under water and covered 
with Polythene

ICE3P Concrete sample with 20% 
replacement of SC by BC (Type 
E) exposed after 3 days of curing 
under water and covered with 
polythene
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NC3P Concrete sample with stone aggre-
gate exposed after 3 days of 
curing under water and covered 
with polythene

ICB7W Concrete sample with 20% 
replacement of SC by BC (Type 
B) exposed after 7 days of cur-
ing under water and without any 
cover

ICE7W Concrete sample with 20% 
replacement of SC by BC (Type 
E) exposed after 7 days of cur-
ing under water and without any 
cover

NC7W Concrete sample with stone aggre-
gate exposed after 7 days of 
curing under water and covered 
with polythene

ICB7P Concrete sample with 20% 
replacement of SC by BC (Type 
B) exposed after 7 days of cur-
ing under water and covered 
with polythene

ICE7P Concrete sample with 20% 
replacement of SC by BC (Type 
E) exposed after 7 days of curing 
under water and covered with 
polythene

NC7P Concrete sample with stone aggre-
gate exposed after 7 days of 
curing under water and covered 
with polythene

FE-SEM Field emission scanning electron 
microscopy

RMT Non-steady-state migration test
Dnssm Chloride diffusion co-efficient
SR Surface resistivity
K Geometry factor
R Resipod reading
r Resistivity measured at tempera-

ture T
s Spacing of probe
d Diameter of cylindrical specimen
L Length of cylindrical specimen
rTref Corrected resistivity
Ea-cond Activation energy
R Universal gas constant
Tref Reference temperature (23 °C)
EN European standard
XD Corrosion induced by chlorides 

other than from sea water
XS Corrosion induced by chlorides 

from sea water
XD1 Concrete surfaces exposed to 

airborne chlorides
XD2 Parts of bridges exposed to spray 

containing chlorides, pavements, 
car park slabs

XS1 Structure near to or on the coast 
exposed to airborne salt

XS2 Part of marine structures with the 
tidal, the splash and spray zone

Ccrit Critical chloride content
C0 Initial chloride content of the 

concrete
CS,Δx Chloride content at a depth Δx 

and a certain point of time t
Δx Depth of the convection zone
Dcrm(to) Apparent coefficient of chloride 

diffusion through concrete
kt Transfer parameter
a Ageing exponent
t0 Reference point of time
be Regression variable
Tref Reference temperature
Treal Temperature of structural element 

or ambient air
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