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Abstract: This study examined the effect of hydrogels containing urease and proteins on the self-healing of cracked cementitious materials.
The encapsulation of proteins and urease decreased the absorption of hydrogels. It was shown that proteins were able to release from hydro-
gels into the surrounding cementitious matrix. TGA, FTIR, and SEM showed increased calcium carbonate formation, and optical imaging
indicated enhanced crack filling in the samples with hydrogels containing urease and proteins, compared to the control sample. This is
attributed to the enhanced autogenous healing provided by water absorption/desorption of hydrogels as well as enzymatic reaction. Calcite
was shown to be the dominant polymorph of calcium carbonate in the healing products. Interestingly, the mechanical strength regain was
markedly higher in the samples with hydrogels containing urease and proteins compared to the control sample. Improved interfacial strength
at the microstructure level enhances cohesion within healing products and adhesion between the healing products and crack surface, leading
to overall increased mechanical strength regain. The electrical resistivity results were shown to be in agreement with the mechanical strength
regain. DOI: 10.1061/JMCEE7.MTENG-17025. © 2024 American Society of Civil Engineers.

Introduction

Concrete is the most used construction material globally due to
its low cost and high compressive strength (Tang et al. 2015).
The increased demand for concrete has led to an increase in cement
production worldwide. It is reported that cement production is
responsible for 5%–8% of the anthropogenic carbon dioxide emis-
sions (Prabahar et al. 2021). During the life span of concrete, it is
subjected to different mechanical and environmental conditions
that lead to the formation of cracks (Chindasiriphan et al. 2020).
These mechanical and environmental conditions can take the form
of shrinkage, freeze–thaw, excessive loading, etc. (Chindasiriphan
et al. 2020). The formation and growth of cracks expose the con-
crete to various chemical and biological substances as they act as
pathways for deleterious substances to infiltrate the concrete lead-
ing to the loss of durability and structural integrity. Globally, the
repair or maintenance of concrete infrastructure is expensive,
and the cost is expected to remain high (Chindasiriphan et al.
2020). The American Road & Transportation Builders Association
(ARTBA) in their 2022 Bridge Report estimates that the cost of
identified repairs for all 224,000 bridges, including the 43,578
structurally deficient, is $260 billion (Black 2022), suggesting that
the cost of infrastructure repair is significant and poses a great bur-
den on the national budget. The manual repair of cracks is expen-
sive and labor-intensive (Huang et al. 2016; Snoeck et al. 2020). In
addition, because most of the crack repairs are performed on the
surface, deep or invisible cracks are not detected or repaired,
and hence the structure is not able to fully recover its lost integrity

(Snoeck et al. 2020). Concrete has the inherent mechanisms
that allow it to heal itself in a process called autogenous healing
(Snoeck et al. 2014b). Autogenous healing is a self-healing con-
cept, where cracks are healed due to the ongoing hydration of the
unhydrated cement or carbonation of calcium hydroxide (CH). In a
study conducted by Schlangen et al. (2006), it was discovered that
calcium–silicate–hydrate (C-S-H) was formed in the cracks after
the cracked concrete was healed in water. The drawback of the
autogenous healing is that it is limited to healing smaller cracks
and hence not effective in healing larger cracks (Aldea et al. 2000;
Reinhardt and Jooss 2003). It has been reported by Aldea et al.
(2000) and Edvardsen (1999) that the maximum crack width that
can be healed through the autogenous healing concept is within the
range of 200 to 300 μm. In some studies, it was reported that the
maximum width that could be healed was 100 μm, an indication
that the autogenous healing concept in practice is not acceptable
(Xu and Yao 2014).

To overcome this issue, a more efficient approach referred to
as the autonomous self-healing concept has been investigated
in recent years (Jonkers et al. 2008, 2010; Snoeck et al. 2014a;
Wang et al. 2014b; Xu and Yao 2014; Zhu et al. 2020). In the
autonomous healing concept, some chemical or biological agents
are added to the concrete mixture. When cracks are formed, these
agents are triggered to release the healing materials, which then
react with some nutrients, oxygen, or moisture to initiate self-healing.
Reports have shown that the autonomous healing concept is effective
in healing cracks with larger widths (Tang et al. 2015).

Calcium carbonate (CaCO3) precipitation via bacterial and en-
zymatic activities has gained attention as an autonomous crack-
healing technique in recent years due to its environmental and
health safety compared to the chemically based admixtures (Baffoe
and Ghahremaninezhad 2022a; Dakhane et al. 2018; Xu and Yao
2014). One of the early studies on crack healing in cementitious
materials using bacteria-induced calcium carbonate precipitation
was reported by Gollapudi et al. (1995). Consequently, other re-
searchers including Jonkers and Schlangen (2007) continued with
the investigation. The study by Jonkers and Schlangen examined
the potential application of calcite-precipitating bacteria as a
crack-healing agent in concrete. It was reported in the study that
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the alkali-resistant spore-forming bacteria can precipitate calcite to
heal freshly formed cracks in concrete (Gollapudi et al. 1995). Xu
and Yao (2014) investigated the self-healing of cementitious ma-
terials using a nonureolytic bacteria-based healing agent and re-
ported a full healing for up to 400 μm crack width. Dakhane
et al. (2018) utilized enzyme-induced calcium carbonate precipita-
tion (EICP) to repair cracked mortar prisms and reported a 33%
flexural strength increase in the cracked mortar. Baffoe and Ghah-
remaninezhad (2022a) also investigated the crack surface binding
of EICP using ground hardened cement paste as the crack surface
model. They observed an improved tensile strength and porosity
reduction of the samples treated with EICP.

The idea of self-healing is mimicked from the event of biological
restoration, and bone-mimic materials that are developed by simu-
lating the structure or composition of bones to develop self-healing
performance in concrete (Li et al. 2018). The bone tissue structure is
composed of an inorganic phase, primarily calcium phosphate, and
a collagen protein, which makes the biological composite strong
to resist deformation. Another example is abalone nacre, which
is composed of about 95% brittle aragonite and 5% biomolecules
and has a fracture toughness significantly higher than pure aragonite
(Espinosa et al. 2011). This enhanced property is attributed to the
role of certain biomolecules affecting the material behavior across
multiple length scales (Baffoe and Ghahremaninezhad 2022a).

Proteins consist of a large number of amino acids with varied
functional groups (Baffoe and Ghahremaninezhad 2022a, b). These
functional groups include charged, hydrogen bond-forming, and
hydrophobic groups (Baffoe and Ghahremaninezhad 2022a, b).
The diversity of different functional groups in the molecular struc-
ture of proteins allows multiple pathways for the proteins to interact
with inorganic phases and influence the growth, microstructure, and
macroscale properties of materials resulting from biomineralization.
Several groups have examined the effect of proteins on CaCO3 min-
eralization and the morphological and polymorphic changes in
CaCO3 (Briegel et al. 2012; Li et al. 2018; Rodriguez-Navarro et al.
2007). Rodriguez-Navarro investigated the precipitation of CaCO3

by extracellular polymeric substances and attributed the stabiliza-
tion of vaterite to the presence of proteins (Rodriguez-Navarro
et al. 2007). Sondi and Matijević (2001) observed proteins in vater-
ites precipitated by urease enzyme. Prior studies have indicated that
certain biomolecules can bond to solid surfaces and enhance the
cohesive and adhesive bonds in sediments and mineral precipitates
(Costa et al. 2018; Martin et al. 2021; Tourney and Ngwenya 2014;
Vignaga et al. 2012; Wu et al. 2014). The interaction between pro-
teins and cementitious materials and their effect on surface binding
have recently been investigated by Baffoe and Ghahremaninezhad
(2022a, b). The contribution of protein to soil consolidation has also
been evaluated by Almajed et al. (2019), where they observed a
higher strength for EICP consolidated soils modified with nonfat
milk dairy powder (NFMP).

