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� Geopolymer is an eco-friendly innovative construction material.
� For the first time, water absorption into cracked geopolymer mortars was introduced.
� The external waterproofing slurry reduced water ingress more than the internal one.
� Water invaded the externally protected sample from the crack region.
� The water absorption processes followed the square root of absorption time.
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Water transport into cracked fly ash geopolymer mortars were investigated, for the first time, using neu-
tron radiography. Three samples were prepared and cracks were induced in these samples. The first sam-
ple does not contain internal waterproofing additives, the second contains Lignosulphonates based
waterproofing admixture and the third sample was covered with external waterproofing slurry coat.
Neutron radiography images were acquired continuously during the moisture absorption process. The
results obtained showed that water absorption into first sample is the fastest. The internal waterproofing
additives minimized water absorption into the second sample. The waterproofing slurry coat stopped
water ingress into the third sample for 109 min, however after that time it started to absorb water from
the crack region only. Water is fed to all portions of the samples from the water filled cracks. The advance
of water from the cracks into the matrix of the samples follows the square root of the absorption time.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Portland cement (PC) is considered the backbone of the con-
struction industry all over the world. It is estimated that the man-
ufacturing of one tone of cement emits 0.8 tonnes of CO2 per ton of
Portland cement [1,2,3]. The cement industry is considered the sec-
ond largest producer of CO2 (5–8% of worldwide emissions) [1,2,3].
In addition to its aggressive environmental impact, it leads to the
consumption of the natural resources of raw materials [4]. Thus,
it is necessary to find alternatives to produce an eco-friendly con-
crete [5]. The using of supplementary cementitious materials (sil-
ica fume, fly ash, GGBFS,. . .etc.) as a replacement of PC is one of
these alternatives. For instance, incorporating up to 60% of fly
ash as a replacement of PC achieved high mechanical properties
and improved the durability performance [6]. Concretes character-
ized with high compressive strength and fracture toughness can be
produced by replacing cement by fly ash [3]. Additionally, the
properties of the concretes containing fly ash depend on the age
of the concrete [3,7]. It was reported that as the percentage of fly
ash in concrete increases, the drying shrinkage decreases [7–9].
Lower water sorptivity, permeability, and chloride permeability
were reported for fly ash concrete [7]. GGBFS are used in the mix-
ture of high-performance concrete (HPC) as a kind of mineral
admixture [10–14]. It was reported that the properties of concrete,
such as durability, workability and long-term strength can be
improved by addition of GGBFS [10]. As the GGBFS content
increases, the autogenous shrinkage increases [11], cracking poten-
tial of HPC decreases [12,14], and the total shrinkage, porosity, and
mobility of chloride ions decrease [13,14]. It was shown that
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alkali-activated slag/fly ash-based pastes are more resistant to
phosphoric acid attacks compared to ordinary PC-based pastes
[15]. Sulfate resistance of PC-slag concrete generally decreased
with increasing slag content [16,17]. It was reported that sorptivity
and resistance to sulphate, acid and chloride attacks improve with
increase in the content of GGBFS replacing PC in recycled aggregate
concrete (RAC) [17]. Geopolymer is a new form of binder free from
cement and produced by the reaction of aluminosilicate material
with alkaline solutions. In early 1980 s, geopolymer was firstly
introduced as an eco-friendly artificial stone with excellent
mechanical properties [18,19]. Slag, fly ash (a by-product obtained
in the process of hard coal combustion) and metakaolin were used
as sources to the silica and alumina in the geopolymer matrix. Low
calcium fly ash is the common pozzolanic material used in
geopolymer manufacturing. The alkaline activator almost consists
of sodium silicate (Na2SiO3) and sodium hydroxide (NaOH)
[20,21]. The final properties of produced geopolymer concrete
and/or mortar depend on the mixing ratio of these components.
On the other hand, a heat curing is preferable to accelerate the
reaction [22]. In addition to its highly mechanical properties, a sig-
nificant low chloride penetration was recorded compared to that of
cementitious concrete [23]. It leads to be recommended as a pro-
tection or repair material.

