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Abstract
Internal curing is a method that has been advised to decrease the primary age
cracking, mainly of concrete mixes using low (water to cementitious materials w/cm) ratios corresponding to the self-compacting concrete-(SCC). This research
aims to study the effect of the internal curing using saturated lightweight aggregate(LWA) on the steel reinforcing corrosion in SCC. In this research, crushed bricks
or thermostone were partially replaced by (20%) by the weight of sand and
volumetrically measured. The results showed that the steel reinforcement of
internally cured concrete showed a slight increase in corrosion up to 300 days of
exposure to the saline solution (containing 3.5% NaCl). The ability of using the
crushed bricks or thermostone as a replacement of natural sand as internal curing
has no adverse effect on the corrosion of steel reinforcement.
Keywords: Crushed bricks, Internal curing, Self-compacting concrete, Thermostone.
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1. Introduction
The concrete mixes with low (w/cm) watertight against water loss [1]. The goal of
using internal curing such as (saturated LWA) is to maintain saturated situations
inside a hydrating cement paste in order to prevent self-desiccation [2-5].
The following topics should be reviewed:
1- Self-compacting concrete (SCC).
2- Internal curing.
3- Corrosion.

1.1. Self-compacted concrete (SCC)
Since Okamura developed SCC, the material has seen immense progress based
on the increased research and still being developed because of its multiple
advantages. The self-compacting or consolidation concrete compresses itself only
due to its self-weight while flowing in the formwork. In addition, SCC reduces
the final cost and quality of the structural component and the concrete's overall
strength and durability [6-9].
The SCC consist of cement, aggregate, water, admixtures, and additives. For
better workability, the use of a high amount of superplasticizer and powder
content works as "lubricant" for the coarse aggregate [10]. Figure 1 presents the
basic ethics for the production of SCC [11]. Many different test methods have
been established to qualify the characterize workability properties of the SCC
presented in Table 1 [12].

Fig. 1. Simple ethics for the production of SCC [11].
Table 1. Tests and Requirements for the workability of SCC [12].
Tests -Property
Requirements
Slump flow-Filling ability
T50 (cm) of slump flow-Filling ability
L-box- Passing ability
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1.2. Internal method of curing
The ACI 213-03R, 2003 [13] signifies the internal curing (I.C.) technique by
“supplying water throughout a freshly placed cementitious mixture using
reservoirs, via pre-wetted lightweight aggregates, that readily release water as
needed for hydration or to replace moisture lost through evaporation or selfdesiccation”. I.C. has a major involvement in shrinkage reduction and improving
concrete performance [14].
Kumar and Rao [15] studied two main methods of I.C. in concrete which are:
1) Using saturated porous LWA in order to resource internal water and 2)
Using polyethylene -glycol, which reduces the loss of water by evaporation and
water retention.
Famili et al. [16] investigated the effect of I.C. on properties of high-strength SCC;
they replaced (25%) by volume of the ordinary weight of crushed coarse aggregate with
saturated LWA of the same grading with (W/B= 0.28 and 0.33). Moist and external
curing were applied to test samples. They found that (18 and 11%), respectively,
reduced 28-day compressive strength for moist and external cured samples. The
corresponding reduction values for (W/B=0.33) mixtures were (5 and 15) %.
Salih [17] investigated the SCC mixes with saturated porcelinite with the range
of (0, 12, 16, 20, and 24) % by volume as partial replacement of fine aggregate. It
was found that an improvement in compressive strength with increasing the
percentage of replacing for all ages. The proportion of water and air curing increases
(10.1 - 30%) and (8.2 - 25.7%) for compressive strength. Also, it was found that the
best percentage of replacement is 20% because of the recording of higher density and
compressive strength.

1.3. Corrosion
The corrosion of reinforcing steel in moist concrete- (electrolyte) is an
electrochemical process, with variance in electrical potential along with the steel
[18-20]. The electrochemical process is illustrated schematically by authors in
Fig. 2.

Fe+2 + 2OH- → ferrous hydroxide - [Fe(OH) 2]
4Fe (OH) 2 + 2H2O + O2→ ferric hydroxide –[4Fe(OH)3 ]

Fig. 2. Basic process of corrosion in steel reinforcement concrete.
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Anhydrites- Fe2O3 has a volume about twice, and when it converts to hydrate,
it swells even more and becomes porous, which means that the volume growth at
the steel to the concrete interface is (2-10) times which may lead to the cracking
and spalling [21].
So the use of west brick or thermostone as recycled material with high saturated
content to benefits the internal curing then checked the effects of corrosion of
reinforced bar in SCC was the main goal of our study.