The use of superabsorbent polymer (SAP), which is a type of
polymeric hydrogels, as a means to develop self-healing cementi-
tious materials has been at the center of investigation in recent years
(Chindasiriphan et al. 2020; Mignon et al. 2015; Snoeck et al.
2020). When SAP is mixed with cementitious materials, it can ab-
sorb the liquid and swell to block the crack. It can also improve the
autogenous self-healing by accelerating the hydration of unreacted
phases and promoting the carbonation of CH (Snoeck et al. 2020).
It has also been suggested that encapsulating microbial organisms
into SAP can protect the microbial organisms from the aggressive
cementitious environment (Wang et al. 2014a).

The effect of proteins on the formation and microstructure of the
healing products and mechanical regain in cracked cementitious
materials is not adequately understood. To address this research

gap, in this study different proteins and urease were encapsulated
in hydrogels, and their self-healing effect was investigated. We
hypothesize that the use of hydrogels as an encapsulating medium
can protect proteins and other agents against harsh environments at
the early age of cementitious materials and provide water as a criti-
cal ingredient for the self-healing processes. We also hypothesize
that the proteins are able to bind together the solid constituents
of the healing products and also bind the healing products to the
surfaces of the cracks, thereby improving the overall strength. The
release behavior of the hydrogels in a cementitious matrix was ex-
amined. The mineralogical properties of the healing products were
studied using thermogravimetric analysis (TGA), Fourier transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
and energy dispersive x-ray spectroscopy (EDX). The crack filling
ability after a series of healing cycles was investigated using optical
imaging. The strength regain of the healed samples was evaluated
using compressive and flexural strength tests. The influence of crack
healing on electrical resistivity as a measure of the transport property
of the cement paste was also investigated.

Experiments

Materials

Cement Paste
A type I/II ordinary portland cement (OPC) was used in the prepa-
ration of cementitious samples. The chemical composition of the
type I/II OPC is shown in Table 1.

Proteins
Three proteins with different molecular structures, namely, colla-
gen peptide (CP), whey protein, and NFMP, were used in this study.
The molecular structure and physicochemical properties of these
proteins are well documented in previous studies (Arriaga 2011;
Baffoe and Ghahremaninezhad 2022a, b; Masoule et al. 2023;
Shoulders and Raines 2009; Singh 2007). Collagen peptide is a
fibrous protein with high amount of hydroxyproline and proline
(Raydan et al. 2021). NFMP is globular and comprises about
80% casein proteins (Bian 2012). Whey protein concentrate is a
by-product of the cheese-making process and comprises four main
classes of proteins, namely β-lactoglobulin, α-lactalbumin, serum
albumin, and several immunoglobulins (Arriaga 2011). The avail-
ability of these proteins at the scale needed for the experiments con-
ducted in this study as well as the variation in the characteristics of
these proteins, including their functional groups and charged, hy-
drogen bond-forming, and hydrophobic groups, were factors for
their selection in this study.

Table 1. Oxide composition of the type I=II ordinary portland cement used
in this study

Oxide Percentage (%)

CaO 64
SiO2 20.6
Al2O3 4.8
Fe2O3 3.5
MgO 0.9
Na2O 0.3
K2O 0.1
SO3 3.4
LOI 2.4
Total 100

© ASCE 04024086-2 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 2024, 36(5): 04024086 

D
ow

nl
oa

de
d 

fro
m

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 O

f M
ia

m
i o

n 
02

/2
6/

24
. C

op
yr

ig
ht

 A
SC

E.
 F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

rig
ht

s r
es

er
ve

d.



Hydrogels
The hydrogel utilized in the present study was crosslinked polya-
crylamide that was synthesized using free radical polymerization
(Farzanian et al. 2019, 2021; Vafaei et al. 2021). Polyacrylamide-
based hydrogels are nontoxic and biocompatible and do not
react with proteins or enzymes. They have been used in previous
studies for encapsulating proteins in ion sensing and biomedical
applications (Rrustemi et al. 2020; Tantimongcolwat et al. 2014;
Ur Rehman et al. 2020). The chemical composition and designation
of hydrogels prepared in this study are shown in Table 2. Chemicals
for hydrogel preparation and urease were purchased from Sigma-
Aldrich. In the preparation of hydrogels, 40 g of acrylamide mono-
mers were added to 200 mL DI water containing 1 mL of urease
with a concentration of 24 kU=L. The protein at a concentration of
3% by mass of acrylamide-urease solution was added and stirred
for 5 min to allow the proteins to dissolve completely. Afterwards,
0.1 g of the crosslinker NN′-methylenebisacrylamide (MBA) was
added to the solution. The solution was degassed for 5 min using
argon gas, and then 1.28 g of ammonium persulfate (APS) as the
initiator was added to the solution and stirred for an additional
10 min. Then, the solution was poured into a beaker, covered, and
placed in an oven at 55°C to allow the solution to gel. After 3 h, the
gelled solution was oven-dried at 50°C for 7 days. Dried hydrogels
were ground into fine powder and sieved to obtain hydrogel powder
within the size ranges of 75–425 μm and 425–1,000 μm. Hydrogel
powders were double bagged and placed inside a desiccator until
their use. Figs. 1(a and b) show the optical image of hydrogel H and
the hydrogel containing urease H U, respectively, in the bulk form
before being dried in an oven. While H appeared to be translucent,
H U was opaque. Fig. 1(c) shows a SEM micrograph of H after
being dried, ground, and sieved. The hydrogel particles show an
angular morphology and various sizes.

Mix Design
Table 3 lists the mix proportions of the cement pastes used in this
study. Plain cement paste without hydrogel served as the control,
while the remaining mixes contained hydrogel (H), hydrogel-
urease H U, or hydrogel-urease/protein. The mixes containing
proteins were designated as H U-whey protein, H U-CP, and
H U-NFMP. Oven-dried hydrogel powder was dry mixed with
cement powder for 5 min using a mixer at a speed of 440 RPM.
Bio-nutrients including urea and calcium nitrate CaðNO3Þ2 · 4H2O
were dissolved in DI water for 3min and slowly added to the cement
powder and hydrogel mix. Mixing proceeded for 4 min until a uni-
form mix was obtained. For the compressive strength, compressive
strength regain, and electrical resistivity tests, hydrogel particles
with a size range of 75–425 μm were mixed with the cement paste.
Meanwhile, for flexural strength regain, paste samples were mixed
with hydrogels with a size range of 425–1,000 μm.