Water penetration into porous media including construction
building materials is so important physical process. It is the cause
for many damage mechanisms [24]. For brick, due to the long
direct contact of a brick wall with the ground, ground water carry-
ing soluble salts and harmful chemical substances penetrates into
the wall components by capillary forces leading to dampening and
salting them [24]. This may contribute to the so-called moisture
destruction [24,25] which increases over time. Water-soluble salts
cause crystallization and hydration processes near and on the sur-
face of the wall leading to breaking up the masonry structure and
forming surface salt efflorescence [24]. Pressure in the pores and
capillaries of the structure increases as a result of crystallization
and hydration processes that occur continuously. The structure
breaks after the pressure in the pores and capillaries of the struc-
ture exceeds a threshold limit [24]. In the presence of water (either
from ground water or rains or both), biodeterioration [26,27] is
accelerated by the growth of micro-organisms and hydrolysis of
the binding matrix of cement-based materials. Since absorbed
water may carry dissolved harmful chemicals, acids are formed
inside the pore space. This leads to the so-called acid attack. Also,
sulfate attack, chloride attack and carbonation may occur. Rein-
forcement steel corrosion may be a consequence of both chloride
attack and carbonation. Moreover, water saturated porous materi-
als are not frost resistant. Drying of a wetted porous medium [27–
29] causes shrinkage, which usually causes formation of cracks
[30,31]. Additionally, due to the freeze/thaw cycles [32–34], width
of cracks could be increased. These cracks interconnect flow paths
for water that may contain dissolved and harmful chemicals. The
width of crack is critical, where only the capillary cracks can help
in water capillarity. This leads to further increasing the rate of steel
corrosion. Certainly, the service life and durability of many con-
struction building materials including cement-based materials
are shortened in short time [35–37]. Several methods are used to
minimize moisture transport in either cracked or uncracked sam-
ples of porous building materials such as surface treatment [38],
internal curing, and self-healing [39]. Further details can be found
in Zhang et al., [27].

Research on durability of geopolymers including decreasing
sorptivities and/or capillary absorption coefficients are based on
microstructure densification and pore refinement due to adjusting
of curing conditions and mix proportions or the addition of mineral
admixtures [40]. Geopolymers based mortars and/or concrete
characterized with lower sorptivities were reported as presented
by Zhang et al., [40]. The reported improvement in many durability
issues were based on the internal modification of the geopolymer
matrix. However, few works on modification of the surface of the
geopolymer were reported. Duan et al. [41] and Xue et al., [42] pro-
posed surface waterproof agents for geopolymer based on alkali
activation of metakaolin and for low-calcium fly ash pastes, respec-
tively. The addition of surface hydrophobic modifier results in a
remarkable reduction in water absorption [41,42]. Commercially
available agents to seal cracks were used to reduce water absorp-
tion effectively [43,44]. A polyurethane based and water repellent
agents are examples for these agents. Both agents were used effec-
tively to seal cracks for cement-based materials. Cracks containing
encapsulated healing agent can be autonomously healed.

Neutron radiography (NR) is a powerful non-destructive
imaging technique [45,46]. It is based on the transmission of a
neutron beam by the sample under investigation according to
the Beer-Lambert law. The transmitted beam is registered by using
a suitable recording system such as a charge coupled device (CCD)
camera. A 2-dimentional image is produced carrying important
information about the sample under investigation. Due to the large
incoherent cross section of hydrogen, contained in water for ther-
mal neutrons in comparisons with matrix of a porous medium, it is
possible to apply NR to study transport of liquids in construction
building materials. Generally, there is a jump in the different appli-
cations of NR because the availabilities of high neutron fluxes and
the use of digital imaging based on CCD cameras [27,47].
Nowadays, NR experiments with excellent spatial resolutions are
carried out to investigate fast as well as slow dynamical processes
[27,47–55] such as water and/or moisture transport in porous
media including construction building materials (bricks, mortars,
concrete,. . . etc.). The different applications of neutron radiography
to investigate moisture transport in porous media including con-
struction building materials under various conditions have been
extensively discussed [27,47].

NR was successfully used to study water absorption into
cement-based materials. These studies included water absorption
into cracked and uncracked cement-based mortars and/or concrete
samples and the use of the different agents to minimize water
ingress including hydrophobic treatment methods [30,31,44,56–
62]. However, NR was not used to investigate water absorption
into cracked geopolymer mortars and/or concretes. Also, studies
related to the effect of the hydrophobic treatment methods on
water absorption of cracked geopolymer mortars and /or concretes
are rare.

Therefore, in this work we use NR to investigate moisture trans-
port in cracked geopolymer mortars, for the first time. The cracked
samples were treated from the surface and internally cured with a
commercially available hydrophobic material.
2. Samples preparation and experimental details

Geopolymer mortar was the main matrix for preparing the
investigated samples and consists as follows; fly ash class F,
low-calcium (this classification is according to the chemical com-
position of ASTM C618-19 where low CaO is less than 3%), with
specific surface area of about 480 m2/kg and specific weight of
2.24 was used; alkaline solution consists of sodium hydroxide
NaOH and sodium silicate Na2SiO3 (SiO2 = 29.4%, Na2O = 14.7%
and water = 55.9%) was utilized as activator. NaOH with 98% purity
and in pellets form used for 16 M solution. The two solutions
(sodium hydroxide and sodium silicate) were mixed to form the
alkaline solution; river siliceous sand free from impurities (this
was performed according to the standard test ASTM C87-C87M-
17), fineness modulus of 2.36 (this was determined through sieve
analysis test ASTM C136-C136M-179) and its water absorption less



Fig. 1a. Placing of specimens.