2. Experimental Work
2.1. Materials
Sulfate resistance Portland cement (SRPC) compliant to the Iraqi standard
specification (IQS) No. 5 [22] was used as listed in Table 2 for chemical analysis
and Table 3 for physical properties.
Table 2. Chemical analysis of SRPC*.
Compounds
CaO
SiO2
Al2O3
Fe2O3
MgO
SO3
L.O.I.
I.R.
L.S.F.
C3S
C2S
C3A
C4AF

Weight-(%) Limits of IQS NO. 5
61.74
20.84
3.82
5.24
3.38
≤ 5%
2.15
≤ 2.5%
4.0
≤ 4%
2.47
≤ 1.5
0.88
0.66-1.02
Main compounds-(%)
46.86
22.38
1.26
≤3.5%
15.92
-

*These tests were carried out in the lab of
Central Organization for Standardization and Quality Control

Table 3. Physical analysis of SRPC.
Physical tests
Blain Fineness-(m2/kg)
Setting time: Initial-(min)
: Final-(hr.)
Compressive strength-(N/mm2)
At 3 days
At 7 days

Results
325.9
110
5
20
29

Limits of IQS
NO. 5
≥ 230
≥45
≤ 10
≥ 15
≥ 23

Natural sand (zone 2) and crushed river gravel were used compliantly to IQS
No.45 [23]; the gradation and SO3% content is given in Tables 4 and 5,
respectively. Silica fume is compatible with the requirements of the ASTM C1240
[24]; the properties are listed in Tables 6 and 7. Limestone powder (LSP) is used
as filler material; chemical analysis is listed in Table 8.
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The thermostone powder-(THP) was prepared by grinding thermostone rock
using Jet mill apparatus and then sieved through sieve No.150- (100µm). Clay bricks
meeting the NO.25-Class B standard [25] with an absorption value of 21.2%. The
crushed brick was graded approximately similar to natural sand with SO3%=0.1. It
was used as 20 % replacement of sand weight measured by volume. It was soaked in
water for 1-day to get saturated condition before using it in the mix.
Thermostone blocks (crushed cellular), conforming to IQS No.1441/2000-Class 0.6
[26], were used to absorb about 35%, SO3%=0.12, and graded. It was soaked in water
for 1-day to achieve a saturated case before using it in the mix. The gradation for
crushed brick or thermostone was approximately the same as natural sand. The
superplasticizer High Range Water Reducing Admixture (HRWRA) type G; complies
with the ASTM C494 suitable for SCC. Its technical data are listed in Table 9.
Table 4. Properties of natural sand.
Sieve size
(mm)
10
4.75
2.36
1.18
0.6
0.3
0.15
Sulfate (SO3)-(%) *

Passing -(%)
100
96.6
84.8
68.2
46.2
15
2.3
0.15

Limit of IQS NO.45
Zone two
100
90-100
75-100
55-90
35-59
8-30
0-10
≤ 0.5%

*These tests were carried out in the lab of
Central Organization for Standardization and Quality Control.

Table 5. Properties of crushed gravel.
Sieve size
(mm)
20

Passing -(%)
96

Limit of IQS NO.45
(5-20)mm
95-100

10

35

30-60

5
Sulfate (SO3)-(%) *

2
0.0009

0-10
≤0.1%

*These tests were carried out in the lab of
Central Organization for Standardization and Quality Control.

Table 6. Chemical analysis of silica fume*.
Compounds
L.O.I.
SiO2
Al2O3
Fe2O3
SO3

Weight (%)
2.25
93.45
2.14
0.62
Nil

Limit of ASTM C1240
≤6
≥85
-

*These tests were carried out in the lab of
Central Organization for Standardization and Quality Control.
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Table 7. Physical tests of silica fume*.
Properties
Retentive-sieve of 45μm,%
Strength activity index (SAI)

Results
5
128

Limit of ASTM C1240
≤ 10
≥ 105

*These tests were carried out in the lab of
Central Organization for Standardization and Quality Control.

