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a b s t r a c t

Each year, corrosion of concrete results in billions of dollars' worth in damage. Cinnamaldehyde, a
bioactive agent, can mitigate the corrosion of metals and potentially protect rebar within concrete.
However, it cannot be incorporated into concrete during mixing since it negatively effects the hydration
reaction between cement and water. To avoid these undesirable effects while keeping anti-corrosive
properties in a cementitious mixture, an innovative approach through the use of Lightweight Aggre-
gate (LWA) was taken. The experimental cinnamaldehyde-LWA mortar showed reduced compressive
strength, heat evolution, and rebar pullout bond stress, but promising results regarding chloride
threshold level and sorptivity.

© 2017 Published by Elsevier Ltd.
1. Introduction

Concrete can prematurely deteriorate due to the corrosion of
reinforcing steel. This is particularly critical since concrete is a
staple building material worldwide of which nearly five billion
tonnes is produced annually e approximately 1 tonne (1.102 tons)
of concrete per person each year [1]. When aggressive media such
as chloride ions from deicing salts or seawater diffuse through
concrete, they can depassivate reinforcing steel and result in the
production of expansive products, mainly iron oxides (rust). This
buildup of rust can crack the concrete and lead to spalling [2].
Although there are numerous mitigation methods on the market
today (e.g. epoxy coated rebar, waterproofingmembranes, cathodic
protection, etc.), $100 billion is still expended annually on corrosion
related damage [3e5]. Therefore, novel methods for corrosion
prevention are necessary.

This experimental program takes an innovative approach to
corrosion mitigation. Cinnamaldehyde, the essential oil of cinna-
mon and a derivative of cinnamon bark, is a natural bioactive agent.
This bioactive agent is commonly used in food for flavoring and in
the medical field as a way to help those with diabetes [6]. However,
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it has also been shown to mitigate the corrosion of steel by forming
a protective film on the surface of metals [7e9]. One drawback is
that when cinnamaldehyde is included in a cementitious matrix it
can coat cement particles and prevent the hydration of the cement,
therefore causing a reduction of its compressive strength [10,11].
One way that cinnamaldehyde can be incorporated without inter-
fering with the properties of concrete is by encapsulation in
Lightweight Aggregate (LWA) [12,13]. Conventionally, LWA is pre-
soakedwithwater and used to prevent early age cracking, amethod
known as ‘internal curing’ [14]. Over time, hydration of the cement
causes an internal drop in humidity, causing the liquid absorbed by
the LWA to be released in order to attain pressure equilibrium.
Thus, by soaking the LWA in cinnamaldehyde, the cinnamaldehyde
will be encapsulated within the LWA allowing it to be transported
into the cementitiousmatrix and can be released once the early-age
properties have developed [14]. After release, the cinnamaldehyde
can diffuse towards the reinforcing steel and coat the steel to
protect it against corrosion.

This research program further investigates a previous study by
providing other considerations as well as additional experimental
research [25]. This study investigates the potential impacts that
cinnamaldehyde has on the cementitious matrix, and the efficiency
of LWA as an encapsulation method for corrosion prevention
agents. In doing so, six tests were carried out: compressive
strength, to determine the mechanical effects of cinnamaldehyde
incorporation; isothermal calorimetry, to examine hydration
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Table 1
Mix proportioning.

Mix number Mix 1 Mix 2 Mix 3

Volume (cm3) Mass (g) Volume (cm3) Mass (g) Volume (cm3) Mass (g)

Sand (Total) 1375.0 3588.8 1046.7 2731.9 1046.7 2731.9
LWA (Total) N/Aa N/A 328.3 492.5 328.3 492.5
#8 Sand 412.5 1076.6 314.0 819.6 314.0 819.6