Fig. 1b. Hardened specimens.
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than 0.8% (water absorption was determined after 24 hrs of water
soaking for a dry sand sample), represents the fine aggregate; tab
water (pH value of = 7.2 and total dissolved salts = 0.14 gm/Liter)
was used as an extra water to enhance the consistency (make it
more flowable) of the mortar; Lignosulphonates based water-
proofing admixture was used as an internal waterproofing admix-
ture of dosage about 1% by mass of the fly ash. It was used in the
mixing of geopolymer mortar Mix#2 as additional investigated
parameter. Mix#1 is geopolymer mortar mix without internal
waterproofing additives. Table 1 lists mix proportions by weight
for the tested geopolymer mortar mixes. All the ingredients were
mixed together for 8 min then placed in prismatic molds with
300x100x100 mm as shown in Fig. 1a. The molds were left in lab
temperature (25 ± 2 �C) for 24 hrs followed by heat curing in spe-
cial chamber at 65 ± 2C for another 48 hrs. Fig. 1b shows the hard-
ened geopolymer mortar after the heat curing. The compressive
strength of the proposed mix achieved approximately 32 MPa after
the heat curing for cube 50x50x50 mm specimens.

Each prismatic specimen (300x100x100 mm) was reinforced
with 9 steel reinforcing rebars of 2 mm diameter arranged as
shown in Fig. 1c. After the heat curing each prism was cut into
three identical slices (300x100x30 mm) with a diamond saw along
the long axis of the prisms as shown in Fig. 1c. Each slice was
tested under three-point loading, flexure test, in order to crack
induce. To perform the test, a universal testing machine with data
acquisition system was used and the crack width was recorded
using Linear Variable Differential Transformer (LVDT) as shown
in Fig. 1d. For all investigated samples crack width of 0.4 ± 0.05 m
m was achieved. After crack creation the slice unloaded and the
middle 100 mm (containing the crack at the center) was cut. The
slices were dried in a ventilated oven at 110 �C for 2 days, where
constant weight was achieved.

External polymeric waterproofing slurry, which is used to pro-
tect the concrete structures through the reduction of water ingress
and chloride penetration ions, was used to cover the external sur-
face of the sample. Two perpendicular layers of the waterproofing
slurry coat (with total thickness not less than 2 mm) were applied
after the specimens were wetted using clean water by stiff brush.
This sample is denoted Mix#3.

NR experiments of water absorption into the prepared geopoly-
mer mortar samples were carried using the NR and tomography
station placed on beamline 14 of the IBR-2 high-flux pulsed reac-
tor, Joint Institute of Nuclear Research (JINR), Dubna, Russia
[63,64]. Four of the surfaces of the Mix#1 and Mix#2 samples were
covered by aluminum self-adhesive foils with the exception of the
two opposite surfaces with dimension of 10x3cm. A water con-
tainer with supports at the bottom was prepared. The geopolymer
mortar samples Mix#1, Mix#2 and Mix#3 were fixed vertically on
the supports and their ends were immersed into the water con-
tainer to allow water to flow up by capillarity against gravity
forces. The thickness of the samples in the direction of neutron tra-
vel was 3 cm. The level of water in the container covers ~ 3 mm of
the immersed sample ends and was kept constant during the test.
While the samples absorb water, NR images were registered regu-
larly. NR images were registered by a CCD-based detector system
(a maximum field of view of 20 � 20 cm). The imaging data were
corrected by subtracting the camera dark current image and then,
normalizing to the image of the incident neutron beam using the
Table 1
Mix proportions by weight for the tested geopolymer mortar mixes.

Mix ID Fly ash Fine aggregate Na2SiO3 NaOH Extra water

Mix #1 1 2 0.27 0.13 0.10
Mix #2 1 2 0.27 0.13 0.05
Mix #3 1 2 0.27 0.13 0.05
ImageJ software [65]. Two NR experiments were performed. The
first one was carried out for Mix#1 and Mix# 2 samples and the
second one for Mix#3 sample. The NR images were collected with
a duration of 20 s per frame and a delay between frames of 45 sec.
331 and 470 images were collected for the first and second exper-
iments with total exposure times of 4.1 h and 5.9 h, respectively.
3. Results and discussion

3.1. Mix#1 and Mix#2 samples

Fig. 2 shows some NR images obtained for Mix#1 and Mix#2
samples. As one can see, after absorption times 6.25 min and
Internal Waterproofing admixture External polymeric waterproofing slurry

0.0 No
0.01 No
0.0 yes



Fig. 1c. Reinforcement details, test setup and cutting lines of investigated specimens.

