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ABSTRACT:

In this study, the effect of different exposure conditions of ambient air, tap water, and seawater on
two levels of crack widths in Engineered Cementitious Composites (ECC) were investigated.
Crystalline Admixture (CA) was implemented in ECC to promote self-healing capacity. Flexural
testing on prism specimens (100 mm x 100 mm x 350 mm) was conducted to evaluate the self-healing
by recovering stiffness in specimens with crack widths below 200 pm. Water Permeability (WP) test
was also carried out to assess the crack filling capability of ECC disk specimens (100 mm diameter
x 50 mm thickness) with single crack widths over 1 mm. Digital Image Correlation (DIC) technique
was used to monitor crack propagation patterns and crack widths. To analyze the microstructure of
the healing products, X-ray Diffraction (XRD) test was conducted on groups of tap water and
seawater exposures. Concluding results proved seawater to be a promising environmental condition
for the self-healing process in ECC specimens incorporating CA, in terms of recovery of mechanical
and transport properties. Brucite was found to be formed as the additional healing agent that promoted
self-healing in this condition. These results can be applied for coastal concrete structures.
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1. INTRODUCTION

Cracks in reinforced concrete structures are inevitable due to deformation caused by hydration
shrinkage, external loading, and the environmental conditions [1, 2]. The formation of cracks lowers
the resistance of concrete with response to durability issues such as freezing and thawing, sulfate
attacks, carbonation, and steel reinforcement corrosion [3]. Self-healing mechanisms in concrete have
been investigated by researchers over the last twenty years, trying to design a mechanism capable of
filling the cracks with the products coming from the concrete itself [4-8]. Autogenous self-healing
mechanism is one of the main methods of self-healing and is an inherent property of concrete that
existed from the first time Portland cement was used in concrete [9]. The mechanism relies on further
hydration of unhydrated binders inside the cracks, and the crystallization of calcium carbonate
(calcite) which is a result of the reaction between calcium ions leached from the minerals in concrete
and dissolved carbonate ions in the surrounding environment [10, 11]. Nevertheless, the extend of
healed cracks due to all the aforementioned contributors have been reported to be limited to about 50-
150 um and very dependable on the surrounding environment [1, 12, 13].

To improve the limitations of autogenous self-healing, the research was taken up on a special
category of High-Performance Fiber Reinforced Cementitious Composites, introduced as Engineered
Cementitious Composites (ECC) [14, 15]. The main characteristic of ECC that distinguishes it from
other fiber-reinforced cementitious composites is its strain-hardening behavior which is the result of
a synergetic interaction between fibers, cementitious matrix and the interface [16]. Regarding its self-
healing properties, the dense fraction of micro-fibers limits the crack widths and helps with providing
nucleation sites for healing products formation. Moreover, the high portions of fly ash in the mix that
has lower hydration rate than cement, leads to greater resources of unreacted binders in the hardened

concrete. These characteristics of ECC has made it a candidate for improving the autogenous self-
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healing mechanism [17-20]. However, the formation of healing products is dependent on the
properties of the surrounding environment such as presence of moisture, pH, temperature, and ion
concentration [12, 21-24]. In particular, seawater exposure has reported promising results of
autogenous self-healing in cementitious materials. While the extend of healed cracks in the presence
of the moisture ranges from 50-150 um, the healed crack width for seawater exposure is ranging
between 200-700 um [1, 12, 25, 26]. The studies on the self-healing in ECC conclude that natural
environment where cycles of moisture are available, plus maintaining the cracks width below 150 um
are favorable conditions for a robust self-healing [17, 19, 20].

Crystalline Admixture is a market label used to categorize a group of hydrophilic admixtures
containing active chemicals that form water-insoluble precipitates upon reaction with water, leading
to densification of calcium-silicate-hydrates (C-S-H) and resisting water penetration. Active
chemicals used in crystalline admixtures are types of carbonates (Na,C0O5, NaHCO4, Li,CO3), active
silicates (sodium silicate, ethyl silicate), Talcum powder, etc. [27-30], usually mixed with crystalline
promoter/catalyst, cement and sand. ACI TC212 [31] categorizes CA as type of permeability reducing
admixture with the capability to function under hydrostatic pressure. The report states that tricalcium
silicate (C5S) in cement reacts with the crystalline catalyst/promoter in the presence of water to form
modified CSH and pore-blocking precipitate. The carbonate ions (CO%™) from some active chemicals
can also react with calcium hydroxide (CA(OH),) formed during the hydration process and produces
calcite. [29, 32]. Altogether, the reactions lead to matrix densification as they fill the pores in between
cement grains, minimizing drying shrinkage and ion penetration [31]. The unreacted portions of CA
will be present in the matrix for late crystallization and filling the cracks when activated by moisture.
The studies on the effect of CA on the self-healing properties of Fiber-Reinforced Concrete (FRC)