LWA N/A N/A 98.5 147.7 98.5 147.7
#16 Sand 343.8 897.2 261.7 683.0 261.7 683.0

LWA N/A N/A 82.1 123.1 82.1 123.1
#30 Sand 275.0 717.8 209.3 546.4 209.3 546.4

LWA N/A N/A 65.7 98.5 65.7 98.5
#50 Sand 206.3 538.3 157.0 409.8 157.0 409.8

LWA N/A N/A 49.2 73.9 49.2 73.9
#100 Sand 137.5 358.9 104.7 273.2 104.7 273.2

LWA N/A N/A 32.8 49.2 32.8 49.2
Mixing water 585.4 585.4 585.4 585.4 585.4 585.4
Cement 464.6 1463.5 464.6 1463.5 464.6 1463.5
Internal water N/A N/A 86.2 86.2 N/A N/A
CAb N/A N/A N/A N/A 86.2 90.5

a Not Applicable.
b Cinnamaldehyde.
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Fig. 1. Chemical shrinkage.
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kinetics; sorptivity and diffusion of sodium chloride (NaCl) tests to
determine transport properties; measurement of chloride
threshold level; and rebar pullout.

2. Materials and methods

1Three mortar mixes were produced and tested. Mix 1 served as
the control and was composed of local sand, ASTM C150 Type I/II
cement, and water. The two other mixes (Mix 2 and Mix 3) were
experimental and consisted of the same components as Mix 1, but
included a partial replacement of the sand with presoaked LWA.
Mix 2 contained water-LWA andMix 3 contained cinnamaldehyde-
LWA. The concentration of cinnamaldehyde (C9H8O) was provided
by the manufacturer as 132.16 g/mol. Each mix had a water:cement
ratio of 0.4 (not including the water stored within the LWA), and a
55 vol% of aggregate as shown in Table 1. It should be mentioned
that these are arbitrary percentages in the acceptable and con-
ventional range for mortar mix proportioning; and since they are
the same for all the mixes, they do not affect the results. LWA was
soaked inwater for at least 24 h in a sealed container. After 24 h, the
presoaked LWA was then incorporated into Mix 2 in a Saturated
Surface Dry (SSD) state. The same method was used for encapsu-
lating cinnamaldehyde in the LWA for Mix 3.

The LWAwas commercially available expanded shale (Northeast
Solite Corporation) with an absorption capacity of water of 17.5 wt%
(as determined by the manufacturer). Mixes that included LWA
involved a partial replacement of the local sand with LWA on a
volumetric basis in order to retain the same particle size distribu-
tion as the sand. The amount of LWA needed for the mixes was
calculated by Ref. [14]:

MLWA ¼ Cf � CS� amax

S� FLWA
(1)

where MLWA is the mass of dry LWA per unit volume of mortar (kg/
m3); Cf is the cement factor of the mortar (kg/m3); CS is the
chemical shrinkage of the cement (g of water/g of cement)
1 Certain commercial equipment, instruments, or materials are identified in this
report in order to specify the experimental procedure adequately. Such identifi-
cation is not intended to imply recommendation or endorsement, nor is it intended
to imply that the materials or equipment identified are necessarily the best avail-
able for the purpose.
(determined using ASTM C1608 [15] e Fig. 1); amax is maximum
degree expected of hydration of cement (dimensionless); S is the
saturation degree of LWA (dimensionless); and FLWA is the ab-
sorption capacity of the LWA (g water/g dry LWA) (Table 2).

In order to investigate the chemistry of the mortars, Fourier
Transformation Infrared Spectroscopy (FTIR) and X-ray Diffraction
(XRD) were used for the identification of chemical species. The
microstructures of the mortars, focusing on the Interfacial Transi-
tion Zone (ITZ), were further examined by Scanning Electron Mi-
croscopy (SEM).

The compressive strengths of all mixes were determined in
accordance with ASTM C109 [16]. Once mixed, the mortar (at least
three samples per mix) was immediately placed and tamped into 2
in. (50.8 mm) cube molds, sealed in a plastic bag, and stored in a fog
room. Samples were demolded after 24 h, placed back into the fog
room to cure, and tested at ages of 3, 7, 28, and 91 d.

