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� Different phases of calcium silicate hydrate have been formed in presence of CA materials.
� EDX analysis depicted that the formed crystals was C-S-H having high C/S ratio.
� Great reduction in the pores diameters and water capillary raise resistivity in presence of CA.
� Presence of CA is not pronounced in case of concrete with low w/c.
� Continuous water curing lead to enhancement of the concrete impermeability in case of using CA.
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Crystalline forming materials have shown a considerable reduction in permeability of concrete structures
under severe environment. This paper addresses the performance of crystalline forming additive materi-
als in terms of morphology characterization and water Sorptivity. Three different water-cement ratios of
concrete; namely, 0.6, 0.5 and 0.387 have been considered to cover the range of concrete mixtures from
highly to low permeable concrete. Test methods include scanning electron microscopy (SEM), coupled
with energy-dispersive X-ray spectroscopy (EDX), thermo-gravimetric analysis (TGA), X-ray diffraction
(XRD) and sorptivity test. The results indicate that, the potential of crystalline materials to reduce perme-
ability of concrete depends on available pore space in concrete mixtures. Thus, the effectiveness of these
materials appears in high water cement ratio mixtures. The crystals have been found to be calcium sili-
cate hydrate ‘‘C–S–H” of different phases ranging from round to needle form with high Ca/Si ratio.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Severe environmental conditions usually result in concrete
deterioration. This deterioration is mainly attributed to connectiv-
ity of inner pores of concrete microstructure. Thus, the network
and structure of these pores represent the cornerstone of concrete
durability and mechanical properties which may alter the service
life of concrete structures [1].

Currently, crystalline forming additive materials (CA) are
widely used to reduce concrete permeability (ACI 212) [2]. It has
been postulated by many researches [3–7] and even with the
materials manufactures that these materials have the ability to seal
the concrete surface by filling the concrete cracks and large pores
with insoluble crystalline materials. Moreover, these materials also
have the ability to heal cracks autogenously [8–12].
This paper addresses the chemical composition and morphol-
ogy of these crystals with an emphasis on the source and condition
of their formation. This has been accomplished through several
experimental techniques for quantitative and qualitative charac-
terization of the crystalline phase forming process. These tech-
niques include microscopic evaluation such as scanning electron
microscopy, (SEM) coupled with energy-dispersive X-ray spec-
troscopy (EDX), and macroscopic evaluation such as thermo-
gravimetric analysis (TGA), X-ray diffraction (XRD), and Sorptivity
testing.
2. Experimental program

2.1. Materials and concrete mixtures

CEMI 42.5N Portland cement, with properties shown in Table 1,
has been used throughout this study. Aggregate includes crushed
pink limestone of 19 mm nominal maximum size, natural sand
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Table 1
Chemical and Phases Composition of used CEMI 42.5 N.

Chemical Compositions SiO2 CaO Fe2O3 Al2O3 MgO K2O Na2O SO3 CO2

Percentage (wt. %) 19.48 62.36 3.78 4.1 2.31 0.31 0.41 2.32 1.5
Calculated Phase Composition (ASTM C 150)
Cement Phase Composition C3S C2S C3A C4AF

Percentage (wt. %) 58 12 4.4 12

Table 2
Mixture proportion.

Mixes Water/cement ratio (w/c) Cement Content (Kg/m3) Aggregates (Kg/m3) CA1 CA2 CA3 Super plasticizer (% of cement wt.)

Mix 1 0.60 350 1694 – – – 0.50%
Mix 2 0.50 350 1780 – – – 1.00%
Mix 3 0.387 350 1884 – – – 1.50%
Mix 4 0.60 350 1694 2% – – 0.50%
Mix 5 0.50 350 1780 2% – – 1.00%
Mix 6 0.387 350 1884 2% – – 1.50%
Mix 7 0.60 350 1694 v 2% – 0.50%
Mix 8 0.50 350 1780 – 2% – 1.00%
Mix 9 0.387 350 1884 – 2% – 1.50%
Mix 10 0.60 350 1694 – – 2% 0.50%
Mix 11 0.50 350 1780 – – 2% 1.00%
Mix 12 0.387 350 1884 – – 2% 1.50%

2 M. Elsalamawy et al. / Construction and Building Materials 230 (2020) 117056
(with fineness modulus of 2.63), and high range water reducing
admixture (HRWR).