have shown positive impacts of CA on self-healing functionality, but is still dependent on the crack
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size and the surrounding environment, as almost no healing was observed in ambient air condition
[33, 34]. The majority of the literature confirms that presence of water is essential for hydration or
crystallization of the healing products, however, the extent of this phenomena and how different water
resources can impact the self-healing capacity requires further investigation.

The current study looks into the effect of different exposure conditions of ambient air, tap
water, and seawater on the self-healing of ECC containing CA through mechanical and transport
properties. The purpose for the mechanical testing is to evaluate the effect of these exposure
conditions on the recovery of mechanical properties of concrete in the normal range of crack
formation for ECC (e.g., below 200 um). However, the recovery of transport properties is designed
to investigate the capacity of ECC containing CA to heal large cracks (>1 mm) while exposed to
different exposure conditions. The significance of this work is the different crack openings considered
for the experiments to evaluate the effect of CA on the recovery of mechanical and transport properties
of ECC concrete exposed to different conditions. The results of this research could help understand
the effect of using an improved mixture for achieving a more durable concrete, and its favorable

condition.

2. EXPERIMENTAL PROGRAM

This study investigates the effect of different exposure conditions of ambient air, tap water, and
seawater on the self-healing of ECC specimens containing CA through a comprehensive experimental
program. Two series of prism and disk shape specimens were fabricated, pre-cracked, and then cured
in the three exposure conditions. The prism specimens were used to measure the recovery of
mechanical properties through a four-point bending test using the stiffness recovery ratio index. The

disk specimens were fabricated to measure the crack sealing through the water permeability test. The
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healing products collected from inside the cracks in the latter experiment were used for mineral
determination via the X-Ray Diffraction (XRD) test. To monitor crack propagation patterns in prisms
and to measure the crack opening displacement in disk specimens, Digital Image Correlation (DIC)

technique was adopted in this study.

2.1.Material Properties and Specimen Fabrication

The ECC mix design adopted in this study consisted of Class-F fly ash (FA), type GU Portland cement
(C), micro-silica sand (S) with an average aggregate size of 225 um, water (W), high-range water-
reducing admixture (HRWRA) and polyvinyl alcohol (PVA) fibers. Table 1. provides details on the
portions of the mix design. The CA used in this study is Masterlife 300D which is a crystalline
capillary waterproofing admixture product of BASF (Pinnacle Agencies Ltd., Dartmouth, NS,
Canada). Based on the literature’s recommendation [29, 30, 35], 2% of cement wight was selected as
the CA portion in the ECC-CA mixture. Water to cementitious material ratio (W/FA+C) was 0.27.
The nominal tensile strength of PVA fibers were 1100-1400 MPa, with a diameter of 38 um, length
of 8 mm and specific gravity of 1.3. The relatively high FA/C ratio of 2.2 was selected to promote the
healing efficiency of ECC by late hydration [19, 36]; also, to reduce the cement portion in the
mixtures.

Since moderate dispersion of PVA micro-fibers is an important issue on the final properties
of ECC, a planetary mixer was used to mix ECC constituents properly. First, fly ash, cement, micro-
silica sand, and CA were mixed for 2 minutes. Then, water was added gradually and after that, PVA
fibers were added. Finally, the HRWRA was added, and the mixing process continued for another 1
minutes. The mixed ECC-CA was poured separately into prism molds of 100 mm x 100 mm x 350
mm and disk shape molds of 100 mm (diameter) x 50 mm (thickness). After keeping the fabricated

specimens under plastic sheets in a curing room with 95% relative humidity for 24 hours, the molds
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were removed, and the specimens were placed back again in the humidity room up to the age of 28
days. After the moisture curing was completed, the specimens were taken out of the curing room and
prepared for tests (see Figure. 1).