Fig. 1d. Crack creation under three-point loading.
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18.25 min, the cracks of Mix#1 sample (the left sample in the NR
images) and Mix#2 sample are completely filled with water,
respectively. As the absorption time elapses, water spreads hori-
zontally from the water filled cracks. Spread of water is faster for
Mix#1 than Mix#2. In other words, crack of the Mix#1 drains
water to matrix of the sample with higher rate than for Mix#2. This
may be the reason of the delay in filling the crack of Mix#1 sample.
Additionally, water absorption can be noticed from the low
immersed ends in water. It is higher as well as faster for the
Mix#1 than Mix#2 sample. The different behavior of water absorp-
tion is attributed to the internal waterproofing (dosage about 1% by
mass of the fly ash) added to Mix#2 sample. The waterproofing
agent did not prevent the water absorption, however it minimized
it. On the other hand, using small dosage of LS (1% of cement con-
tent) in cement mortar reduced the total pore amount by 24.6%
than the total amount without LS [66]. Additionally, pore size dis-
tribution is remarkably reduced compared with mortar samples
without LS [66]. To the best knowledge of authors, the effect of lig-
nosulphonates admixture in durability issues of geopolymer mor-
tars and/or or concretes was not studied before [67,68]. Only, an
increase in workability and a slight reduction in shrinkage, with
the LS admixture of alkali-activated slag concretes were reported
[69]. There is no similar data in literature to compare our results
with them.

Comparisons of the water absorption behaviors and mecha-
nisms of water flow and distribution through the cracked samples
investigated were obtained by analyzing the NR images acquired.
Water content distributions through the investigated samples
(water profiles) were determined. Horizontal spread of water, at
both sides of the cracks, was determined as the absorption time
elapses at top and bottom of the samples. The profiles determined
at bottom of the samples (marked by the rectangular areas number
1 and 2 shown in Fig. 2 at absorption time, T = 6.25 min) for the
Mix#1 and Mix#2 are shown in Figs. 3a and 3b, respectively.
Fig. 3a shows that there is no water front as the absorption time
elapses, because water spreads through the sample horizontally
from the crack (a second source of water) and vertically from the
water container. It can be noticed that, the left and right sides of
both Mix#1 and Mix#2 samples absorbed water. This is remark-
ably noticed for the right side for the Mix#2 sample. The absorp-
tion of water by sides of the samples is due to an improper
attachment of the aluminum tape on these sides. Although the alu-
minum tape was always carefully applied, this problem could not
always be avoided unfortunately. Such unpredicted boundary
effects were observed and reported in literature [56,61,62]. The
water profiles for Mix#2 sample (Fig. 3b) are more regular and
smooth than for Mix#1. Water is fed to the matrix of the sample
from the crack, the right side of the sample (due to the improper
attachment of the aluminum tape) and from the water container.
The crack feds the sample with water more than the right side of
the sample. Shapes of these profiles indicate that the Mix#2 sam-
ple is more homogenous than for the Mix#1 sample. It can be
noticed that, Mix#1 sample does not absorb water after an absorp-
tion time of 30 min (Fig. 3a) and until the end of the experiment
since the shape of the profiles does not change, however the situ-
ation for Mix#2 sample is different. The water content increases
after 30 min of absorption time. This implies that rate of absorption
of water in Mix#2 sample is less than that for Mix #1 sample. Rates
of water absorption can be described by the horizontal profiles at
top of the samples. The side-effects due to the improper attach-
ment of the aluminum tape are absent and do not perturb the
results. These profiles were determined (marked by the rectangu-
lar areas number 3 and 4 shown in Fig. 2, at absorption time,
T = 6.25 min) and are shown in Figs. 4a and 4b for the Mix#1
and Mix#2, respectively. It can be noticed that there are clear
water fronts, and they are more regular for the Mix#2 sample than
Mix#1. Water front positions were determined from these profiles
and are shown in Fig. 5. The water front positions follow the square
root of the absorption time as shown by the fit lines of least square
fitting using straight line equations. The rate of water spreads can
be represented by the slopes of these fit lines. It is faster for the
Mix#1 than Mix#2 by a factor of 1.27.