Three different sources of the commercially produced crys-
talline additives materials (CA) were used, at a dosage equal to
2% by cement weight (according to the manufacturers’ recommen-
dations), named CA1, CA2 and CA3.
Fig. 1. XRD Pattern for Different Crystalline Additives Materials.
With respect to concrete mixtures, Table 2 shows the composi-
tion of mixes used in this study. The significant variation of w/c
reflects the wide range of concrete mixtures from highly to low
permeable concrete.
2.2. Mineralogical analysis for CA materials

XRD was conducted for the powder specimens of CA materials,
the results showed that, the strongest peak position for the crys-
talline materials is centred on (2h) equal to 26.6� with different
intensities as illustrated in Fig. 1. This peak is corresponding to
the (2h) reflection of silicon dioxide (SiO2). The mineralogical com-
position of the three investigated CA materials obtained by means
of XRD analysis is summarized in Table 3. The results revealed that,
the crystalline additives materials (CA) are mainly composed of
cement, silica and carbonated materials as reported in XRD analy-
sis. These materials have similar mineral gradients with different
percentage as shown in Fig. 1. Moreover, it may be noted also that,
CA1 crystalline materials containing lower content of SiO2 com-
pared to CA2 and CA3 as indicated in XRD analysis.
2.3. Qualitative and quantitative procedure

Two different approaches have been considered in this
research; qualitative (SEM) and quantitative (EDX, TGA/DTG and
XRD). SEM has been used to identify the morphology of the formed
crystals, if any, and their different structure. EDX uses the SEM
images to identify the different phases of the formed crystals based
on elemental analysis. Furthermore, TGA/DTG analysis has been
utilized to check the reactivity of the CA materials with the cement
Table 3
Mineralogical analysis for crystalline additives materials.

Candidate Formula CA1 CA2 CA3 Used
Cement

Silicon oxide [Quartz] SiO2 32.840 44.971 48.36 19.48
Portlandite Ca (OH)2 7.505 6.684 7.825 –
Alite (C3S) – 28.527 26.468 20.623 58
Larnite (C2S) – 31.128 21.877 23.192 12



Fig. 2. SEM images for cement mortar without crystalline additives materials (a) typical C–S–H phase, (b) typical portlandite Phase and (c) cavities (~5 mm).

Fig. 3. SEM images for cement mortar with different crystalline additives materials (CA1, CA2 and CA3).
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hydration product. On the other hand, performance characteriza-
tion of these materials has been evaluated through Sorptivity test-
ing (ASTM C1585-13) [13]. All samples were subjected to water
curing condition until being tested.
2.4. Specimen preparation

2.4.1. Morphology characterization specimens
All specimens were prepared out of the concrete mortar

through sieving the fresh concrete mix using No.4 ASTM C 33 sieve.
The sieved mortar was cast in prisms (50 � 50 � 200 mm) for
testing.

The morphology analysis investigation using SEM and EDX of
the newly broken surface, were taken from the pre-prepared
prisms at 14 and 28 days, for all specimens.

For thermo-gravimetric analysis (TGA/DTG), powder samples of
20 mg were prepared at tested ages, at 7, 14 and 28 days, from
Fig. 4. SEM/EDX Images for Control Samples at differen
newly broken samples by grinding and sieving it using mesh open-
ing of (75 mm).

In addition, (TGA/DTG) analysis was conducted on hydrated
paste of CA materials mixed with either water or simulated con-
crete pore solution. That is to disclose the reactivity of CA materials
with the cement alkali that exists in pores. Where, simulated pore
solution of cement is the output of the filtering the paste prepared
by adding deionized water to cement powder by 0.45 ratio by
weight after 1.5 min of mixing [14]. For this elucidation,
(TGA/DTG) was conducted on these pastes after 7 days only.