The fresh paste was cast into cube molds (50 mm × 50 mm×
50 mm) to study the compressive strength and electrical resistivity
of the paste. For cube samples, hydrogel particles with the size

range of 75–425 μm were used. The paste for flexural strength was
cast into prisms of dimension 150 mm × 25 mm × 25 mm. The
prismatic mold was filled to one-third of its height with plain cement
paste of w=c ¼ 0.4. The molds were placed on a vibration table for
compaction. Following the protocol by Fahimizadeh et al. (2020), a
layer of glass fiber was placed on the surface of the plain cement
paste, and the remaining top two thirds of the mold was filled with
cement pastes as listed in Table 3 and tamped for 1 min. The hydro-
gel particles used in the prisms were in the range of 425–1,000 μm.
A schematic of a prism is shown in Fig. 2. The reason for placing a
layer of glass fiber is to ensure the same crack width and length in all
prisms. Both the cube and prism samples were covered with a poly-
ethene sheet and placed in a plastic box in the laboratory. The sam-
ples were demolded after 24 h and cured in sealed double plastic
bags for 21 days. The samples were then cracked and healed as dis-
cussed in the section “Mechanical Properties.”

Table 2. Composition of the hydrogels synthesized in the experiments

Hydrogel
DI water

(g)
AM
(g)

MBA
(g)

APS
(g)

Urease
(kU=L)

Protein (%)
by mass of
DI water

H 200 40 0.1 1.28 — —
H U 200 40 0.1 1.28 24 —
H U-whey protein 200 40 0.1 1.28 24 3
H U-CP 200 40 0.1 1.28 24 3
H U-NFMP 200 40 0.1 1.28 24 3

Fig. 1. (a and b) Optical image of H and H U, respectively, in the bulk
form before drying and grinding; and (c) SEM image of H particles
used in this study.

Table 3. Mix designs used in the experiment

Mix designation W=C

% hydrogel
by mass
of cement

Urea
(M) CaðNO3Þ2 · 4H2O (M)

Control 0.5 — 1.5 1
H 0.5 3 1.5 1
H U 0.5 3 1.5 1
H U-whey protein 0.5 3 1.5 1
H U-CP 0.5 3 1.5 1
H U-NFMP 0.5 3 1.5 1

© ASCE 04024086-3 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 2024, 36(5): 04024086 

D
ow

nl
oa

de
d 

fro
m

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 O

f M
ia

m
i o

n 
02

/2
6/

24
. C

op
yr

ig
ht

 A
SC

E.
 F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

rig
ht

s r
es

er
ve

d.



Methods

Hydrogel Absorption
The absorption capacity of hydrogels or hydrogels containing
urease/protein was evaluated using the teabag test (Farzanian et al.
2019, 2021; Vafaei et al. 2021; Wang et al. 2014a). The teabag test
was performed in 0.5 M CaCl2 solution and extracted cement pore
solution. The extracted cement pore solution was prepared by
mixing 10 g of cement powder with 100 mL of DI water and
stirring continuously for 30 min. The cement mix was poured into
centrifuge tubes and centrifuged at 4500 RPM for 5 min to remove
undissolved particles. Urea at the concentration of 1.5 M was added
to both 0.5 M CaCl2 solution and cement pore solution and stirred
for an additional 5 min. The initial weight of the teabag containing
0.1 g of dry hydrogel powder was determined. The teabag was sub-
merged in the solution, and the solution was covered with a plastic
membrane to minimize exposure to air. At different time intervals,
the teabag was removed from the solution, surface dried on a paper
towel, and its mass measured using a scale with a resolution of
0.001 g. The absorption was obtained using Eq. (1) below:

Q ¼ �
Mw-Mwt-Ms

�
=Ms ð1Þ

where Mw, Mwt, and Ms = masses of the wet teabag, wet teabag
without hydrogel, and dry hydrogel, respectively. Three replicates
were used for each hydrogel, and the average is reported.

Release of Proteins into Cementitious Matrix
The ability of the proteins to release from the hydrogels into the
surrounding cementitious matrix and their survivability were inves-
tigated in this test. Hydrogels used in this test were synthesized
using the same procedure described in the Section 2.1.3, except
that hydrogels contained only proteins and they were prepared in
thin layers as discussed in detail in previous papers (Farzanian and
Ghahremaninezhad 2018a, c). Hydrogel microstrips were cut from
hydrogel layers and dried in an oven at the temperature of 60°C for
3 days. The dry cross-sectional dimensions of the microstrip were
about 3 mm. The hydrogel microstrips were placed in the axial di-
rection at the center of a polypropylene tube (50 mm in diameter
and 300 mm in length) containing cement paste with a w=c ¼ 0.4.
Fig. 3 depicts the schematic of the hydrogel microstrip embedded
in a cementitious matrix. The sample was removed from the tube
after 3 days of curing and broken in the longitudinal direction to
gain access to the hydrogel microstrip and the cementitious matrix
adjacent to the hydrogel microstrip. The cementitious matrix adja-
cent to the hydrogel microstrip was scraped and characterized using
the Agilent 8453 UV-Vis spectrophotometer and bicinchoninic acid

(BCA) to determine the presence and amount of proteins released
from the microstrip into the cementitious matrix. The scraped
cementitious matrix was mixed with 2 mL of BCA reagent and
incubated in an oven for 30 min at 37°C. After 30 min of incu-
bation, the mixture was cooled for 10 min at room temperature,
centrifuged, and poured into cuvette. The absorbance values of
the solution were recorded using the UV-Vis spectrophotometer.
A purple color reveals the presence of protein in the solution
(Smith et al. 1985). The standard (original) protein concentra-
tions of individual proteins were also obtained and plotted
against their respective absorbance values and a linear equation
generated. By using the absorbance value of the proteins in the
cementitious matrix, the concentration of the proteins in the ce-
mentitious matrix was determined. Another batch of samples
scraped from the cementitious matrix adjacent to the hydrogel
microstrip and far away (bulk paste) were used in the TGA and
FTIR tests. The details of the TGA and FTIR tests are provided
later in the paper.

Artificial Planar Crack Preparation
Artificial planar gaps of cement pastes with and without hydrogels
were prepared to simulate cracks in cement paste. This allowed us
to obtain enough healing products needed for chemical characteri-
zation. The mixing protocol and curing conditions of the samples
for the artificial planar cracks were similar to the sample prepara-
tions described in the Section 2.1.4 and illustrated in Fig. 4. The
hydrogel sizes used were in the range of 425 to 1,000 μm. After
21 days of curing, the samples were cut into slices of dimensions
15 mm × 50 mm × 50 mm and polished with SiC sandpapers with
grit numbers of 320, 500, and 1,200, followed by a 1 μm diamond
abrasive paste to ensure a smooth and uniform surface for all sam-
ples. The sample surfaces were pressed together with four rubber
bands; each sample had four pieces pressed together as shown in
Fig. 4. The width of the gap measured between the slices was ap-
proximately 40 μm. The pressed slices were partially submerged in
DI water (approximately one-fourth the height of the samples) and
allowed to heal in ambient condition for 14 days [Fig. 4(a)]. After
the healing period, the pressed slices were separated and oven-dried
at 55°C for 30 min. The healing products formed on the surfaces of
the slices were gently scraped off with a blade and used in FTIR,
TGA, and SEM.