The seawater used in this investigation was collected from the shores of Atlantic Ocean with
the ion concentrations listed in Table. 2. The containers for tap water exposure and seawater exposure
were placed inside a humidity room with RH=99% and controlled temperature, so there will be no
water evaporation from the containers, even though they were sealed properly. The ambient air

condition for specimens was an RH of 74% and 22°C room temperature.

2.2.Test setups and plans
2.2.1. Four-point Bending

The prism specimens were pre-cracked using a four-point bending test (see Fig. 2). The test was
conducted using a Universal Instron loading machine at a loading rate of 0.5mm/min and the process
was monitored using DIC (Digital Image Correlation) technique. The technique allows to monitor
and track points on the surface of material under displacement. For crack size measurement, the
relaxation caused after unloading would also be taken into consideration by using DIC. After testing
dummy specimens and monitoring DIC measurements, the required load and deflection
corresponding to the desired crack size were recorded and applied to the actual samples. Multi-
cracking behavior is a property of ECC in flexure, and not all the cracks are the same size, therefore
in this investigation, the limit was set to be 200 um for the maximum crack width in flexure. For each
loading step, the initial stiffness was measured during the elastic region which was determined to be
10 kN for pre-cracking and 5 kN for final loading. Mid-span deflection was measured viatwo LVDTs
placed on both sides and in the middle of the test setup. The specimen’s dimensions and apparatus

configuration were in accordance with ASTM C78 [37].

Page 6 of 30



Upon finishing the pre-cracking stage, the specimens were placed into their exposure
conditions for 6 months. After that, the prisms were removed and loaded until the failure, and the load
vs. deflection of the two stages were compared. Three specimens were tested for each case, making a
total number of 9 specimens

2.2.2. Water Permeability Test

To generate single-crack in disk shape specimens, a split tensile test was carried out on ECC-CA
disks. As shown in Figure 3(a), rectangular wood strips were placed at the top and the bottom of the
specimens to minimize the deformation effects of the loading cells on the on the interface of the disk
specimens. Since obtaining identical crack widths in disk specimens was difficult (due to high volume
fraction of fibers), DIC was used to measure the maximum crack width opening for each specimen,
which was further used for normalizing the water permeability results. Large deflections (> 1 mm)
were desired in the cracking of disk specimens to provide sufficient space inside cracks, so that the
maximum capacity of self-healing in ECC-CA mix could be observed in different environments. The
single crack generated in this experiment is a V-shape crack. There were also minor cracks which
occurred near the single crack on the onset of crack propagation, but since the final width of the main
single crack is relatively higher, the minor cracks are not considered. Water permeability test was
conducted right after the cracking step and after each exposure cycle for two consecutive months. A
summary of test plan for disk specimens is presented in Table. 3.

The rapid Water Permeability (WP) test for self-healing represents the amount of water
passing through a crack and indicates the crack filling efficiency (sealing) over time. The literature
includes different experimental methods to evaluate the self-healing of cracks by measuring the
reduction in their water permeability [11, 38]. The setup built for this test is schematically shown in
Figure 4 (dimensions are not to scale). It consists of three main sections, i.e., the bottom and top halves

of the plastic chamber and the pipe attached from the top half. After cracking the specimens, each
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was placed inside the bottom half of the fabricated plastic chamber. Then, the space between the
concrete specimen and inside of the chamber was sealed using plastic rings and plumbers’ putty. After
that, the upper half of the chamber was placed on the bottom half, and the two halves were fixed
together using six bolts. To start the test, water was poured from the top of an 8 mm tube attached to
the top chamber, and the time that water traveled inside a determined 1000 mm of tube's length was
measured with a stopwatch. This process was repeated three times for each specimen, and the average
recorded time was used for comparison. A plastic valve was attached to the chamber to release the
trapped air inside the chamber and measure the pure water pressure. The test was conducted after each
month of exposure for three months, and the measured values were further used to determine the self-
healing efficiency.