2.4.2. Performance characterization specimens
Capillary rise water absorption (Sorptivity) cylindrical speci-

mens (100 � 200 mm) were cast. then after 7 days of water curing,
these specimens were cut into individual specimens of (50 mm)
height from the center of the original specimen according to ASTM
C1585-13 [13]. In this test method, only one surface is exposed to
water at room temperature while the other surfaces are sealed
t Magnification; top (X2000) and bottom (X7500).
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simulating water absorption in a member that is in contact with
water on one side only. After cutting the test specimens
‘‘100 mm in diameter and 50 ± 3 mm in length” all the specimens
were saturated using vacuum saturation procedure, then the spec-
imens were placed for 3 days in desiccator inside an oven at
50 ± 2 �C temperature, after that, each specimen was placed sepa-
rately in a sealable container for 15 days then the specimen side
sealing was installed before the start of the absorption procedure.

2.4.3. Curing conditions
All concrete specimens were initially water cured for 7 days

after being demolded at room temperature, then the specimens
were exposed to water curing till time of testing periods of 14,
28 and 365 days.

3. Experimental results and discussion

3.1. Morphology of the formed crystals

Morphology of hydration products and crystals formed were
analysed by means of scanning electron microscopic (SEM). The
typical hydration product and available space of cement mortar
without crystalline additives materials are shown in Fig. 2. It can
be depicted that the morphology of hydrated calcium silicates
(C–S–H) and portlandite (CH). Also, the morphology monitors the
contribution of portlandite to form pores.

On the other hand, different phases of crystals, for cement mor-
tar with crystalline additives materials (CA) have appeared in the
examination of SEM images as shown in Fig. 3.

3.2. SEM/EDX and Ca/Si ratio

3.2.1. Typical hydration products
SEM/EDX analyses were performed for all control mortar mix-

tures to visualize the main phases of hydration products; crys-
talline calcium hydroxide (CH) and amorphous C–S–H [15]. After
Fig. 5. SEM Images for the different types of the formed crystals lef

Table 4
EDX results for control specimens.

E–lements point (P1)
C–S–H phase

point (P2)
C–S–H phase

point (P3) Portlandite
(CH) phase

Ca 60.6 61.5 92.7
Si 34.6 34 4.2
AL 2.3 2.8 0.5
Fe 2.1 1.2 1.9
Mg 0.3 1.1 0.8
Sum 99.9 100 100
Ca/Si Ratio 1.75 1.8 –
28 days, the morphology (SEM, EDX) of control specimens were
shown in Fig. 4(a and b). The elemental analysis results using
EDX for the investigated phases are presented in Table 4. The
results illustrate that, there were amorphous C–S–H according to
EDX results in points (P1, P2) which has a Ca/Si ratio of 1.8 [16],
and hexagonal plates of Portlandite (CH) were indicated in point
(P3), where the calcium (Ca) content is around 90% at this phase.
While, the content of AL, Fe, and Mg element were relatively low.
Moreover, porous structure with wider pores available was also
found.
3.2.2. Formed crystals for CA materials mixtures
SEM, EDX analyses were carried out for all mortar specimens

containing crystalline additives materials (CA) to visualize the
morphology of formed crystal structure. Moreover, after 7, 14
and 28 days, samples were monitored to trace the different phases
of the formed crystal at different ages.

Two types of crystals are observed as shown in Fig. 5 irrespec-
tive of either the age of monitoring or the (w/c) ratios. In this study,
they are referred to as either rounded crystals (type I) or needle
like crystals (type II). These crystals are observed for all specimens
with different crystalline additive materials and elemental analysis
using EDX was produced to characterize theses phases.

