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Abstract This study examines how the chemical

composition of hydrogels influences the behavior of

hydrogels in cementitious materials. A stark contrast

in the behavior of some hydrogels in extracted cement

pore solution, where cement particles are excluded,

and in cement mixture was observed. The observed

contrast was attributed to the chemical processes

between the hydrogel and cement particles, which are

excluded in the extracted pore solution. This finding

raises concerns regarding the accuracy of hydrogel

absorption measurements using only the extracted

pore solution to determine the absorption of hydrogels

in cement paste. The effect of hydrogels with different

chemical compositions on the hydration, electrical

resistivity, autogenous shrinkage, and strength of

cement paste was evaluated and discussed.

Keywords Hydrogel � Chemical interactions �
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1 Introduction

Cracking due to autogenous shrinkage remains a

challenge in high performance concrete (HPC), which

is formulated with a low water/cement (w/c) [1–8]. In

HPC, with continued hydration and consumption of

water, internal relative humidity gradually decreases

(self-desiccation) and capillary tension is developed in

the menisci in the pores. The capillary tension in the

pore solution pulls inward on the solid skeleton and

this manifests as the overall shrinkage of the material

[9, 10]. In presence of constraint in the material, e.g.

provided by aggregates, autogenous shrinkage causes

tensile stress, which could lead to crack formation

[10]. Once cracks are formed, the transport of

deleterious agents into the interior of the material

accelerates, which can lead to a number of deteriora-

tion processes including reinforcing steel corrosion,

and chemical and physical attacks [11].

Traditional curing methods, such as providing

water from the surface, are not effective in reducing

autogenous shrinkage in cementitious materials since

autogenous shrinkage occurs over the volume of the

material unlike the drying shrinkage, which takes

place due to loss of water at the surface [5]. Internal

curing has proven to be an effective means to reduce

autogenous shrinkage in cementitious materials

[2, 3, 5, 9, 12–22]. In internal curing, water is provided

from internal sources into the cementitious matrix to

maintain internal relative humidity during hydration
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[9]. Examples of the materials used for internal curing

include pumice, superabsorbent polymers (SAP), and

saturated lightweight aggregates [23]. In particular in

recent years, SAP has emerged as an effective material

to reduce autogenous shrinkage in cementitious mix-

tures [3, 5, 9, 16, 17, 24].

In addition to reducing autogenous shrinkage, SAP

has been found to enhance hydration [13, 25, 26],

increase resistance to chloride penetration [12, 13],

improve freeze–thaw resistance [27], and induce self-

healing [28–30] in cementitious materials. While in

several prior studies compressive strength has been

shown to be reduced in the presence of SAP due

primarily to the macrovoid formation [5, 15, 31–33],

there have also been investigations where the use of

SAP increased compressive strength [34]. Mixture

formulation and the physicochemical characteristics

of SAP are factors directly influencing how SAP

affects the behavior of cementitious materials

[5, 8, 12, 14, 32].

SAP utilized in the cementitious materials is a

hydrogel, typically comprised of a crosslinked poly-

mer of acrylate salt or copolymer of acrylate salt—

acrylamide [3, 14, 22, 35]. These hydrogels are

polyelectrolyte and their response depends on stimuli

including ionic composition and pH [5, 31, 32, 35–40].

The knowledge of hydrogel behavior including its

absorption and desorption in cementitious materials is

necessary to understand how they affect the properties

and microstructure of cementitious materials. For

example, compressive strength is strongly affected by

the size of macrovoids left in microstructure and this is

governed by the absorption behavior of hydrogels

[32]. In addition, the desorption behavior of hydrogels

has an effect on the autogenous shrinkage of cemen-

titious materials [5, 17]. Since many properties of

cementitious materials are strongly dependent on w/c,

an accurate determination of hydrogel absorption is of

paramount importance.

The absorption behavior of hydrogels is typically

determined (1) in a direct way in a solution using the

teabag test [16, 17, 32, 41–43], or (2) in an indirect

way in cement mixture using the flowability measure-

ment [1, 5, 40, 44, 45]. Direct absorption measurement

in a solution is based on mass or volume change of the

hydrogels in the solution. In the indirect absorption

determination using the flowability measurement,

additional water is added to the cement mixture to

obtain the same flow value for the mixture with and

without hydrogel; in this method, the additional water

is assumed to be absorbed by the hydrogel and not

contribute to the flow value of the mixture.