The irregular water distributions through the Mix#1 sample can
be attributed to the inhomogeneous structure of the prepared sam-
ple. Fig. 2 (at absorption time, T = 249.25 min) shows dark regions
(marked by circles and ellipses). The darkness of these regions
increases as the absorption time increases. These dark
regions may be attributed to unreacted fly ash grains [70]. These
regions are not observed in the Mix#2 sample. Absence of dark



Fig. 2. NR images for Mix#1 (left) and Mix#2 (right) samples recorded at absorption times 6.25 min (A), 18.25 min (B), 40.75 min (C), 78.25 min (D), 121.75 min (E),
249.25 min (F), and 294.5 min (G). The vertical arrows refer to the steel bars, the rectangular areas mark the regions used for determining water profiles. The arrows inside the
rectangles refer to directions of water flow. The circles surround some white areas of isolated voids. White arrows refer water absorption at sides of the samples due to the
improper attachment of aluminum adhesive tape. The NR image acquired at the absorption time at 294.5 min (G) is a magnified image for Mix#1 sample. Circles and ellipses
surround dark regions. The vertical rectangles at both sides of the crack are used for determining water profiles.

Fig. 3a. Horizontal water profiles for the left side of the crack for Mix#1 sample
determined at different absorption times. Rectangle number 1 in Fig. 2 was used for
determining the profiles.

Fig. 3b. Horizontal water profiles for the right of the crack for Mix#2 sample
determined at different absorption times. Rectangle number 2 in Fig. 2 was used for
determining the profiles.
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Fig. 4a. Water profiles of the left side of the crack for Mix#1 sample determined at
different absorption times. Rectangle number 3 in Fig. 2, at T = 6.25 min was used
for determining the profiles.

Fig. 4b. Water profiles of the right of the crack for Mix#2 sample determined at
different absorption times. Rectangle number 4 in Fig. 2, at T = 6.25 min was used
for determining the profiles.

Fig. 5. Water front positions versus square root of absorption time for Mix#1 and
Mix#2 samples determined from Figs. 4a and 4b at different absorption times.

Fig. 6a. Vertical water profiles for the left side of the crack for Mix#1 sample
determined at different absorption times. The left rectangle shown in Fig. 2 at
absorption time, T = 249.25 min was used. Arrows number 1, 2, and 3 refer to the
position of the steel bars. Arrow number 4 refers to a reference line.
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regions in Mix#2 could be attributed to the LS added. Additionally,
small white regions are observed in the images of the Mix#1 and
Mix#2 samples (marked by circles in Fig. 2, at T = 6.25 min). These
regions could be considered isolated voids, since they are not filled
with water during the experiment. Namely, if these regions were
filled with water, they should be darker than the surroundings.

Two vertical rectangular areas at the left and right sides of the
crack, shown in Fig. 2 at absorption time, T = 249.25 min for the
Mix#1 sample, were used to determine the vertical water profiles.
The results are shown in Figs. 6a and 6b for the left and right sides
of the crack, respectively. The profiles for the right side are differ-
ent from those for the left side. The right profiles are more regular
than that of the left ones which confirm that structure of this sam-
ple is not homogenous. The positions of the steel bars are clearly
seen from these results. Corresponding vertical water profiles for
the Mix#2 sample at the left and right sides of the crack are shown
Figs. 7a and 7b, respectively. In contrast to the profiles of the
Mix#1 sample, the profiles for the Mix#2 sample at both sides of
the crack are similar to each other. This indicates that, Mix#2 sam-
ple is more homogenous than Mix#1 sample. The vertical profiles
for both Mix#1 and Mix#2 samples indicate that the left and right
sides of the cracks are fed water from both the cracks and the
water container.



Fig. 6b. Vertical water profiles for the right side of the crack for Mix#1 sample
determined at the same absorption times of Fig. 6a. The right rectangle shown in
Fig. 2a at the absorption time, T = 249.25 min was used.

Fig. 7a. Vertical water profiles for the left side of the crack for Mix#2 sample
determined at different absorption times. Arrows number 1, 2, and 3 refer to the
position of the steel bars. Arrow number 4 refers to a reference line.