Isothermal calorimetry was used to assess the hydration kinetics
of the mortars. The heat flows of the mortars (two samples of each
mix) were evaluated during the initial 24 h of hydration. Once the
mortars were mixed, the appropriate amount was immediately
placed in an ampoule and sealed. Heat flow was normalized by
cement content.

Sorptivity tests were conducted following ATSM C1585 [17].
Mortar was placed into 4� 2 in. (101.6� 50.8mm) cylinders, stored
in a fog room, demolded after 24 h and placed back in the fog room
to cure for 28 d (three samples per mix). On day 28, the samples



Table 2
Values used to calculate MLWA.

Variable Value

Cf 585 kg/m3

CS 0.056 ml/g
amax 1
S 0.95
FLWA 0.175

Fig. 2. Mortar sample sprayed with silver nitrate (AgNO3).
The light gray around sample indicates the depth of chloride ingress (left),
The binarization of the sample using ImageJ where the black indicates chloride ingress
(right).
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were removed from the fog room and placed in an oven at 221 �F
(105 �C) to dry for 24 h. Once removed from the oven and cooled,
the circumference of each cylinder was sealed using duct tape in
order to ensure unidirectional sorption. The samples were then
placed on supports at the bottom of an enclosed plastic tank. Water
was filled into the tank such that it was 0.08 ± 0.04 in. (2 ± 1 mm)
above the bottom of the sample; the water level was maintained
throughout the experiment. Absorption, I, was calculated by:

I ¼ mt

a� d
(2)

where I is the absorption (mm); mt is the change in mass at time t
(g); a is the exposed area of the sample (mm2); and d is the density
of water (g/mm3).

Both the initial and secondary rates of water sorptivity were
identified as the slopes of the lines of the absorption plotted against
the square root of time. To characterize initial sorptivity, the masses
of the sample were taken at 60 s, 5 min, 10 min, 20 min, 30 min,
60 min, and every hour for the following 6 h. The secondary rate of
absorption is found in the same manner as the initial rate but at
later ages. Masses were recorded once every ~24 h for a total of 7 d.

The diffusion of NaCl through these mortars was examined.
Mortar (three samples per mix) was placed in 4 � 2 in. (101.6 �
50.8mm) cylindermolds. After 28 d curing, the cylinders were each
immersed in a 5wt% NaCl solution stored in a sealed plastic tank for
3 months. The samples were removed from the solution, split
lengthwise, and sprayed with silver nitrate (AgNO3) [18,19]. The
silver nitrate changes the color of the mortar such that where there
is a concentration of chloride ions, the mortar is lighter in color
(normally around the top, bottom, and sides). A program developed
by the NIH (ImageJ) was used to determine color variations and
calculate the area through which the chloride had diffused (Fig. 2).

Additionally, the Chloride Threshold Level (CTL) was measured.
The CTL can be described as the chloride content at the depth of the
steel such that it breaks down the passive layer and initiates
corrosion [20]. In order to determine the CTL, two steps had to take
place: corrosion initiation and measurement of the chloride con-
tent. In order to initiate corrosion, an Accelerated Corrosion Test
(ACT) was carried out [21,22]. The ACT consisted of a plastic tank
containing 5 wt% NaCl solution, two stainless steel plates (the
cathodes), and a 30 V DC power supply to accelerate the corrosion
(Fig. 3). Mortar was placed into 4 � 8 in. (101.6 � 203.2 mm) cyl-
inders with a ½ in. (12.7 mm) wire-brushed steel rebar embedded
in the center (three samples for each mix). To avoid crevice corro-
sion, epoxy was coated at the top of the cylinder where the rebar
exits the mortar. After 28 d of curing, the samples were placed into
the ACT and a data logger recorded the current. Once a sharp in-
crease in current (indicating the initiation of corrosion) was
observed, the test was immediately terminated. While it is known
that accelerated tests do not resemble field conditions, an ACT was
used as a method for proof of concept. To determine the chloride
content, Ion Chromatography (IC) was used. The corrosion-initiated
cylinders were split lengthwise and a sample of mortar was taken
at four different depths (Fig. 4): from the surface to ½ in. (12.7 mm)
deep into the sample; 1 ½ in. (38.1 mm); 2 in. (50.8 mm); and along
the length of the mortar-rebar interface. These samples were ob-
tained with a masonry drill. 1 g of powder was added to a 150 ml
beaker which was then filled with 100 ml of deionized water and
left to soak for about 15 h. After soaking, the samples were heated
on a hotplate at 184 �F (84.4 �C) for 3 h. The solution was then
filtered using a No. 4 filter into a 100 ml flask and washed with
deionized water to fill the 100 ml. The concentration of chloride
ions in the original sample was determined by:

Cl ¼ R� Fl
W

(3)

where Cl is the concentration of chloride ions in the original sample
(mg/g); R is the concentration of chloride ions in the sample from
the ion chromatograph (mg/l); Fl is the volume of the flask con-
taining undiluted sample (l); and W is the weight of the original
powdered sample (g).

Finally, to identify if the experimental mixes (Mix 2 and mix 3)
interfered with the bond strength between mortar and rebar, rebar
pullout tests were conducted [23]. Samples were prepared by
placing mortar into 6 � 12 in. (152.4 � 304.8 mm) cylinders and
embedding a ¾ in. (19.1 mm) wire-brushed rebar of 3 ft. (91.4 cm)
in the center. To ensure perpendicular alignment a jig was made to
hold the rebar in place. Once cured for 28 d, the samples (three for
each mix) were placed on the top crosshead of a load frame where
the rebar ran through the lower crosshead and was secured by jaws
(Fig. 5). A shimwas put between the top of the tensile frame and the
cylinder to reduce the effects of eccentricity. A displacement rate of
0.1 in/min was used.
3. Results and discussion

Mixes containing presoaked LWA resulted in lower compressive
strengths (Fig. 6). Mix 2, which contained water-LWA, resulted in
reduced strengths when compared to the control by 4% at 3 d and



Fig. 3. Schematic of accelerated corrosion test (ACT) [25].

Fig. 4. A top view of the sample section along with the four depths that were drilled
out and tested for chloride content through ion chromatography. 1) is the powdered
mortar collected from the depth of surface to ½ in.; 2) is the powdered mortar
collected from the depth of ½ in. to 1 ½ in.; 3) is the powdered mortar collected from
the depth of 1 ½ in. to 2 in.; 4) is the powdered mortar collected along the length of the
mortar-rebar interface.

Fig. 5. Rebar pullout setup.
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7 d; 8% at 28 d; and 7% at 91 d. This decrease in strength is likely due
to the weak nature of the porous LWA [24]. When using LWA to
encapsulate cinnamaldehyde (Mix 3) larger reductions in strength
were observed. Compressive strength decreased by 31% at 3 d, 33%
at 7 d, 40% at 28 d, and 41% at 91 d, indicating that either a surplus
of cinnamaldehyde remains on the surface of the LWA (which may
prevent the formation of mechanical bonds between LWA and the
cementitious matrix), or LWA is releasing the cinnamaldehyde
early enough to interfere with the hydration reactions by coating
cement particles and inhibiting hydration. A previous study
observed similar results when incorporating cinnamaldehyde-LWA
in mortars [25].

The FTIR spectra of the three mortar mixes consisted of six
similar bands: a band at 600 cm�1 due to Si-O vibrations; a band at
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Fig. 6. Compressive strength of mortars at ages 3, 7, 28, and 91 d.

Fig. 7. FTIR spectra of the mortars.
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Fig. 10. SEM image on left is Mix 1 (control), which does not contain LWA. SEM image in the middle is Mix 2. No apparent ITZ is observed around the LWA. The SEM image on the
right shows how Mix 3 produces a gapping space between the LWA and the cement paste. This can be a cause of the reduction in compressive strength.
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975 cm�1 due Si-O and Al-O vibrations; a band at 1413 cm�1 due to
S-O and C-O vibrations; a band at 1643 cm�1 due to H-O-H
bending; a band at 3390 cm�1 due to S-O; and a band 3643 cm�1

due to hydrated minerals (Fig. 7). XRD identified traces of crystal-
line quartz and calcite in each of the threemortarmixes (Fig. 8). The
results of the FTIR and XRD experiments are similar to those re-
ported elsewhere in literature [26,27]. The similarity in FTIR spectra
and x-ray diffractograms indicate that any potential effects on
mechanical properties in mortars containing cinnamaldehyde are
unlikely to be due to the formation of new chemical species.