Various test methods to measure the absorption of

hydrogel in solutions have been discussed in a review

paper [46]. A recent round robin study examined the

absorption of hydrogels in cement pore solutions using

the teabag method and filtration method, and pointed

out the strengths and weaknesses of each method [47].

Other investigations employed optical imaging

[35, 48] or laser light diffraction [49] to measure the

hydrogel absorption in a solution. Few studies exam-

ined the absorption of hydrogels in a cementitious

mixture, rather than in a solution, in a direct way using

optical microscopy [50–52], scanning electron micro-

scopy [53], and neutron radiography [43]. Due to their

simplicity, the teabag test and flow test have been the

most widely used methods to estimate the absorption

of hydrogels relevant to cementitious materials.

However, a comparison between the above-men-

tioned absorption measurement methods is lacking in

the literatures, which impedes an assessment of each

method’s reliability to yield accurate absorption

results. In this paper the absorption of hydrogels with

different chemical compositions in a pore solution and

in a cement mixture was studied. Surprisingly, some

hydrogels demonstrated a significant difference in

their absorption response in a pore solution and in a

cement mixture. This paper aims to address a knowl-

edge gap in understanding the factors affecting the

absorption of hydrogels in cement mixtures beyond

the well-established chemical interaction between the

pore solution and hydrogels.

A detailed study was carried out in this paper to

understand the underlying mechanisms responsible for

such a peculiar behavior of the hydrogels. Since the

hydrating solid particles are filtered out and not

present in the pore solution, their potential interactions

with hydrogels could be responsible for the stark

difference in hydrogel absorption in the pore solution

and in the cement mixture. Thus, the physical and

chemical processes occurring between the hydrogels

and solid particles in a mixture were systematically

investigated in this study. In the remaining part of the

paper, the desorption behavior of the hydrogels was

also examined. The effect of the hydrogels on the

autogenous shrinkage, hydration, electrical resistivity,

and compressive strength of cement pastes was also

evaluated and discussed.
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2 Experiments

2.1 Materials

2.1.1 Hydrogels

In this study, three hydrogels with different chemical

compositions were prepared in-house and utilized in

the experiments. All chemicals used in synthesizing

hydrogels were purchased from Sigma-Aldrich. The

chemical compositions of the hydrogels synthetized in

this study and their designations are shown in Table 1.

The main monomers used in the hydrogels were

acrylic acid (AA) and acrylamide (AM) and the

synthesis was carried out using the free radical

polymerization, as detailed in our previous papers

[37, 54, 55]. First, AA was dissolved in 50 mL volume

of distilled water and then sodium hydroxide (NaOH)

was used to achieve a partial neutralization of AA. AM

and 0.025 g of N,N’-methylenebisacrylamide (MBA),

which serves as a crosslinking agent, were added to the

solution and stirred for 30 min to ensure complete

dissolution. Then, argon gas was used to sparge the

solution for 3–5 min to remove dissolved gases.

Ammonium persulfate (APS) as the polymerization

initiator in the amount of 0.064 g was added to the

solution. AA and NaOH were not used in synthesizing

Hyd-c; for this hydrogel after dissolving AM and

MBA in the solution, 0.3 g of sodium alginate (Alg)

was added and stirred for 24 h due to the slow

dissolution of sodium alginate in the solution. The

dissolved oxygen was removed by argon in the next

day and APS was added to the solution.

The solutions were poured into glass molds of

different sizes and transferred into an oven at 60 �C for

3 h to allow gelation to occur. Then, the hydrogels

were demolded, broken into smaller pieces, and

submerged in distilled water for 24 h. In the case of

Hyd-c instead of distilled water, pieces of hydrogel

were submerged in an ionic solution prepared

following the composition of an artificial pore solution

used by Tunstall et al. 2017 [56]. The ionic solution

contained 0.1062 M KOH, 0.0489 M Na2SO4,

0.037 M K2SO4, and 0.0212 M Ca(OH)2 [56]. It

should be noted that Hyd-b and Hyd-c have a similar

chemical composition as shown in Table 1. The reason

for submerging Hyd-c in the ionic solution was to

allow penetration of ionic species, commonly present

in cement pore solution, into the hydrogels. The

presence of these ions in the hydrogel affects the

molecular structure of this hydrogel through ionic

crosslinking and also affects the chemical composition

of the counterions in the hydrogels. Thus, Hyd-c is

expected to show a different behavior, compared to

Hyd-b.