Fig. 7b. Vertical water profiles of the right side of the crack for Mix#2 sample
determined at the same absorption times of Fig. 7a.
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3.2. Mix#3 sample

The water absorption into Mix#3 sample was completely differ-
ent from those of Mix#1 and Mix#2 samples. The external surface
of Mix#3 sample was coated with polymeric waterproofing slurry.
The NR images (Fig. 8) showed that this sample did not absorb
water until an absorption time of ~ 109.75 min. Namely, the exter-
nal waterproofing agent covering the surface was so effective that
it prevented ingress of water into the sample. At the absorption
time 109.75 min, it was observed that, the sample started absorb-
ing water only from the crack region dipped in water. The process
of water absorption into this sample could be described using the
water profiles and progress of the water front through the crack as
the absorption time elapses. The rectangular area shown in Fig. 8,
at an absorption time 109.75 min, was used to determine the ver-
tical water profiles through the crack. These profiles are shown in
Fig. 9a. The profiles represent water distribution through the crack
and the surrounded area around it as marked by the rectangle
drawn. As one can see, the amount of water absorbed decreases
as distance increases in the direction of water flow. From these
profiles, the water front position were determined as a function
of the square root of the absorption time (

p
t) [71,72] and shown

in Fig. 9b. The behavior of the advance of the water front versusp
t can be explained as follows: water fills the crack very quickly

after an absorption time of 109.75 min (water is sucked by the
crack). This is shown in Fig. 9b by the sudden jump of the water
front, due to the strong capillary forces, till certain distance along
direction of flow (this is marked by the letter S1 in Fig. 9b). Once,
the crack is filled it drains water to matrix of the sample (this is
marked by the letter D1 in Fig. 9b). One can notice during draining
(D1) that, the water front does not advance through the crack. A
second sucking – draining (S-D) process and/or cycle is repeated.
During this cycle, S2-D2, the crack sucks some water to compen-
sate the water drained (D1). It is characterized with a second sud-
den rise of the water front through the crack (S2). The sudden rise,
S2 is followed by the draining stage (D2 and D3) the process of
water absorption into the crack is ended by the third sucking –
draining (S3-D3) cycle. The sucking- draining cycles describing
the mechanism of water absorption into the crack indicate that
the capillary forces causing water suction is hampered and/or
resisted by the waterproofing coating, especially during D stages
in the S-D cycles. Such kind of competition between the capillary
forces and waterproofing coating may depend on the crack geom-
etry (width). A combination of wide cracks (small capillary forces)
and the waterproofing coating may succeed in preventing water
ingress through the cracks. Thus, the external polymeric water-
proofing slurry covering the surface of the sample is effective to
protect all regions of the sample against water ingress, except
the crack region. It is the weakest region from which water invades
the sample.

Once water reached end of the crack (top of the sample) for the
Mix#3 sample, it started advancing between the top surface of the
sample and the external polymeric waterproofing slurry coating.



Fig. 8. NR images for Mix# 2 sample recorded at the absorption times 106 min (A), 109.75 min (B), 110.5 min (C), 118.75 min (D), 119.5 min (E), 124.75 min (F), 125.5 min
(G), 129.5 min (H), 142 min (I), 168.25 min (J), 322 min (K) and 355.75 min (L) . Image A: the horizontal rectangular areas 1 and 2 refer to two positions at which the
horizontal water profiles were determined at both sides of the crack. The vertical rectangular areas 3 and 4 refer to two positions at which the vertical water profiles were
determined at both sides of the crack. Image B: the vertical rectangle drawn around the crack refers to the area through which water profiles were determined. The horizontal
arrows in image A refer to the crack and the vertical arrows refer to the steel bars.
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The progress of such process as the absorption time elapses is
shown in Fig. 10. These images were obtained by dividing every
image with respect to an image for the dry sample. As one can
see, water did not penetrate from upper surface into matrix (down-



Fig. 9a. Vertical water profiles through the crack for Mix#3 sample at different
absorption times. Arrows refer to steel bars positions.

Fig. 9b. Water front position versus square root of absorption time through the
crack for Mix#3 sample. The arrows refer to sudden jump of water through the
crack (see text for S-D cycles).
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ward) of the sample. It means that the polymeric waterproofing
slurry coating used protected the sample and prevented water
absorption. The coat is not only formed a jacked around surface
of the sample, but also it formed a thin film and/or reacted with
the surface of the sample. To confirm the present results, further
studies should be carried out to investigate the effect of painting
different surfaces with the polymeric external waterproofing slurry
coating on water absorption. Four different kinds of brick samples
were prepared, and all surfaces of them were painted with the
polymeric waterproofing slurry. The dimensions of these samples
(thickness � width � length) are: 2 � 3.3 � 9 cm, 2 � 3.3
x9.5 cm, 1.65 � 3 � 9.5 cm, and 2.4 � 2.4 � 10 cm, respectively.
The outer layers of the polymeric waterproofing slurry were
removed from the top and bottom sides of the samples (character-
ized with small cross section areas). The samples were fixed verti-
cally and their bottom ends were immersed in a water container.
Water absorption into these samples was carried out using NR. It
was confirmed for one sample that, besides forming a jacked of
the coat around the sample, a thin film of the coat was formed
on its surface. Water climbed very quickly between the surface
covered with thin film and the outer jacket. Further details will
be reported and discussed in a forthcoming paper.