Hydration is an exothermic reaction and the hydration kinetics
of the mixes were observed by isothermal calorimetry (Fig. 9). Mix
2 displayed a slight acceleration when compared with the control
(Mix 1). This has been previously observed and is due to additional
hydration provided by absorbedwater [28]. However, the hydration
of Mix 3 was somewhat retarded, with a 14% reduction of heat flow
compared to the control. A rightward shift is also evident,
Table 3
Regression equations of initial rate of water absorption.

Sample Regression equation C

Mix 1 y ¼ 0.0146x þ 0.163 0
Mix 2 y ¼ 0.0159x þ 0.240 0
Mix 3 y ¼ 0.0061� - 0.082 0
indicating a significant delay in hydration.
Microscopic investigation of the mortars suggests that the

addition of cinnamaldehyde interferes with the development of the
cementitious matrix. Gapping around the ITZ of the LWA was
observed in Mix 3 (Fig. 10). Gaps between cement paste and LWA
may be due to the cinnamaldehyde remaining on the surface of the
LWA and therefore preventing the adhesion of the paste to the LWA,
which is a possible explanation for the reduction of compressive
strength. Such gapping is not seen around the ITZ of the LWA inMix
2; this denser microstructure was also observed in a study of in-
ternal curing by Bentz and Stutzman [29].

The initial rates of absorption follow a linear relationship, with a
correlation coefficient of 0.98 or greater (Fig. 11). The sorptivity
coefficient of Mix 2 was slightly larger when compared to the
control within the first 6 h (Table 3). Since sorptivity relates to the
ability of the pore structure to absorb liquid by capillary forces, this
orrelation coefficient Sorptivity coefficient (mm=
ffiffi

s
p

)

.998 0.0146

.997 0.0159

.98 0.0061
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may explain the reason that Mix 2 has the greatest initial sorptivity
[30]. Once the LWA releases the stored liquid, the pores of the LWA
are empty and therefore can absorbwater. However, the addition of
cinnamaldehyde (Mix 3) led to a lower initial sorptivity coefficient
compared to the control. This may be due to cinnamaldehyde filling
the pores of the cementitious matrix through the initial phases of
sorptivity.

However, the secondary rate of water absorption for Mix 1 and
Mix 2 did not follow a linear relationship, with correlation co-
efficients of 0.945 and 0.934, respectively (Fig. 12). Ghafari et al.
observed similar nonlinear coefficients when testing the sorptivity
of ultra-high performance concrete; the nonlinear results were
used as an approximation of sorptivity [31]. The results of the
regression equations were used for estimation of the secondary
Table 4
Regression equations for secondary rate of water absorption.

Sample Regression equation Correlation coefficient Sorptivity coefficient (mm=
ffiffi

s
p

)

Mix 1 y ¼ 0.0045x þ 2.7285 0.945 0.0045
Mix 2 y ¼ 0.0042x þ 3.3381 0.934 0.0042
Mix 3 y ¼ 0.0065x þ 0.9166 0.98 0.0065

Fig. 13. Samples of cylinders split lengthwise and sprayed with silver nitrate after exposed to NaCl solution bath for 3 months (top row of images) along with the binarization of
each sample (bottom row).

Fig. 14. Chloride penetration of split cylinders in terms of the percentage of the mortar
sample.
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rate of sorptivity, despite being nonlinear, (Table 4). Between 1 d
and 7 d, the sorptivity coefficients of Mix 1 and Mix 2 decreased, a
trend observed elsewhere in the literature [30]. However, the sec-
ondary rate of water absorption for Mix 3 increased slightly. This
may be due to the cinnamaldehyde fully emptying out of the LWA
pores, suggesting that cinnamaldehyde is exiting the LWA pores at
a faster rate when compared with the water in Mix 2.