Table 8. Chemical analysis of LSP*.
Compounds
L.O.I
SiO2
Al2O3 and Fe2O3
SO3
MgO
CaO

Weight (%)
41
1.82
0.65
0.15
0.55
53.55

*These tests were carried out in the lab of
Central Organization for Standardization and Quality Control.

Table 9. Technical data of HRWR*.
Properties
Poly-carboxylate based
Appearance-Colour
Transparency
pH- at 20◦C
7.5
Density-(g/ml)
1.108
*From Manufacturer Catalogue.

2.2. Concrete mix proportions and mixing procedure
The powder content equal to 500 kg/m3, which consist of (cement 405 kg/m3, silica
fume 50 kg/m3 and limestone or thermostone powder 45 kg/m3); referring to a
previous work [27]. The natural sand and crushed gravel contents equal to (880 and
910) kg/m3, respectively, and water content equal to 170 kg/m3 for mixes (RL and
RTH). For mixes containing saturated crushed brick (BR20) or saturated crushed
thermostone (TH20) by replacing 20% by volume of natural sand, the water content
was 170 kg/m3 with 1.75% HRWRA from the total powder material (see Table 10).
The specified compressive strength at 28 days of reference mixes equal to (55.4
and 55) MPa for (RL and RTH), respectively. That means using thermostone
powder or limestone powder in SCC computes close results of the compressive
strength and fresh properties. The concrete was mixed using a drum mixer (50Lcapacity) that follows the laboratory procedure outlined by Emborg [28].

2.3. Specimen preparation and exposure conditions
The experimental program was performed on (75×75×280) mm concrete columns
reinforced by one 12.5 mm deformed longitudinal steel bar diameter with a 30 mm
clear concrete cover as presented in Fig. 3 (two specimens for each case). All the
samples were treated in tap- water for 27 days after de-moulding, then taken out
and left in the laboratory condition for another 3 days and then all reinforced
column were partially submersion in severe saline solution containing 3.5% NaCl
throughout this research work.
Two procedures of curing were used for the cubic control specimens 100 mm:
1. Water curing: Immersing samples in tap- water till testing time.
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Air curing: Immersing the samples in tap- water for seven days and then left in
laboratory environments till testing time.
Table 10. SCC mix.
Content
Kg/m3)

Cement (
Natural sand ( Kg/m3)
Crushed gravel ( Kg/m3)
Crushed Brick
(20% replacement of sand by
volume)
Crushed thermostone
(20% replacement of sand by
volume)
Silica fume ( Kg/m3)
Thermostone powder ( Kg/m3)
Limestone powder ( Kg/m3)
Water ( Kg/m3)

RL

RTH

BR20

TH20

405
880
910
-

405
880
910
-

405
704
910
Same volume of
sand

405
704
910
-

-

-

-

Same volume of
sand

50
45
170

50
45
170

50
45
170

50
45
170

Fig. 3. Concrete columns dimensions (experimental specimens).

2.4. Experimental program
The concrete mixtures were consistent with EFNARC (2005): slump flow and Lbox were conducted [8]. The compressive strength was carried out according to B.S
1881: Part 116 [29] for (100×100×100) mm cubes at different ages was done.
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Two techniques (electrochemical) were used for observing corrosion of
reinforced SCC (half-cell potential and Tafel plot):
1. A copper-copper sulfate electrode (C-CSE) presented in Fig. 4 was used to find
the half-cell potential of reinforcing steel according to ASTM C 876. The
interpretation of steel corrosion and half-cell potential is shown in Table 11.
Table 11. Clarification of steel corrosion - (ASTM C 876-C-CSE).
Clarification of corrosion
Low
Uncertain
High

Half-cell potential (C-CSE)
> -200 mV
(-200 to -350) mV
< -350 mV

Fig. 4. Copper-copper sulfate electrode - ASTM C876.
2. Polarization measurement using the Tafel plot technique, after 270-days and
300-days of an exposure sample to a 3.5% NaCl solution, the Tafel plot
technique test was conducted using computerized type Mlab200 of Bank
Eleketronic, as shown in Fig. 5. Tafel plot is a graphical plot showing the
relationship between the current generated in an electrochemical cell and the
electrode potential of a specific metal. These plots are usually generated based
on electrochemical experiments performed under controlled conditions.
Using the Tafel plots to obtain the parameters: Ba (anodic slope), Bc (cathodic
slope), icorr (corrosion current), and B (constant), which is dependent on the Tafel
slopes (anodic and cathodic) according to the equation:
B (Stern-Geary constant) =