It can be noticed, that there are black regions at the top and bot-
tom of the sample around the crack. Additionally, small and large
white spots (air bubbles) are distributed through the whole sam-
ple. Water preferred spreading around the steel bars as shown in
Fig. 10. Rate of steel corrosion could be accelerated, since water
may carry dissolved harmful chemicals.

The horizontal spread of water at both sides of the crack was
determined at the bottom and top of the Mix#3 sample using
the rectangles number 1 and 2 drawn in Fig. 8, at the absorption
time 106 min. Figs. 11a and 12a show the profiles at the bottom
and top of the sample, respectively. The corresponding water front
positions in terms of the absorption time (since water invaded the
crack) at the bottom and top of the sample are shown in Figs. 11b
and 12b, respectively. The water front positions followed the

p
t of

water absorption at the top and bottom of the samples. The results
of Mix#1, Mix#2 and Mix#3 samples were fitted with straight line
equation:

X ¼ a:
p
t þ b; ð1Þ

where X is the water front position, and a and b are fit param-
eters. The slope a, capillary absorption coefficient, is used to char-
acterize the samples investigated [25,71]. The values of the
capillary absorption coefficient are listed in Table 2. Equation (1)
is supported by capillary flow theory. It is known as the Washburn
equation [73]. As one can see, for Mix#3 sample, water advances
faster in the left side direction of the crack, at the top of the sample,
than that at the bottom. Whereas, the reverse is true for the
advance of water to the right side direction of the crack. The aver-
age value of the parameter a for Mix#3 sample (0.195 cm.min�0.5),
is less than that of Mix#1 and agree with that of Mix#2. It means
that water proceeds in the Mix#3 sample slower than that in
Mix#1 (79%) and with the same rate as Mix#2 sample. The capil-
lary absorption coefficient values determined in this work (range
from 0.18 cm.min�0.5 to 0.247 cm.min�0.5) are approximately
smaller than those reported for water absorption into concrete
matrix from a crack of ~ 1.2 cm.min�0.5 [73]. Whereas, the values
of the capillary absorption coefficient in the present work are more
than some values reported for water absorption into mortar,
0.125 cm.min�0.5, and concrete, 0.1138 cm.min�0.5 [74], ethylene
glycol absorption into concrete matrix, 0.0214 cm.min�0.5 [75],
water absorption into strain hardening cement-based composites,
0.114 cm.min�0.5 [57], and concretes (0.089 cm.min�0.5 –
0.143 cm.min�0.5) [58].

Two vertical rectangular areas (3 and 4), at the left and right
sides of the crack and shown in Fig. 8 (at an absorption time
T = 106 min) for the Mix#3 sample, were used to determine verti-
cal water profiles. The results are shown in Figs. 13a and 13b,
respectively. As one can see, water content is higher at the top of
the sample than that at the bottom at both sides of the crack.
The profiles for the right side are different from the ones of the left
side. The right profiles imply that this side of the sample absorbs
more water than the left one. Water contents at top and bottom
of the sample are higher than those in the middle of the samples.
This can be attributed to the black regions observed at the top
and bottom of the sample which accumulates larger quantities of
water. These regions were observed in Mix#1 sample. The net



Fig. 10. NR images for the magnified top of Mix#3 sample at the absorption times 145.75 min (A), 160.75 min (B), 169 min (C), 206.5 min (D), 244.75 min (E), and 355.75 min
(F). Arrows 1 and 2 refer to the steel bar. Arrow 3 refers to progress of the water layer between upper surface of the sample and the external polymeric waterproofing slurry
coating. The dashed line defines the upper surface of the coat.

Fig. 11a. Water profiles at both sides of the crack (left and right sides of the crack)
for Mix#3 sample at different absorption times (lower position). The first time
shown in the legend is the absorption time since the beginning of the experiment
and the second time was calculated from the moment water entered the crack
region.

Fig. 11b. Water front position at the left and right sides of the crack versus square
root of absorption time for Mix#3 sample extracted from Fig. 11a. The absorption
time was calculated from the moment water entered the crack region.

10 A. El Abd et al. / Construction and Building Materials 256 (2020) 119471
water distribution through Mix#3 was obtained by normalizing a
NR image for the sample containing water with respect to an image
for the dry sample. The results are shown in Fig. 14. As one can see,
the dark area (marked by arrows), are concentrated around the
steel bars. They are larger at top than bottom of the sample. These
dark regions may be due to unreacted fly ash particles [70]. Addi-
tionally, the process of crack induce using a universal testing
machine may induce very small cracks, which are not seen in the
NR images. These small cracks accumulate water during water
absorption.