FTIR
The FTIR spectra of the healing products scraped off from the
surface of the sliced cement paste were characterized using a
Perkin Elmer Paragon 1000 FTIR with an ATR accessory in the
transmission mode. The healing products were passed through the
sieve #60 to obtain a fine powder. Approximately 30 mg of the fine

Fig. 2. Schematic of a paste prism for the flexural strength test.
Fig. 3. Schematic showing the hydrogel microstrip embedded in
cement paste.
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powder was scanned at a resolution of 4 cm−1 in a spectra range
of 600 to 4,000 cm−1. Each sample was taken through four runs of
scans, and the average is reported.

TGA
TGAwas employed to investigate the mineralogical composition of
the healing products formed on the sliced paste. Approximately
30 mg of the sample as prepared in FTIR was loaded into a Netzsch
TG and scanned at a heating rate of 20°C=min and in the temper-
ature range of 24°C to 900°C. The mass loss within the temperature
range of 400°C to 500°C is assigned to the decomposition of CH,
while the mass loss between 600°C and 750°C is attributed to the
decomposition of CaCO3. The content of CH and CaCO3 was nor-
malized with respect to the cement paste and quantified using
Eqs. (2) and (3) below:

CH ¼ ð74.1 ×ΔMÞ=ð18 ×MÞ ð2Þ

CaCO3 ¼ ð100.1 ×ΔMÞ=ð44 ×MÞ ð3Þ

where ΔM (mg) = mass change corresponding to CH or CaCO3

decomposition; and M (mg) = initial mass of the sample.

SEM
The morphology and elemental composition of the healing prod-
ucts formed on the slice surfaces and in the cracked region were
assessed using an SEM JEOL JSM-7000F equipped with EDX.
For the crack region, approximately 25 mm3 of the middle portion
of the prisms containing the crack was cut and gold plated and im-
aged in an SEM. Gold coating was done to avoid charging. Images
were taken at an accelerating voltage of 10 kV and at a working
distance of 10 mm. The control, H, and H U-CP samples were used
in SEM imaging of the crack region. Healing products formed on
the surfaces of control slices and slices mixed with hydrogel con-
taining urease were imaged.

Crack Filling
The crack filling in the cracked prisms after healing was examined
using the Keyence optical microscope. The images were taken be-
fore and after healing to study the progress of healing with time.
Optical images were taken on 0, 3, and 10 days of healing.

Mechanical Properties

Compressive Strength Regain. In order to assess the compressive
strength regain resulting from self-healing, microcracks were intro-
duced into the cement paste cubes by loading them up to the 90% of
their respective ultimate compressive strength at the age of 21 days.
The cubes were loaded in a SATEC mechanical testing machine.
The choice of loading the cubes up to the 90% of the ultimate com-
pressive strength was to generate stable microcracks in the samples.
Jiang et al. (2015) also utilized 90% of the ultimate compressive
strength to generate multiple cracks in cubic samples.

The cracked cubes were subjected to wet–dry cycles in both
0.5 M urea solution and DI water for 7 days to study the compres-
sive strength regain. Another batch of samples was healed in DI
water for 21 days. During one wet–dry cycle, the samples were
partially placed in the solution for 1 h and subjected to dry con-
dition for 23 h. After 7 and 21 days of healing corresponding to
7 and 21 wet–dry cycles, respectively, the compressive strength
of the healed samples was determined. The compressive strength
regain was determined using Eq. (4) shown below:

Compressive strength regain ¼ C=Co ð4Þ

where C = compressive strength of the cracked cubes healed for
7 or 21 days; and Co = compressive strength of the uncracked
cubes (V) cured for the total duration including the initial 21 days
plus 7 or 21 days.
Flexural Strength Regain. Cement paste prisms were used to
evaluate the effect of different hydrogels on the flexural strength
regain of the prisms. The prisms were cured for 21 days and then
subjected to a three-point bending load using an Instron 5966 test-
ing machine (Instron, Norwood, MA, USA) to introduce a single
crack starting at the middle of the bottom side of the prism. The
load was applied on the sample at a rate of 0.05 mm=s until the
crack reached the layer of glass fiber which was manifested by a
sudden reduction in the load. After unloading, the crack width was
measured to be about 0.08 to 0.1 mm. The presence of the layer of
glass fiber ensures the same crack length and width in all prisms
(Fig. 2). The cracked prisms used in the flexural strength test regain
were healed in a wet–dry cycle condition for 21 days where the
cracked portion of the samples was submerged in DI water for
1 h and then exposed to dry conditions for 23 h. The flexural
strength regain was determined using Eq. (5) shown below:

Flexural strength regain ¼ F=Fo ð5Þ

where F = flexural strength of the cracked prisms cured for 21 days
and healed for another 21 days; and Fo = flexural strength of the
uncracked prisms cured for 42 days.
Electrical Resistivity. The electrical resistivity of the uncracked
cement paste cubes and healed cement paste cubes with or without
hydrogels was evaluated using electrochemical impedance spec-
troscopy (EIS). The EIS test was performed using a Gamry 600
Potentiostat/Galvanosat (Gamry, Warminster, PA, USA). The test
was conducted with an amplitude of 250 mVand a frequency range
of 106 to 10 Hz. The test was conducted using the protocol de-
scribed in (Vafaei et al. 2021). The electrical resistivity was deter-
mined using the following Eq. (6):

ρ ¼ ðReÞðAÞ=ðtÞ ð6Þ

where ρ, Re, A, and t = electrical resistivity (Ω:m), measured re-
sistance (Ω), surface area (m2), and thickness (m) of the cubes,
respectively.

Fig. 4. Artificial planar cracks healed in various solutions.
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Results and Discussion

Hydrogel Absorption

The absorption capacity of the different hydrogels in 0.5 M CaCl2
and cement pore solution containing 1.5 M urea is illustrated in
Fig. 5. It is seen that hydrogel absorption was fast at early stages
and then slowed down and reached a plateau after 20 min. Gener-
ally, it can be observed that the absorption of hydrogels is slightly
higher in the 0.5 M CaCl2 solution [Fig. 5(a)] than in the cement
pore solution [Fig. 5(b)]. This may be attributed to the pH differ-
ence between the two solutions and the difference in the ionic
composition of the two solutions (Farzanian andGhahremaninezhad
2018a, b; Kua et al. 2019; Li et al. 2019; Mignon et al. 2014;
Prabahar et al. 2022; Schröfl et al. 2012; Zhu et al. 2015). The pH
of the cement pore solution and the 0.5MCaCl2 was measured to be
12.5 and 9.5, respectively. At high pH of more than 12, the amide
groups in the hydrogel polymer network hydrolyze to negatively
charged carboxylate groups, which, in turn, increase the repulsive
forces within the polymer network resulting in increased swelling
and absorption (Zhu et al. 2015). On the other hand, in the presence
of monovalent and multivalent cations such as Ca2þ, Kþ, and Naþ,
the absorption is reduced due to the screening effect and complex-
ation between primarily Ca2þ and the negatively charged polymer
backbone (Kang et al. 2017, 2018; Lee et al. 2018). The combined

effect of pH and ionic composition determines the absorption behav-
ior of the hydrogels.