Ba∗Bc

2.3(Ba+Bc)

(1)

Then density can be obtained of current (µA/cm2) by dividing icorr in (µA) to
the exposed surface area of the embedded reinforcing steel [1.25 cm (radius of
reinforced bar)×3.14×18cm(Length of reinforced bar in the salient solution) =70.65
cm2]in SCC so that corrosion speed can be indicated according to Table 12 [30].
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Polarizing potential=± 400 mV
Time chosen scan=10 mV /10 s
Exposure area (A) = 70.65 cm2

Fig. 5. Tafel plot technique test set-up.
Table 12. The relation between
density of current and speed of corrosion.
Density of Current (μA/cm2)
Less than 0.1
0.1 to 0.5
0.5 to 1.0
Greater than 1.0

Speed- diagnosis
Negligible
Low
Moderate
High

3. Results and Discussions
3.1. Fresh SCC and compressive strength
Table 13 presents the outcomes of fresh SCC tests, and it has proven that mixes
were self-compatibility phenomena according to EFNARC requirements. The
mixes containing thermostone or limestone powder compute close results of the
fresh properties and compressive strength.
Table 13. Slump flow and L-box results of SCC mixes.
Mix
RL
RTH
BR20
TH20

Slump flow
D-(mm)
700
650
650
600

Slump flow
T500-(sec)
3.5
4.5
4
5

L-Box
[H1/H2]
1
1
1
1

Obviously, as listed in Table 14, the compressive strength of the SCC increased
with ages, especially at later-ages for water cured samples, though using internal curing.
Compressive strength results of externally air-cured BR20 and TH20 concrete
mixes showed a considerable development (Figs. 6 to 8), hence the most important
benefit of internal curing produced in a hot climate. This increment in strength is
attributed to the excellent dispersion of saturated crushed brick or thermostone
particles throughout the mixes that enhance the hydration of cement particles,
leading to the development of the interfacial transition-zone, superior hydration
because of I.C., and nonappearance of shrinkage induced micro-cracking.
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Table 14. Compressive strength results for SCC mixes.
Mix
RL
RTH
BR20
TH20

Curing method
Water cured
Air cured
Water cured
Air cured
Water cured
Air cured
Water cured
Air cured

7- days
41.5
41.0
39.1
40.8
-

Compressive strength (MPa)
28- days
90- days
360-days
55.4
61.4
65.4
53.5
58.8
61.4
55.0
59.5
65.0
53.2
56.2
60.8
53.5
58.1
63.8
52.8
57.2
62.0
54.2
60.0
64.2
53.5
58.2
62.8

Fig. 6. Compressive strength for SCC containing
limestone or thermostone powder externally cured by water or air.
Figure 9 presents the percentage increase of compressive strength for different
mixes ID for (water and dry curing proses) at (90 and 360) days compared to 28days. It can be notes that the using limestone powder compared to thrmostone
powder gives more increase at 90-days while it is approximately the same
percentage increase at later age (360-days) that may be attributed to particle shapes
and its homogeneity with cement, take to consideration curing method.

Fig. 7. Compressive strength for RTH and
internally cured and externally cured by water.
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Fig. 8. Compressive strength for RTH and
internally cured by and externally air cured.
The percentage increase of compressive strength of SCC containing limestone
powder up to (10.8 and 18.1)% for water curing and (9.9 and 14.8) for air curing
for (90 and 360) days compared to 28-days respectively. That is compatible effects
for all other mixes ID, so we must take care of curing in field.
The development of compressive strength for RTH, BR20 and TH20 mix in
water curing up to (8.2 and 18.2)%, (8.6 and 19.3)% and (10.7 and 18.5)%
respectively at (90 and 360) days correspondingly compared to 28-days. Although in
air curing the benefits effect with reduce the waste and recycled the effect of internal
curing is so clear, since the percentage of development up to (5.6 and 14.3)%, (8.3
and 17.4)% and (8.8 and 17.4)% for RTH, BR20 and TH20 respectively at (90 and
360) days correspondingly compared to 28-days.

Fig. 9. Compressive strength for SCC containing
limestone or thermostone powder externally cured by water or air.