Morphology of specimens containing CA1 after 28 days was
shown in Fig. 6, where round crystals (type I) were observed. Their
morphologies at higher magnification were similar to agglomer-
ated very small particles in tens of nanometre. This was confirmed
with previous studies, where 30 nm ball–like structure of C–S–H
under Atomic Force Microscope (AFM) was documented [17]. The
EDX analyses for (point P4, P5) that are shown in Table 5 illustrated
that, the main elements, in these crystals, were calcium (Ca), silica
(Si) and their average molar ratio (Ca/Si) was about 3.

Needle-like crystals product was investigated for the same
specimens at the same age as shown in Fig. 7. EDX analysis was
conducted on point (P6). This analysis confirmed that, the calcium
and silica are the main elements with high average molar ratio
(Ca/Si) of about 3.6 which is the same as rounded crystals. These
elemental analysis (EDX) results are presented in Table 5. No dif-
ference was detected between the compositions of crystals type I
and type II, although they have different structure and morphol-
ogy. These different morphologies of C–S–H were documented in
recent research, which indicated that one type of C–S–H morphol-
ogy was small and dense round while the other was coarse and
loose [18] and sometimes fibril like C–S–H [19].

Fig. 8 illustrate that, C–S–H whish was monitored from the
same specimens containing (CA1) has (Ca/Si) ratio around 1.6 coin-
cide with the typical ratio confirmed by Kurdowski et al. [15].
Moreover, its morphology was closed to be needle-like structure.
This result confirms that, the investigated crystals were C–S–H
t: (type I) rounded crystals, right: (type II) needle like crystals.



Fig. 6. SEM Images, EDX for the Crystals (rounded Crystals) magnification increasing from top to bottom.

Fig. 7. SEM Images, EDX for the Crystals (Needle-like Cry

Table 5
EDX chemical composition results for (CA1).

Elements Points

(P4) (P5) (P6) (P7)

Ca 73 75 72.6 58.1
Si 23.9 22.6 20 34.8
AL 0.2 0.4 2.3 0.90
Fe 1.6 1.5 4.4 4.2
Mg 1.3 0.4 0.6 1.9
Sum 100 99.9 100 99.9
Ca/Si 3.05 3.32 3.63 1.67
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with different morphology due to the different of calcium and sil-
ica molar ratio. This higher ratio of Ca/Si was reported in previous
studies [20]. However, the large Ca/Si variation may be due to the
change of C–S–H morphology or inadequacy of the intermixing
measurement of the compounds. It can thus be concluded that,
with increasing Ca/Si ratios, the calcium silicate hydrate gel
changes from a loose fibril-like morphology to dense granular-
like particles [21].

The morphology of specimens containing CA2, and CA3 were
presented in Figs. 9 and 10 for specimens with different (w/c)
ratios. The SEM images of all concrete samples reveal the formation
stals) magnification increasing from top to bottom.
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of very dense structure and tiny particles. These particles are com-
posed mainly of calcium and silica according to EDX analyses
results as tabulated in Table 6 at points P8 and P9 for specimens
containing CA2 and CA3 respectively. Moreover, the tiny particles
had same chemical composition with round particle clusters in
specimens containing CA1. In addition, the Ca/Si ratio of amor-
phous product, Crystals, was measured as 2.6 and 3.3 respectively.

The morphology of concrete containing (CA3) was presented in
Fig. 10 for specimens with (w/c) of 0.6 after 14 days. The morphol-
ogy presents the same crystals with Ca/Si ratio of 3.3. EDX analysis
for point 9 shows that, it contains mainly (Si). So, these particles of
Fig. 8. SEM Images, EDX for the C–S–H magn

Fig. 9. (a): SEM Images, for Tiny Particles (Crystals) for specimens Contain (CA2) with 0
specimens Contain (CA2) with 0.50 (w/c) after 14 Days.
silica may be accumulated where it plays as a nucleation zone of
hydration products formation.
3.2.3. Crystals and available space
The morphology of the specimens containing CA materials

investigated that, the formed crystals, whatever the age of moni-
toring, contributed to reduce the available space width by about
65 ± 5% as illustrated in pervious Fig. 3 and (9-a), which confirmed
the high performance of concrete containing CA materials in prac-
tices. Where, the formed crystals, other phase of C–S–H gel,
ification increasing from top to bottom.