The WP test is intended to record and compare the travel time of water through the 1000 mm
length of the tube. After initial testing, the travel time measured through the WP test was reported to
vary between 3-55 seconds. The cracks generated in the specimens for this study are V-shape cracks
that are not completely identical throughout their width, and the travel time depends on the free space
within the cracks. Also, high fractions of PVA fibers in ECC could help with clogging the water
pathway in some specimens. Therefore, to normalize the measured values, the travel time recorded

(T) via the WP testing was converted into the rate of flow (Q), applying the following equation:

Hl<

Q= Eq.1

where (V) is the volume of the tube in 1000mm length. To consider the effect of crack width on the

recorded time, the determined value for (Q) was then used for getting velocity (U) using the following

equation:
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Eq. 3 recognizes the effect of crack width through the crack area (A) perpendicular to the
water travel direction. It is assumed that the area, in this case of VV-shape cracks, is represented as a
rectangle with a width equal to the maximum crack width generated in each specimen (W,,,,) and a
unit length. The maximum crack width was measured for specimens using the DIC technique and
then used to normalize the velocity. Finally, the velocity factor (Uy) is defined as follows to be used

for result comparison.

W Eq.3

3. RESULTS AND ANALYSIS

Mechanical and transport properties were discussed in the following sections to elaborate on the
efficiency of self-healing in ECC-CA exposed to different exposure conditions. Moreover, XRD
analysis results provide details on the material characteristics of the healing products formed during

the self-healing process.

3.1.Stiffness recovery

The recovery of stiffness in the cracked prism specimens is presented in this section to indicate the
self-healing by forming healing products and providing new bonds in the cracks that could lead to
recovery of mechanical properties. Fibers play an essential role in this method of recovery. They
provide nucleation sites for healing product formation and connect the healing agents and the old
matrix . Moreover, when fibers are enveloped by the formation of healing products, they are
reinforced; therefore, their stiffness could increase. Stiffness recovery ratio (Rg) was selected in this

study as the representative of recovery in mechanical properties, and is defined as follows:
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__ Initial stiffness of final loading
g =

Eq.4

Initial stiffness of precracking —

The graphs represented in Fig. 5 are the load vs. mid-span displacement curves of both pre-
cracking and final loading steps. By comparing the results of the stiffness recovery ratio (Rg) for
three exposure groups of ambient air, tap water and seawater, it was observed that the highest recovery
ratio is for seawater condition with 78% recovery in the initial stiffness (Fig. 6). Generally, seawater
proved to be a better medium for autogenous self-healing, rather than tap water with 43% or ambient
air with 27% recovery. The recovery of stiffness ratio in comparison between tap water and seawater
conditions suggest a 35% improvement when the submerging condition is seawater. The results show
that for 200 um cracks and fully submerged conditions, the stiffness recovery ratio of seawater
condition is 1.8 times greater than tap water condition, which proves that there are other ions
enhancing the self-healing reactions. Liu et al. [39] reported that the crack closure ratio of a 400 um
crack in seawater to be 2.6 times than of the same crack healed intap water. The Presence of different
ions dissolved in seawater, e.g. Mg2*, helps with formation of new healing products such as brucite
(Mg(OH),) that can promote crack healing efficiency of ECC in addition to portlandite (CA(OH),)
and calcite (CaCO;) [26]. These additional healing products can recover the stiffness of a cracked
specimen through enhancing the fiber bond. When specimens are cracked up to 200 um, healing
agents are formed around the 8 mm long PVA fibers that are still connected to the matrix on both
sides, and cause a higher stiffness by increasing the cross section of fibers. The mechanism for
stiffness recovery is not similar to the case of compressive strength recovery. Palin et al. [40] reported
that specimens healed in seawater could not recover compressive strength, however, the mechanism
for the case of strength recovery is densification of concrete matrix via further hydration or

carbonation, which is not as much dependent on the fibers bridging and strengthening.
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3.2.Water permeability results

Fig. 7. presents the velocity factor (U¢) values obtained for each disk specimen at three-time intervals
(month=0,1,2). ECC-CA specimens are categorized based on the exposure conditions, and the
maximum crack width (W,,,.5) for each specimen is also specified along with the specimen’s ID on
the charts. The authors acknowledge that comparing these values all together may not seem like a
correct method of analyzing the results (due to different crack sizes and also the ambiguity of fibers
orientation and dispersion inside the cracks); however, the primary goal of this experiment was to
investigate the possibility of filling a large crack size in ECC specimens with CA and exposing to
different environments. The reduction in the velocity factor could be taken as the capability of that
particular condition to fill the cracks to some extent by reducing the water flow. Nevertheless, the
results in ambient air condition indicate almost no reduction in the velocity factor over time. This
result suggests that healing large cracks through hydration, carbonation, or crystallization
mechanisms is not feasible without moisture [29, 30]. Even some trends in ambient air condition
showed an increase in the velocity factor during the first month of exposure that could be due to the
shrinkage of the cementitious composite, which subsequently increases the gap between the two faces
of cracks. This behavior was more vivid during the first curing period of specimens, with an average
of 74% increase in the U, value.