The waterproof agents used by Duan et al., [41] and/or
Xuemet al., [42] altogether with crack sealant agents [43,44] are
the best candidates to suppress water ingress in geopolymer mate-
rials investigated in this work. This will be reported in a future
work.

Neutron radiography was proved to be a powerful non-
destructive method for studying moisture transport processes in
construction building materials. The method was applied and used
successfully for investigating water absorption into bricks and
cement-based materials [27,47]. NR was used to study many issues
of cracked cement-based materials such as moisture transport,
self-healing and internal curing [47]. Other NR studies were carried
out for durability issues of concretes including water repellent,
delayed ettringite formation, steel reinforced, homogeneity and
frost-damaged [47]. However, and to the best knowledge for
authors, NR was not used before for studying transport processes
in geopolymer samples. Generally, the composition of geopolymer
based composites including the samples investigated in this work
is completely different from those of cement-based materials and
bricks. The present work provides the first successful results on
the application of NR method for studying the effect of some
hydrophobic treatment methods on water absorption inside
cracked geopolymer mortars. The NR images obtained clearly
showed the water absorption process inside the cracked geopoly-
mer mortar samples. Cracks are filled quickly with water, then it
is distributed to matrix of the samples. Absorbed water carrying
harmful chemicals invades regions surrounding the steel bars
embedded in the samples investigated. This leads to the possible
acceleration of corrosion processes and shorten life cycle of the
samples investigated. So, it is urgently needed to find the proper
methods to prevent or at least to minimize water absorption
insides these samples. Additionally, the present results provide
the experimental evidence of that geopolymer mortar samples



Fig. 12a. Water profiles at both sides of the crack (left and right sides of the crack)
for Mix#3 sample at different absorption times for the higher position. The first
time shown in the legend is the absorption time since the beginning of the
experiment and the second time was calculated from the moment water entered
the crack.

Fig. 12b. Water front position at the left and right sides of the crack versus square
root of absorption time for Mix#3 sample extracted from Fig. 12a. The absorption
time was calculated from the moment water entered the crack.

Fig. 13a. Vertical water profiles of the left side of the crack for Mix#3 sample
determined at different absorption times.

Fig. 13b. Vertical water profiles of the right side of the crack for Mix#3 sample
determined at different absorption times.
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are transparent for neutrons. Thus, the present work could encour-
age and accelerate further research work on the use of NR for
Table 2
The values of the capillary absorption coefficient at top and bottom (top–bottom) of the i

Mix Mix#1 Mix#2

a (cm. min�0.5) Left side (top) Right side (top) Left side (top)
0.247 x x

xthe capillary absorption coefficient was not determined at these positions.
investigating durability issues of geopolymer based materials.
Since the geopolymer mortar samples investigated in this work
were prepared under the same curing conditions and mix propor-
tions, their microstructures were kept constant. Thus, the knowl-
edge of the microstructure of the investigated samples is not
needed and beyond the scope of the present work.
nvestigated samples.

Mix #3

Right side (top) Left side (top - bottom) Right side (top - bottom)
0.194 0.21–0.18 0.174–0.236



Fig. 14. Net water distribution for Mix#3 sample.
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4. Conclusions

Water absorption into cracked geopolymer mortars was investi-
gated for the first time by NR. The results showed that crack of the
untreated Mix#1 sample and the sample treated with internal
waterproofing additives Mix#2 were filled with water quickly. The
internal waterproofing additives used in the Mix#2 sample mini-
mized water absorption. The external polymeric waterproofing
slurry coating used in theMix#3 sample, delayed the water absorp-
tion process in comparison with the other samples. It protected all
the surface of the sample immersed in water against water absorp-
tion except the crack region. It formed a jacket covering the external
surface of the sample. Itmay reactwith the sample surface forming a
film preventing water ingress. Water invaded the Mix#3 sample
from the crack region. Mechanism of water filling the crack of
Mix#3sample is different fromthat ofMix#2andMix#1. Thematrix
of the samples at both sides of the crack was fed with water from
filled cracks. Horizontal spread of water throughmatrix of the sam-
ples at both sidesof the cracks followed the square rootof absorption
time. Dark areas were observed in the wetted Mix#1 and Mix#3
samples. These areas could be unreacted fly ash particles or small
cracks. White spots were observed through the samples investi-
gated. These spots could be isolated air bubbles. The aluminum
adhesive tape used to allow water absorption in one direction
should be avoided in forthcoming studies. To increase the resistance
of the geopolymer mortars against water absorption, other kinds of
agents are needed. Somewaterproof and crack sealant agents can be
used to suppress water ingress in geopolymer materials.
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