It can be seen that the hydrogels containing urease and proteins
showed lower water absorption in both media compared to hydrogel
without urease or proteins (H). This is because H consists of 100%
polymeric phase that can absorb solution while the hydrogels with
urease and protein have slightly lower concentration of polymeric
phase. Urease and proteins do not absorb solution. In addition, the
presence of urease and proteins could provide a physical barrier for
the polymer network expansion. The solutions contained urea, and
upon absorption, a certain amount of urease inside the hydrogel
hydrolyzed the urea into CO2−

3 , and in the presence of Ca2þ ions,
CaCO3 can be formed inside the hydrogel; thus, this can further
constrain the polymer network expansion in the hydrogel.

Release of Protein into Cement Paste Matrix

The release of proteins from the hydrogels into surrounding matrix
was investigated by measuring the presence of proteins using BCA.
BCA has effectively been utilized to study the presence of protein in
substances (Smith et al. 1985). After the cementitious matrix sets
and the percolation of the solid skeleton in the matrix starts, the
driving force for the release of solution from the hydrogel is domi-
nantly the capillary suction (Farzanian and Ghahremaninezhad
2017). The role of the capillary forces in the desorption of hydrogels
in a cementitious matrix and the underlying processes at the inter-
face between the hydrogels and cementitious matrix were investi-
gated in the previous studies (Farzanian and Ghahremaninezhad
2018a, 2017). Fig. 6 illustrates the concentration of proteins re-
leased into the cement matrix surrounding the hydrogel microstrip.
It can be observed that H-NFMP exhibited the highest concentration
of protein released into the cement matrix. The concentration of H-
NFMP released into the cement matrix was twice as much as the
concentration of H-whey protein released into the cement matrix.
When exposed to hydrating cement paste, proteins can adsorb onto
hydration products through either Ca2þ ion bridging or electrostatic
interaction between negatively charged carboxylate group of the
protein and the positively charged components of the hydration
products of the cement particles (Liu et al. 2020; Mollah et al.
2000b). The result corresponding to H is likely due to the non-
reacted amide presence in the hydrogel because the amide peaks
also exist in crosslinked polyacrylamide hydrogels (Farzanian
et al. 2021). Thus, the results provide evidence that proteins are able
to be released from the hydrogels. The difference in the release

Fig. 5. Absorption of hydrogels in (a) 0.5 M CaCl2; and (b) cement
pore solution.

Fig. 6. Concentration of proteins released into the cementitious matrix
surrounding the hydrogel microstrips.
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amount of the proteins is related to the interactions between the pro-
teins and the polymer network of the hydrogels.

Fig. 7 shows the FTIR results of the cement matrix surrounding
the embedded hydrogel microstrip as depicted in Fig. 3. For com-
parison, the FTIR result of a sample from a region far away (bulk
paste) from the hydrogel microstrip is also included in the figure.
The peak located at 3,644 cm−1 for the bulk paste and the cementi-
tious matrix surrounding hydrogels containing protein or hydrogel
corresponds to the presence of CH (Yousuf et al. 1993). The inten-
sity of the peak located at 3,644 cm−1 in the bulk paste indicated
a higher content of CH in the bulk paste than in the surrounding
matrix.

In addition, the broad band in the range of 3,407 and 3,500 cm−1
is assigned to the stretching vibration of hydroxyl groups (O─H) in
H2O (Huang et al. 2013). The peaks within the range of 1,623 and
1,684 cm−1 for the cementitious matrix surrounding H, H-CP,
H-whey protein and H-NFMP are indicatives of carboxylate stretch-
ing from the acrylamide in the hydrogel (Farzanian et al. 2019;
Magalhães et al. 2012; Mignon et al. 2014) and the bending defor-
mation of the primary amide in protein (Mignon et al. 2015). Fur-
thermore, the peak located at 874 cm−1 and bands in the range of
1,418 to 1,450 cm−1 are assigned to the out-of-plane bending of
CO2−

3 (Xia et al. 2015) and asymmetric stretching of CO2−
3 (Huang

et al. 2013), respectively. The appearance of this peak and bands
demonstrated the presence of CaCO3 in the cementitious matrix sur-
rounding the hydrogel. The solution released from the hydrogel into
the surrounding matrix contained dissolved CO2, which facilitates
the conversion of CH to CaCO3. Apparently, this peak and band
were weak in the bulk paste. All FTIR spectra showed additional
peaks at 1,113 and 957 cm−1 corresponding to the presence of
ettringite (Mollah et al. 2000a) and the Si─O stretching vibration
in C─S─H gel, respectively (Huang et al. 2013; Kamali and
Ghahremaninezhad 2018a, b). The Si─O stretching vibration ap-
peared not distinct from the CO2−

3 peak at 874 cm−1 in the cemen-
titious matrix surrounding the hydrogels. Comparing the intensities
and positions of the Si-O stretching vibrations, the peak was more
intense and shifted more to the right in the case of the cementitious
matrix surrounding the hydrogels with proteins compared to the
sample with H or the matrix far away (bulk paste) from the hydrogel
microstrips. For instance, whereas the Si─O stretching vibrations
showed up at 1,113 cm−1 in the bulk paste and H, it shifted to
1,122 cm−1 in the cementitious matrix with H-NFMP, H-whey

protein, and H-CP. This could be an indication of the interaction
between the released protein and ettringite, since proteins have
higher affinity toward ettringite (Baffoe and Ghahremaninezhad
2022a, b).

Fig. 8 shows the TGA profile of the matrix surrounding the em-
bedded hydrogel microstrip and the matrix far away (bulk paste)
from the hydrogel microstrip. The mass loss at the temperature be-
low 100°C corresponds to the loss of weakly bound water, which is
physically adsorbed on the solid gel (Esteves 2011). The mass loss
that occurred in the temperature of 110°C to 200°C corresponds to
the dehydroxylation of the C─S─H gel (Esteves 2011; Lothenbach
et al. 2012). In addition, there is a noticeable mass loss in the tem-
perature range of 420°C and 480°C, which can be attributed to the
decomposition of CH (Esteves 2011). The mass loss that occurred
in the temperature range of 420°C and 480°C was more pronounced
in the H sample compared to the hydrogels containing proteins, and
this will be discussed in the next section. Furthermore, when the
temperature increased from 651°C to 721°C, there was a significant
mass loss in the TGA profile. This mass loss is attributed to the
decomposition of CaCO3 (Pane and Hansen 2005; Ye et al. 2007).
Comparing the information obtained from the FTIR and TGA
analyses, it can be concluded that the main products formed around
the embedded hydrogel are C-S-H, ettringite, CH, and CaCO3.