As demonstrated in Fig. 7, tap water curing condition is almost neutral in terms of
improvement in transport properties of ECC-CA specimens. Large deflections (>500 um) lower the
efficacy of the utilized self-healing mechanism for the formation of healing products made through
binder late hydration or calcite precipitation. Even if any small healing product is formed inside the
cracks, it is not impactful enough to resist the water flow. However, the results from specimens

exposed to seawater prove a significant velocity reduction, especially over the first month of curing.
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The average reduction for ECC-CA specimens was measured to be 77% in the first month. During
the second exposure period, the trend changed to a 7-8% reduction on average. It could be concluded
that due to the limited concentration of ions in the seawater used in this investigation, and the fact that
seawater used in this experiment was kept unchanged throughout the experiment, most of the
chemical reactions possibly took place during the first month and depleted the ions from the
surrounding environment. The depletion of ions and precipitation that happened during the first month
of exposure could alter the seawater pH, consequently affecting the process. The active chemicals and
minerals manufactured as CA can react with ions transferred through seawater and precipitate new
material. Even at large deflections and in a short period, the self-healing capability of ECC-CA
exposed to seawater can be confirmed. For instance, in specimen ECC-CA7, the maximum crack
width measured via DIC was 1.80mm, and it had an 82% reduction in the velocity factor over the first

month.

3.3.XRD Analysis and Visual Observations

X-Ray Diffraction (XRD) test identifies the microstructure of powder samples by illuminating X-rays
at them and recording its reflection. Via this test, the material characteristics of the healing products
formed inside cracks in this experimental program were recognized. The test was performed on the
powder samples scratched from inside the cracks of ECC-CA disk specimens. Two groups of tap
water and seawater exposures were selected for this test due to their efficiency in terms of crack
healing and also to determine the different healing products formed in these conditions. As shown in
Fig. 9(a), the formation of new healing products took place throughout the whole crack in ECC-CA
exposed to seawater, which indicates the pervasiveness of self-healing in this case. However, the
visual observations proved that this formation of new products is more significant in the vicinity of

the crack mouth, as it was observed to be an excess of products leaching out from the cracks in
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specimen ECC-CAY as shown in Fig. 9(b). It should be mentioned that the maximum crack width
generated in this specimen was 1.80mm, and healing products were able to fill up that gap to a great
extent as presented in Fig. 9(c).

To identify the observed products, XRD patterns of samples picked from ECC-CA in seawater
and tap water were obtained using an X-Ray diffractometer with Cu Ka radiation and 2theta ranging
between 0to 80 degrees. Asresults in Fig. 10 indicate, brucite (Mg(OH),) was observed in specimens
submerged in seawater, which indicates the presence of Mg ions in seawater, also confirms the
formation of additional healing products that enhance the autogenous healing efficiency in this
exposure condition. Calcite (CaCO5) was observed in both groups as a premier product of autogenous
self-healing in later ages, indicating the presence of dissolved carbonate ions in tap and seawater. For
seawater condition, the literature suggests the formation of aragonite (other crystal form of CaCO;)
rather than calcite [1, 41], however, the results show formation of calcite in seawater exposure. One
contributing factor for this could be the tap water used for the water permeability test. Quartz (SiO,)
peaks are also determined in the samples, which could be related to the silica in the sand and FA used

in ECC mixtures.

4. CONCLUSIONS

The presented experimental program measures the self-healing of ECC specimens with CA in three
different exposure conditions of ambient air, tap water, and seawater. Small and large crack openings
were generated in prism and disk specimens to assess the self-healing through mechanical and
transport properties. From the outcomes of the tests, the following conclusion can be drawn:

e Tap water and ambient air condition were incapable of showing improvement in large crack

formations. The results from water permeability test indicate that when large cracks (> 1 mm) are
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present in specimens exposed to ambient air and tap water conditions, the ECC-CA is unable to
fill the cracks with further hydration or calcite precipitation.