In terms of NaCl diffusion, the area (measured in percentage)
through which chloride penetrated Mix 2 was 23% less when
compared with Mix 1 (Fig. 13). This may be due to the LWA creating
a denser ITZ microstructure due to additional hydration [32]. It
should be mentioned that based on the results of another study in
which similar LWA was incorporated in the mortar, the
Table 5
Time to corrosion initiation of samples.

Sample Average (day) Standard Deviation (day)

Mix 1 2.9 ±0.08
Mix 2 2.9 ±0.08
Mix 3 32.1 ±18.4
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Fig. 16. Rebar pullout results plot
incorporation of LWA does not produce alternative phases in the
media and does not change the crystal structure of the mortar.
Therefore, the LWA does not have a chemical side effect on the
mortar [33]. The diffusion of NaCl through Mix 3 was 17% less than
Mix 1, possibly due to the cinnamaldehyde filling the pores within
the cementitiousmatrix and altering the transport properties of the
pore solution (Fig. 14).

The times to initiation of corrosion of the samples are listed in
Table 5. The resulting times for corrosion initiation of Mixes 1 and 2
were roughly similar, however, it took Mix 3 roughly 91% longer for
the corrosion initiation process to begin. This has previously been
observed and is likely due to the cinnamaldehyde creating a pro-
tective film on the reinforcing steel as well as slowing the ingress of
chloride [25]. The chloride concentrations at the four depths (sur-
face to½ in. (12.7mm),1½ in. (38.1mm), 2 in. (50.8mm), and along
the length of the mortar-rebar interface) were determined by ion
chromatography (Fig. 15). Mix 2 has a slightly greater chloride
concentration from the surface to ½ in. (12.7 mm) and 1 ½ in.
(38.1mm) than the control (Mix 1) but lower concentrations at 2 in.
(50.8mm) and along the length of themortar-rebar interface. Mix 3
has the lowest concentration of chloride at all depths. The lower
chloride concentrations combined with the lengthened time to
corrosion indicates that the cinnamaldehyde increases the CTL of
the sample. Due to the sensitivity of the test, large standard de-
viations were observed and were omitted from the figure for clarity
purposes e as such, the values should be taken as only potentially
indicative of an increase in the CTL.

The bond strengths between the matrix and rebar were deter-
mined for each mix. Results of the rebar pullout test show that Mix
2 has the greatest bond strength (Fig. 16). The failure pattern of Mix
2 also reveals gradual failure, with plateau-like behavior, prolong-
ing the time to failure. This may be due to the denser microstruc-
ture of the mix. Mix 3 yields the lowest bond stress with a sharp
failure mode (as opposed to the plateaus observed in Mix 2) due to
the cinnamaldehyde coating the rebar. Further studies are needed
to fully determine the reasons for such failures, and it is likely that
the reduced rebar/matrix bond strength would have to be over-
come before this system could have any practical applications.

4. Conclusions

A preliminary study on incorporating cinnamaldehyde in
ted as bond stress over slip.
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cementitious systems through encapsulation in LWA has been
carried out. The experimental program aimed to investigate the
novel cinnamaldehyde-LWA in terms of corrosion mitigation and
the impact on the cementitious properties. Although properties,
such as the mechanical properties, of the experimental mortar
were impacted, this technology is promising due to the signifi-
cantly prolonged corrosion resistance observed by the inclusion of
the cinnamaldehyde-LWA under accelerated corrosion conditions.
Future research should include a study on the substantial increase
in corrosion life when using the cinnamaldehyde-LWA. Moreover,
surface analyses such as SEM imaging should be carried out in order
to confirm the presence of cinnamaldehyde on the surface of the
rebar. Additional research on including LWA as a transport mech-
anism for corrosion mitigation agents without affecting the hy-
dration should be conducted.
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