The quantification of the CH and CaCO3 contents of the cemen-
titious matrix surrounding the hydrogels is shown in Fig. 9. It is
noticed that the matrix surrounding the hydrogel microstrip showed
a higher content of CaCO3 compared to the far away region, which
is in support of the FTIR results shown in Fig. 7. Among the hydro-
gel samples, the highest percentage of CaCO3 was noticed in H,
with H-whey protein and H-NFMP showing the least CaCO3. A
similar trend was noticed in the CH content. This could be ex-
plained in light of the fact that the presence of water released from
the hydrogel aided in the continued hydration and hence formation
of more hydration products (Snoeck et al. 2014a). As observed in
the absorption experiment in Fig. 5, H showed higher solution ab-
sorption compared to the other hydrogels and as such would have
the capacity to release more water into the surrounding cementi-
tious matrix during desorption. It is therefore interesting to note
that H-CP, which had a higher solution absorption capacity, showed
higher content of CH and CaCO3 compared to H-whey protein and
H-NFMP. In addition to the lower absorption capacity, the surface
adsorption of the released proteins onto surrounding cementitious
matrix could reduce surface area for hydration reaction and hence

Fig. 7. FTIR of the cementitious matrix surrounding hydrogel
microstrip.

Fig. 8. TGA curve of cementitious matrix surrounding hydrogel
microstrip.
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lead to the formation of a smaller amount of hydration products
(Baffoe and Ghahremaninezhad 2022b). This result is consistent
with the findings of the release test discussed in Fig. 6.

Characterization of the Healing Products in Cement
Paste with Hydrogels Containing Urease and Proteins

FTIR
The FTIR spectra of healing products formed on the surface of the
cement paste slice as described in Fig. 4 are shown in Fig. 10.
The sharp in-plane bending (v4) peak at 712 cm−1 and out-of-plane
bending peak at 874 cm−1 correspond to the presence of calcite
(Baffoe and Ghahremaninezhad 2023; Delgado et al. 1996; Weir
and Lippincott 1961). All samples showed a peak at 966 cm−1, cor-
responding to the stretching vibration of Si─O in C─S─H (Ghosh
and Handoo 1980). The characteristic band in the range of 1,155 to
1,160 cm−1 of the control and the hydrogel modified samples cor-
responds to the S─O stretching vibration of SO2−

4 , which could be
due to the presence of ettringite (Mollah et al. 2000a; Ylmén et al.
2009). Furthermore, the band located at 1,413 cm−1 corresponds
to the asymmetric stretching of CO2−

3 providing evidence for the
presence of CaCO3. The O─H of water and amide I both showed
peaks at 1,643 cm−1 (Hughes et al. 1995; Valenzuela et al. 2013);

however, the 1,643 cm−1 peak appeared to be relatively weaker
in the control sample compared to the 1,643 cm−1 in the samples
mixed with hydrogels. The strength of the peaks in the samples
mixed with hydrogel and/or proteins is attributed to the combined
effect of the O-H from water and amide I from the hydrogel, pro-
teins, and urea (Gallagher 1958; Yang et al. 2006; Ylmén et al.
2009). All these samples exhibited a broad but weak band in the
range of 3,362–3,472 cm−1, corresponding to the O─H band due
to the presence of bound water (Huang et al. 2013). The peak at
3,647 cm−1 is attributed to the presence of CH in the healing prod-
ucts (Yousuf et al. 1993) while the peak at 1,797 cm−1 indicates the
presence of CaCO3 (Baffoe and Ghahremaninezhad 2022b).

TGA/DTG
Fig. 11 illustrates the TGA/DTG curves of the healing products
formed on the surface of the paste slices. The mass loss at 200°C
corresponds to the loss of chemically bound water from C-S-H and
possible decomposition of excess organic molecule (urea) (Baffoe
and Ghahremaninezhad 2022a). H and H U showed additional
mass losses between 317°C and 330°C, indicative of the decompo-
sition of amides (Khan et al. 2021). As the temperature increased,
a noticeable mass loss occurred between 408°C and 460°C. This
mass loss is attributed to the decomposition of CH (Baffoe and
Ghahremaninezhad 2022a; Huang et al. 2013; Ye et al. 2007).
Moreover, a major mass loss occurred between 640°C and 740°C
with the control showing the least peak. This mass loss is attributed
to the decomposition of CaCO3 (Baffoe and Ghahremaninezhad
2022a). The CH and CaCO3 contents are shown in Fig. 12. It can
be seen that the content of CaCO3 in the samples containing hydro-
gel or hydrogel urease/protein is higher than in the control sample
(without hydrogel). This observation suggests that provision of
water from the hydrogel increased CaCO3 formation. The higher
content of CaCO3 in the paste with hydrogels containing urease
compared to the paste with H can be due to the fact that in the pres-
ence of CO2−

3 released due to urea decomposition by urease, the
dissolution of Ca2þ from CH can further react with the CO2−

3

to promote the formation of CaCO3 (Dakhane et al. 2018). This
is reflected in the lower content of CH in the samples with hydro-
gels containing urease. Considering the FTIR peaks in Fig. 10,
it appears that the dominant polymorph of the CaCO3 was calcite
as indicated by the strong intensities of 712 cm−1 in H U, H U-CP,
and H U-NFMP. Interestingly, the H U-whey protein, which
showed lower content of CaCO3, exhibited a relatively weaker

Fig. 10. FTIR of the healing products corresponding to different
samples.

Fig. 11. TGA curve of healing products scraped from the surfaces
of healed sliced cement paste.

Fig. 9. TGA quantification of the cementitious matrix surrounding hy-
drogel microstrip.
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peak corresponding to calcite in the FTIR results in Fig. 10. The
formation of calcite as the dominant polymorph in the hydrogel with
urease is consistent with prior results, which stipulates that urease
induced calcite formation is favored when precipitation occurs
near or on cementitious surfaces (Baffoe and Ghahremaninezhad
2022a). The slightly lower content of CaCO3 in the H U-whey
protein could be due to lower release of urease from this hydrogel.
The slightly higher CH content in the case of H U-whey protein
could attest to the lower enzymatic activities in the case of this
hydrogel.

SEM
Fig. 13 shows the SEM images of the healing products formed on
the surfaces of the control slice, the slice of cement paste mixed H,
and the slice of cement paste mixed H U described in Fig. 4. The
SEM of the slices mixed with H U was used as a representative of
all other slices mixed with urease because they showed similar fea-
tures. The SEM of the healing products formed on the surface of
the control slices shown in Fig. 13(a) revealed the formation of
hexagonal shaped platelets noted as CH and phases indicating
the presence of CaCO3 (Baffoe and Ghahremaninezhad 2022b).
The formation of these phases matches the findings of the FTIR in
Fig. 10. Shown in Fig. 13(c) is the SEM of the healing products
formed on the surface of the slices mixed with HU. A larger amount
of CaCO3 is observed in this image compared to Fig. 13(a).
The higher content of CaCO3 is attributed to the enzymatic reac-
tion as well as the contribution of the hydrogels (Baffoe and
Ghahremaninezhad 2022a). The absence or low amount of CH
in the SEM of the slices mixed with H U is consistent with the find-
ings of the FTIR and TGA in Figs. 10 and 12.