Seawater condition proved to show the highest performance for recovery of stiffness in prism
specimens, also resulted in the highest crack filling in disk specimens. The stiffness of specimens
with cracks of 200 um were recovered by 78% over a 6-month period, and maximum crack width
of 1.8 mm was filled with healing products over a 2-month period. The majority of the process
took place in the first month of exposure, indicating the early age improved autogenous self-
healing in the marine environment.

XRD analysis and visual observations proved the formation of additional healing products in the
specimens exposed to seawater. Brucite and a mix of calcite and brucite were found to be the
additional healing products formed during the curing period in seawater. Since the seawater used
in this experiment was kept the same throughout the test, there is a chance that by replacing
seawater at the start of each curing period, even higher self-healing levels would be observed in
specimens.

The purpose of this investigation was to elaborate on the effect of different exposure conditions

on the self-healing of two levels of crack openings in ECC-CA concrete. The results suggest that in

seawater condition, this can be achieved. Future studies on the use and extent of self-healing

mechanisms in concrete exposed to the marine environment is recommended.
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Table. 1. Mix design (for 1 m®)

Amount (kg/m3)
Mix ID
FA C S W PVA HRWRA CA
ECC-CA | 823 375 435 318 26 3 7.5
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Table. 2. Concentration of major constituents in sea water based on the salinity of the

collected area

At salinity 30%

Na* K* Mg?* Ca?t CI- HCO;™

Weight 924 034 110 035 1658 0.1
(g/kg)
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Table 3. ECC-CA disk specimens test plan and exposure conditions

Cracking disk specimens with split 15t month 2" month
tensile test exposure exposure
Ambient Ambient
air air
ah g Tap 8 Tap 8
A o t o \ [a
e s water s water s
m{— Seawater Seawater
Note: Three specimens were tested for each case, making a total number of 9 specimens.
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Fig. 1. Specimen fabricated for testing, a) prism specimens and, b) disk shape specimens
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Fig. 2. Four-point bending test, a) setup and dimensions, and b) DIC technique used in the test

to detect cracks and measure the crack widths
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b) |
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Disk specimen | [V-ape cracks |

| | Diameter = 100 mm

Crack

Fig. 3. Split tensile testing, a) test setup details, and b) V-shape cracks monitored via DIC
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Fig. 4. Water permeability test setup
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Fig. 5. Load vs. Midspan deflection of pre-cracking and final loading for different exposure

conditions; a) ambient air, b) tap water and c) seawater
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Fig. 6. Stiffness recovery ratio (Rg) of specimen groups exposed to different exposure

conditions
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Fig. 7. Velocity factor (U) vs. curing time for ECC-CA specimens exposed to different
exposure conditions; a) ambient air, b) tap water, and c) seawater
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Fig. 8. Average Water Permeability (WP) results for ECC-CA specimens
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Fig. 9 ECC-CA disk specimens: a) opened up after the final water permeability test (WP3) to
observe product formation inside cracks, b) healing products leaching out from the cracks

and, c) 1.80mm crack filled with white precipitates

Page 29 of 30



Counts

DE B I A- Ca (C O3) Calcium Carbonate
$3 B- Si O2 Quartz 49
g3
LE
g3
e
o3
&7
g3 ‘
27
3 B
E B . B
8 B
AE i [ B B /
= A
LE ./.\I...‘..,..If!.f}A.‘..~,A|~..,..n,w../ll«.{\/.lf./\.xﬂ.n./}..../‘\‘.n..I‘\A....m..,..[....,..n.,
10 20 30 40 50 60 70 80
2Theta (Coupled TwoTheta/Theta) WL=1.54060
g{ A- Mg (O H )2 Brucite, syn
NE B- Ca(C O3) Calcite
E I C- SiO2 Quartz, syn
81
o
2 g3
S 83
2 =
O =
e
83 c
§ "
<
E ) lc B j 5 O A ¢ &
o I e S B ‘v_l_JL'—W’T‘ﬁFPT—TﬁLFfﬁ‘T“T‘TLV‘ﬁ“Hﬂ"ﬂ“f“V—!—P—r‘Lv—F ~JI~ ¢ et ey
10 20 30 40 50 60 70

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Fig. 10. XRD analysis of ECC-CA specimens exposed to a) tap water and b) seawater

condition
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