.60 (w/c) after 14 Days. 9(b): SEM Images, and EDX for Tiny Particles (Crystals) for



Fig. 10. SEM Images, and EDX for Crystals for specimens contain CA3 after 14 Days.
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decreased the water transport of hardened concrete by partially
blocking the pore structure [22].
3.3. Quantitative characterization of calcium hydroxide using TGA

Results of TG/DTG curves for CA1 hydrated either by water or
simulated pore solution were shown in Fig. 11. This study indicate
Table 6
EDX Chemical Composition Results for (CA2) and (CA3).

Elements Points

CA2 (P8) CA3 (P9)

Ca 65.9 74.6
Si 29.1 23
AL 2.7 0.3
Fe 2.2 1.5
Mg – 0.2
Sum 99.9 99.8
Ca/Si 2.26 3.2

Fig. 11. TG/DTG Curve of Hy
that endotherm peak corresponding to di-hydroxylation of (CH)
usually occurs in range 375–521 �C. While, the endotherm corre-
sponding to de-carbonation of calcium carbonate occurs over
700 �C. The results illustrated that, the portlandite (CH) content
was 3.23% for specimens made of CA1 hydrated with simulated
pore solution. While, this ratio reaches 7.64% when mixing CA1
with water. It may be noted that, decreasing CH content for CA
mixed with pore solution leads to the reaction between silica, pre-
sented on (CA), and cement alkalis.
3.3.1. Effect of crystalline additive materials on CH content
The calculated CH content from TGA/DTG analysis for mortar

specimens having of 0.60 and 0.50 (w/c) ratios with and without
CA is depicted in Figs. 12, 13 respectively. These results indicate
that, using CA lead to slight reduction in calcium hydroxide ‘‘CH”
content. At early ages (1 days), the Nano particle acts as a nucle-
ation site for the formation of hydration product CH and C–S–H
simultaneously [23,24]. At later ages (28 days), control specimens
contain higher content of CH compared to other specimens con-
drated CA1 after 7 days.



Fig. 12. Percentage of CH content with ages for specimens of 0.6 (w/c).

Fig. 13. Percentage of CH content with ages for specimens of 0.5 (w/c).

Fig. 14. (a, b) – Volume of water absorbed per cross sec area (mm3/mm2) vs. square root of elapsed time (s1/2) for different (CA) materials after 28 days water curing.

Fig. 15. Initial Sorptivity parameters for concrete specimens with and without CA
with different curing ages and different (w/c) ratios.
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Fig. 16. Relative reduction percent in (Si) due to using CA materials in concrete after 28 and 365 water curing ages.
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taining crystalline additive materials. Although all crystalline addi-
tive materials have the same composition with different ratios, CH
content was varied according to type of CA materials. it was
observed from figures that, concrete specimens containing CA1
has the least calcium hydroxide content compared to other types
of crystalline additives materials for all concrete mixtures men-
tioned above. Thus, the performance of CA materials not only
depends on the silica content but also its reactivity as indicated
in the XRD analysis.
3.4. Capillary rise water absorption (Sorptivity)

In regard to mass change, sorptivity parameters were deter-
mined according to ASTM C1585-13 [13]. The specimen mass
change was routinely measured due to water absorption at (1, 5,
10, 20, 30, 60 min and every hour up to 6 h) to determine the initial
rate of water absorption (Si), and every day until 8 days to deter-
mine the secondary rate of water absorption (Ss). These two
parameters were determined by calculating the gradient of the
straight-line relation between the volume of absorbed water per
cross section area (I) and square root of elapsed time (t1/2).

The sample of the measured results were provided in Fig. 14 (a,
b). This figure illustrated that, there were significance reduction in
volume of water absorbed per cross section are for all specimens
containing crystalline additives materials (CA) compared to control
specimens. In addition, the data used to calculate the secondary
Fig. 17. Reduction percent in (Si) after 365 days water curing relative to 28 days
water curing ages.
Sorptivity parameter (Ss) showed a systematic curvature for the
control specimens.