Crack Filling

Fig. 14 shows the crack filling process using optical microscopy at
the time intervals of 0, 3, and 10 days of healing. Generally, the
crack area of the various samples reduced with the healing time.
It is noticed that the control sample showed no significant crack
healing after the 10-day healing period while the samples mixed
with H showed partial crack closure after 10 days. It can be ob-
served that the samples mixed with hydrogels containing urease/
urease proteins showed complete crack closure after the 3- and
10-day healing period.

Fig. 13. SEM of the healing products formed on the surfaces of (a) control slice; (b) slice mixed with H; and (c) slice mixed with H U.

Fig. 12. TGA quantification of the healing products.
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Shown in Fig. 15 are the SEM images and EDX analysis of the
healing materials formed in the cracks of healed samples after
10 days of healing period. Images from the SEM revealed an un-
healed crack area and partial crack-healed area in the control and
the sample mixed with hydrogel (H), respectively. In the case of
samples mixed with H U-CP it can be observed that there was a
significant closure of the cracked area. The EDX analysis of the
region marked with a yellow box confirmed that calcium, carbon,
and oxygen constituted about 90% of the healing products in the
crack indicating CaCO3 as a primary phase in the healing products
formed in the cracks.

The healing mechanism observed when studying the cracked
samples in the wet and dry cycles can be grouped into multiple
factors; these are CaCO3 crystallization due to the enzymatic action
and a combination of continued hydration and CaCO3 crystalliza-
tion. The observed partial crack closure in the control samples and
the sample with H, after the 10-day healing period, can be attrib-
uted to continued hydration of the unreacted part of the cement
and CaCO3 crystallization due to the presence of dissolved CO2 in
the crack space. It is seen that the crack closure is more pro-
nounced in the case of H, which is due to the ability of hydrogels
to retain water during the wet condition and to gradually release
water during the dry condition to allow the hydration and CaCO3

formation to occur. Although enough moisture is available during
the wet healing cycle, the control cement paste could not retain
much moisture as the absorbed water evaporated during the dry
cycle, thereby showing partial crack closure (Kua et al. 2019;
Wang et al. 2014a).

The complete healing of cracks in the samples mixed with H U
and proteins can be attributed to the improved autogenous healing
due to the activity of the hydrogel (Snoeck et al. 2014a) and the
CaCO3 precipitation due to the enzymatic action (Baffoe and
Ghahremaninezhad 2022a). As the wet healing cycle proceeded,
enoughmoisturewas retained, whichmay be absorbed by the hydro-
gel. When left to dry, the retained moisture is released into the ce-
mentitious matrix for the continued reaction (Snoeck and De Belie
2016). The EICP is a quick process and proceeds when the neces-
sary conditions are met (Baffoe and Ghahremaninezhad 2022a). As
the urease is released from the hydrogel during the wet and dry
cycle, it reacts with the available urea and Ca2þ to form CaCO3,
which fills the cracks and enables the crack to heal (Baffoe and
Ghahremaninezhad 2022a). Due to their rapid nature, EICP has been
employed to treat surface cracks of concrete materials, making it
attractive for infrastructural repairs (Baffoe and Ghahremaninezhad
2022a; Dakhane et al. 2018). It should be borne in mind that the
microscopy observations made here correspond to the surface of
the crack and could be different from the crack deep inside the
samples.

Compressive Strength Regain

Fig. 16 illustrates the compressive strength of the virgin samples (V)
at 28 and 42 days and the strength regain after the cracked sam-
ples were healed in urea and DI water for 7 and 21 days. It should
be noted that the samples were cracked at the age of 21 days. The
compressive strength regain of the samples corresponding to
7 days and 21 days of healing is demonstrated in Fig. 17. As
shown in Fig. 16, the samples mixed with hydrogels exhibited
lower initial compressive strength, and this may be attributed
to the formation of macrovoids in the cementitious matrix, which
act as stress concentration sites in the microstructure, thus reduc-
ing the overall compressive strength of the samples. Previous
studies have reported the reduction of compressive strength due
to the addition of hydrogels (Farzanian et al. 2016a; Li et al. 2019;
Schröfl et al. 2012; Snoeck et al. 2014a; Vafaei et al. 2021).
Among the samples with hydrogels, H U-NFMP showed a rela-
tively higher virgin compressive strength, and this could be attrib-
uted to the lower absorption of H-NFMP compared to the other
hydrogels as revealed in Fig. 5. Due to the lower water absorption,
it is expected that the size of macrovoids formed in the cement
paste sample mixed with H U-NFMP was comparatively smaller,
thus lowering the stress concentration effect in the microstructure.
It is noted that the effect of hydrogel in reducing the virgin com-
pressive strength of the cement paste followed the hydrogels’
trend of solution absorption as shown in Fig. 5.

After healing in various solutions, it is observed that the healed
control sample showed a lower compressive strength compared to
the uncracked (V) control sample. Interestingly, in the samples
with hydrogel containing urease or urease and proteins, the healed
sample demonstrated a higher compressive strength compared to
the uncracked sample indicating better self-healing performance.
In the case of the sample with H, the cracked sample exhibited
a similar compressive strength compared to the uncracked sample
indicating regain of strength due to self-healing. The higher com-
pressive strength regain of the samples mixed with hydrogels con-
taining urease and urease/proteins compared to the sample with
hydrogel only is attributed to the formation of a larger amount
of healing products in the crack space due to enzymatic reaction.
This is in agreement with the crack filling results as shown in
Fig. 14. It is noted that healing in DI water or urea seemed to have
a similar strength regain effect in all samples. Given the large scat-
ter in the case of H U-whey protein and H U-CP, healed in DI water,

Fig. 14. Optical images of cracked prism samples healed in DI water.
The scale bar is the same for all images and corresponds to 1 mm.
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the difference in strength regain between the samples healed in DI
water and in urea in the case of these two proteins is not significant.

As seen in Fig. 17, the compressive strength regain of H U-whey
protein, H U-CP, and H U-NFMP was approximately 1.2 and was
higher than the strength regain of the sample with H U. A compari-
son of the CaCO3 content of the sample with H U to the samples
containing H U-whey protein, H U-CP, and H U-NMFP (Fig. 12)
indicates a small difference in the CaCO3 between these samples.
Thus, the difference in the amount of CaCO3 is not likely to be the

reason for increased strength regain of the samples with hydrogels
that have proteins. The improved strength regain of the healed
cracked samples with hydrogels containing proteins can be attrib-
uted to the interfacial bond contributed by the released proteins. The
proteins are able to bind together the solid constituents of the heal-
ing products and also bind the healing products to the surfaces of
the cracks, thereby improving the overall strength of the samples.
The negatively charged functional groups of the proteins can be
crosslinked in the presence of Ca2þ, leading to the densification

Fig. 16. Compressive strength of uncracked (V) and healed cracked
samples.