3.2. Electrochemical measurements
3.2.1. Half-cell potentials
The copper- copper sulphate electrode (C-CSE) results using half-cell potentials of
a referenced steel are shown in Fig. 10. All SCC with steel reinforced results were
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shifted towards positive potential at the beginning of the exposure period. While
after (30- days) of exposure, the C-CSE potentials began to transfer more negative
formal. It has been found that reinforced steel in all SCC showed good corrosion
resistance due to the high density and low permeability. The addition of
thermostone powder instead of limestone powder led to a slight decrease in
potential; moreover, the addition of internal curing materials (thermostone or brick
as replacement of sand) developed the corrosion resistance of concretes up to the
end of the testing period.

Fig. 10. C-CSE using half-cell potentials of
reinforcing bars in reference and internally curing concretes.

3.2.2. Polarization measurement using Tafel plot technique
Reinforcing steel in all concretes exhibited low corrosion current up to the end of
the testing period for (270 and 300)days presents in Tables 15 and 16, respectively.
This is mainly linked to a lower water content of the mix in addition to the
formation of the denser gel. The results showed that the steel reinforcement of
internally cured concrete exhibited a slight increase in corrosion current for up to
300 days of exposure to the saline solution. The internal curing has no adversarial
effect on the corrosion of the steel reinforcement. Additionally, test results confirm
that the steel reinforcement's corrosion process for all specimens was cathodically
controlled depending on the Tafel slopes, as presented in Figs. 11 to14.

Mixes

RL
RTH
BR20
TH20

Table 15. Tafel constants and corrosion
currents for steel in reference and SCCs at 270 days.
Tafel
constant
Corrosion current
𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊. µ𝑨𝑨
mV/decade
density μA/cm2
Tafel
𝐵𝐵𝐵𝐵
𝐵𝐵𝐵𝐵
𝐵𝐵
10mv/min
108.2
142
26.7
12
0.17
111.9
128.2
25.9
9.73
0.137
113.4
131.6
26.5
14.03
0.198
121.6
131.7
27.5
12.73
0.18
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Table 16. Tafel constants and corrosion
currents for steel in reference and SCCs at 300 days.
Mixes
RL
RTH
BR20
TH20

Tafel constant
mV/decade
𝐵𝐵𝐵𝐵
110
114
103
108

𝐵𝐵𝐵𝐵
136
126
146
136

𝐵𝐵
26.4
26
26.2
26.1

𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊. µ𝑨𝑨

Tafel 10mv/min
11.5
11.2
17
13.6

Corrosion
current density
μA/cm2
0.163
0.158
0.24
0.19

Fig. 11. Tafel plot for steel embedded in RL-concrete
at 300 days of partially submergence in 3.5% of NaCl solution.

Fig. 12. Tafel plot for steel embedded in RTH-concrete
at 300 days of partially submergence in 3.5% of NaCl solution.
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Fig. 13. Tafel plot for steel embedded in BR20-concrete
at 300 days of partially submergence in 3.5%NaCl solution

Fig. 14. Tafel plot for steel embedded in TH20-concrete
at 300 days of partially submergence in 3.5%NaCl solution.

4. Conclusions
Based on the investigational work, the main conclusions can be drawn:

• The ability of using thermostone or limestone powders as a filler material does
not significantly affect the compressive strength at 28-days or fresh properties
of the self-compacting concrete.

• The percentage increase of compressive strength of SCC containing limestone

powder up to (10.8 and 18.1)% for water curing and (9.9 and 14.8) for air curing
for (90 and 360) days respectively compared to 28-days.
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• The using of limestone powder comped to thermstone powder in SCC mixes

showed more increase in compressive strength results up to (10.8 and 8.2)%
respectively for 90-days compared to 28-days while at 360-days it’s so nearby
(18.1 and 18.2)% for water curing. It’s also compatible results for air curing
method.

• Good way to recycle the waste of crushed brick or thermostone as partial
replacement of sand up to 20% by volume without a major reduction of
compressive strength.

• The results showed that the steel reinforcement of internally cured concrete
showed a slight increase in corrosion current for up to 300 days of exposure to
the saline solution (3.5% of NaCl). The internal curing has no adverse effect on
the corrosion of steel reinforcement.

Nomenclatures
Ba
Bc
C-CSE
I.C.
icorr
SCC

Anodic slope
Cathodic slope
Copper-copper sulfate electrode
Internal curing
corrosion current, µ𝑨𝑨
Self-compacted concrete

Abbreviations
ASTM
IQS

American Society for Testing and Material
Iraqi Standards
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