Fig. 15 showed the calculated initial sorptivity parameters (Si)
for concrete mixtures with and without CA materials. It should
be mentioned that, These parameters were not reported if the cor-
relation coefficient less than 0.98 and the data show a systematic
curvature [13]. The results showed that, there is a significant
reduction in (Si) for control specimens due to the considered curing
age. This can be return to the hydration advance.
3.4.1. Dual action of hydration and crystallization
Fig. 16 showed the enhancement in resistivity of water trans-

port with regard to (Si) due to using CA materials relative to the
control mixtures after 28, and 365 days. The results showed that,
the significant effect of the using CA materials appeared with the
concrete mixtures considered as a low permeable concrete, 0.60
and 0.50 (w/c) ratios. Where, the reduction percent after 365 days
of water curing reached to about 70, 63.3, and 34.2% for concrete
mixtures with 0.60, 0.50, and 0.387 (w/c) ratios, respectively.
Moreover, these reductions were 50, 30, and 28.6% after 28 days.

The effect of prolonged water curing on Sorptivity parameters
(Si) for all concrete samples is shown in Fig. 17. The relative ratio
of (Si) after 365 days and (Si) after 28 days for control mixtures
and mixtures containing (CA) materials reveal that; highly reduc-
tion in (Si) was observed for high permeable concrete samples,
0.60 and 0.50 (w/c) ratios, containing (CA) materials, where the
reduction in (Si) reached to approximately 60%. On the other hand,
no significant enhancement in (Si) was documented for low perme-
able concrete (0.387 (w/c) ratio). Thus, the use of CA is useless for
concrete with low w/c.

Moreover, it is confirmed that these materials have a vital role
for high permeable concrete. Whereas, the formed crystals resulted
need an available space in concrete structure so by continuing
water curing, the enhancement in (Si) due to dual effect of hydra-
tion progress and formation of crystals due to presence of CA
depending on available pore space. This macroscopic behaviour
coincides with the morphology and microstructure characteriza-
tion for concrete containing CA materials given in Section 3.2.

The above observations were confirmed with other researcher
[25] which concluded that, capillary porosity was reduced signifi-
cantly at early ages for silica based materials while at the later ages
this reduction was not significantly.
4. Conclusion

The performance characterization of concrete containing crys-
talline additive materials (CA) was investigated using SEM/EDX,
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TGA/DTG and sorptivity analysis. Based on the analysis it can be
concluded that.

1. Different phases of calcium silicate hydrate C–S–H have been
formed in presence of CA materials. These phases range from
round particle to needle like crystals with Ca/Si ratio ranged
from 2.4 to 3.2.

2. Crystalline additive materials have a great physical effect to
reduce the size of pores, available space, where the crystals con-
tributed to reducing pores width about 65 ± 5%.

3. A considerable reduction in calcium hydroxide content ‘‘CH‘‘ is
documented in concrete mixture containing crystalline additive
materials; this may be due to the presence of highly fineness
silica that can react with CH.

4. XRD analysis indicates that, the crystalline additives materials
‘‘CA” is mainly composed of cement, silica and carbonated
materials.

5. TGA analysis reveals that, the CA materials mixed with pore
solution shows decrease in CH amount compared to its relevant
mixed with water.

6. The reduction percent on (Si) for control specimens was signif-
icantly clear for concrete mixtures with 0.60 and 0.50 (w/c)
ratios.

7. The higher the (w/c) ratios, the higher the efficiency of the using
‘‘CA” materials regarding the enhancement on the water capil-
lary raise resistivity.

8. For impermeable concrete ;(i.e. Low w/c ratio); there is no need
of using CA materials, where, no significance difference in (Si)
for concrete samples with and without CA materials.

9. Continuous water curing may result in a great enhancement of
the concrete impermeability in case of using (CA) materials.
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