Fig. 15. SEM image of the crack in (a) control sample and the samples with (b) H; and (c) H U-CP, respectively. (d) EDS analysis corresponding to
the area marked in (c). The scale bar is the same for all SEM images. The letters K and L refer to the different electron shells in element atoms.

Fig. 17. Compressive strength regain index of the samples healed in DI
water.
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of the microstructure and enhancement of interfacial bonds of the
healing products.

The interfacial bond of proteins to cementitious materials and
calcium carbonate has been investigated in the past (Baffoe and
Ghahremaninezhad 2022a, b). The ability of the biomolecule to
enhance mechanical properties through the formation of organic–
inorganic hybrid phases has also been investigated in systems con-
taining calcium carbonate as a primary binding phase (Khan et al.
2021, 2023). It should be noted that macrovoids are created in
the microstructure as a result of hydrogel absorption and then
desorption (De Belie et al. 2018; Farzanian et al. 2016b; Kamali
and Ghahremaninezhad 2017; Mechtcherine and Reinhardt 2012;
Snoeck et al. 2015; Wehbe and Ghahremaninezhad 2017). These
macrovoids act as weak sites in the matrix, promoting formation
of multiple small cracks rather than one large crack (Lee et al.
2010; Mignon et al. 2017; Snoeck et al. 2014b). Since hydrogels
are likely to be present on the crack path, they can more effectively
facilitate the healing process of the cracks.

Flexural Strength Regain

The flexural strength regain of different samples is shown in Fig. 18.
Samples with hydrogel containing urease/protein exhibited higher
flexural strength regain while the control showed the lowest flexural
strength regain. The results of the flexural strength regain are con-
sistent with the results of the compressive strength regain. However,
it is noted that the enhancement in regain in flexural strength is more
pronounced compared to that in compressive strength when compar-
ing the control samples with other samples. As discussed, the re-
leased proteins enhanced the interfacial bond between the healing
products at the micro and nanoscales (cohesion) and between the
healing products and the crack surface (adhesion), ultimately im-
proving the strength regain. The results presented here are in good
agreement with the prior work (Baffoe and Ghahremaninezhad
2022a) focused on the influence of proteins on consolidating and
binding loose ground cementitious particles. The effect of increased
interfacial bond provided by proteins on enhancing flexural strength
was also evidenced in our prior work (Baffoe andGhahremaninezhad
2022a). Fig. 19 shows a schematic of the interfacial bond between
solid phases in the microstructure provided by the proteins.

Electrical Resistivity

Electrical resistivity has been used as a measure of the trans-
port properties of cementitious materials (Bazhuni et al. 2019;

Farzanian et al. 2016a, 2021; Flores et al. 2015, 2017; Kamali
and Ghahremaninezhad 2015, 2017; Neithalath et al. 2006; Vafaei
et al. 2020). The electrical resistivity of cement paste is controlled
by the pore structure and pore solution chemistry (Bu and Weiss
2014; Jain and Neithalath 2011). Fig. 20 illustrates the electrical
resistivity of uncracked (V) and healed samples at different ages
(7 and 21 days). From the test result, it is seen that the electrical
resistivity of the samples with hydrogels was lower at the uncracked
state compared to that of the control. The lower electrical resistivity
of uncracked samples containing hydrogels is potentially because
the hydrogels act as electrical conductors decreasing the total elec-
trical resistivity of the cement pastes (Farzanian et al. 2021). After
7 days of healing, while the control sample showed a similar elec-
trical resistivity compared to the uncracked sample, most of the
samples with hydrogels showed a higher electrical resistivity com-
pared to the respective uncracked sample. All samples showed an
increase in electrical resistivity in the samples after 21 days of heal-
ing, and this increase is more pronounced in the sample with hydro-
gels containing proteins. The increase in electrical resistivity in the
healed samples is attributed to the crack filling as well as an increase
in microstructure densification in the matrix with time. Assuming
a relatively similar contribution from the latter mechanism, it is rea-
sonable to stipulate that the difference in increase in electrical re-
sistivity of the samples is mainly due to the crack filling process. It is
interesting to note that the electrical resistivity and mechanical
strength regain of the samples follow a similar trend. The samples
with hydrogels containing proteins demonstrated markedly higher
improvement in crack filling compared to the control samples, and
this improvement appeared to be more pronounced in the samples
with hydrogels and proteins. The sample with H U did not show an

Fig. 18. Flexural strength regain index of the healed samples.

Fig. 19. Schematic illustrating the cohesion and adhesion provided by
the proteins in the microstructure of the healing products.

Fig. 20. Electrical resistivity of the healed samples.
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improvement compared to the sample with hydrogel only (H).
Overall, the electrical resistivity results could provide further evi-
dence of the positive influence of the proteins on the healing process
of the cement paste samples.

Conclusions

In this study, the self-healing effect of hydrogels containing urease
and three different proteins in cracked cementitious materials was
investigated. The findings from this study are as follows:
• The encapsulation of proteins and urease slightly decreased the

absorption capacity of the hydrogel possibly due to increased
constraints in the polymer network of the hydrogels as a result
of interaction with proteins and urease.

• It was shown that proteins can be released to different degrees
from the hydrogels into the surrounding cementitious matrix.
TGA and FTIR indicated a change in the chemical composition
in the region surrounding hydrogels compared to the region far
away from the hydrogel. This is attributed to released water and
the interaction between proteins and surrounding cementitious
matrix.

• TGA and FTIR showed increased calcium carbonate in the heal-
ing products in the cement paste containing different hydrogels
compared to the control cement paste. Among the cement pastes
with hydrogels, the hydrogels containing urease and protein re-
sulted in slightly higher calcium carbonate content due to the
enzymatic reaction. Calcite was found to be the dominant cal-
cium carbonate polymorph.

• The optical and SEM imaging showed enhanced crack filling in
the samples mixed with hydrogels due to improved autogenous
healing. The samples mixed with hydrogel containing urease
and protein were shown to exhibit marked improvement in crack
filling as a result of the enzymatic reaction.

• The mechanical strength results indicated a noticeable increase
in the mechanical strength regain in the samples with hydrogels
containing proteins, and this increase was more noticeable in the
flexural strength regain. The improved mechanical strength re-
gain is attributed to enhanced interfacial strength between solid
phases in the healing products at the microstructure level. As a
result, the cohesion within healing products and the adhesion
between the healing products and cracked surface is improved
leading to increased mechanical strength regain.

• The cracked samples mixed with hydrogel containing urease
and protein were shown to exhibit markedly higher strength re-
gain compared to the control and the samples mixed with hydro-
gel only. The increased strength regain could be in part due to
the crack healing by the precipitated CaCO3 and the stronger
interfacial bond between crack surfaces due to the adhesive ef-
fect of the released proteins.

• The electrical resistivity results were in agreement with the
mechanical strength regain exhibiting increased resistivity in
the healed samples with hydrogels containing proteins.
It should be noted that this paper focuses on cement paste of

relatively young age; further research is needed to explore the pro-
posed self-healing method for cement paste of longer age.
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