After 24 h of submersion in the solution, the

hydrogels were washed and then dried in an oven at

60 �C for one week to be fully dried. Dried pieces of

hydrogels were then ground into a powder using a

coffee grinder and sieved using a shaker (RX-29, WS

TYLER). The hydrogel particles passing through the

sieve # 50 (300 lm) and remaining on the sieve # 200

(75 lm) were used in the cement paste. The hydrogel

powders were sealed in double-layer polyethylene

bags and stored in a desiccator to prevent moisture

uptake.

Specific molds were used to prepare hydrogel disks

and microstrips for use in the Fourier transform

infrared spectroscopy (FTIR) and desorption tests, as

detailed later in the paper. These molds consisted of

two rectangular glass plates sandwiching a rubber

gasket with different thicknesses of 0.5 and 3.5 mm.

Using these molds was necessary to prepare hydrogel

samples with smooth surfaces needed for the FTIR and

desorption tests. After the gelation process of 3 h in

the oven, the hydrogel layers were removed from the

glass molds and their surfaces were cleaned using

alcohol to remove residual/unreacted monomers from

the surface. In order for the surface of hydrogel layers

to be without any wrinkles or creases, Hyd-a and Hyd-

Table 1 Compositions of the hydrogels used in the experiment

Hydrogel designation Distilled water (g) AA (g) AM (g) Alg (g) NaOH (g) MBA (g) APS (g)

Hyd-a 50 5 5 – 0.675 0.025 0.064

Hyd-b 50 1 9 – 0.135 0.025 0.064

Hyd-c 50 – 10 0.3 – 0.025 0.064
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b layers were immersed in distilled water and Hyd-c

layer in ionic solution, respectively, for approximately

2–3 h until all wrinkles and creases disappeared and a

smooth surface was obtained. For the FTIR test, the

hydrogel disks were punched from the hydrogel layers

using a circular punch. For the desorption test, narrow

microstrips were cut using a razor blade. Both

hydrogel disks and microstrips were dried in an oven

at 60 �C. The final dry hydrogel disks had a thickness

of 1.7 mm and a diameter of 9 mm and the final dry

hydrogel microstrips had a thickness of 0.32 mm,

width of 0.62 mm, and length of 50 mm.

2.1.2 Cement mix design

A type I/II Portland cement was used in producing the

pastes. The chemical characteristics of the cement are

shown in Table 2. The mix designs of the cement

pastes used in the experiments are listed in Table 3.

The mix design used in the teabag test and the FTIR

analysis is descried in the respective sections. Control

paste without hydrogels, and pastes containing 0.3%,

per cement mass, of Hyd-a and Hyd-b, and 0.6%, per

cement mass, of Hyd-c were prepared. The reason for

a different amount of Hyd-c compared to that of Hyd-a

and Hyd-b used in the cement pastes was to obtain the

same total w/c in the cement pastes with Hyd-b and

Hyd-c. This allowed for comparing the effect of these

two hydrogels while maintaining the total w/c of the

pastes. Dry hydrogel powder was first dry mixed with

cement for 5 min using a mixer. In order to increase

workability, a superplasticizer (WRDA 60, W.

R. Grace & Co.-Conn.) at a concentration of 0.5%,

per cement mass, was added to the water. Then,

cement and SAPwere mixed with water containing the

superplasticizer in a bucket for 30 s at a speed of 440

RPM. After pausing for 15 s to scrape the inside wall

of the bucket, the mixing continued at a speed of 1600

RPM for 60 s. The paste was then immediately poured

into cubic molds (50 9 50 9 50 mm) in two layers.

Each layer was tamped per the ASTM C 109. In order

to protect the pastes from evaporation, the molds were

wrapped with a pre-stretch plastic foils and stored in

double-layer polyethylene bags. The cubes were

demolded after 24 h and immediately stored in

double-layer bags.

2.2 Experimental methods

2.2.1 Hydrogel absorption in extracted pore solution

using the teabag test

Hydrogel absorption in the extracted pore solution was

measured using the teabag test. A cement mixture with

a w/c of 0.6 was prepared. Since a superplasticizer was

used in the preparation of all cement mixtures in this

study, the superplasticizer at a concentration of 0.5%,

per cement mass, was added to water. Approximately

60 min after water and cement came into contact, the

mixture was loaded in a filtration setup to extract the

pore solution under a negative pressure. The extracted

pore solution was immediately transferred into

polypropylene tubes to prevent being exposed to air.

Approximately 0.1 g of each hydrogel powder was

placed in three teabags and immersed into the solution

medium. The teabags were removed from the solution

at specific time intervals, their surfaces dried gently,

and their mass measured using an analytical balance

with the 0.001 g resolution. Hydrogel absorption was

determined as follows.

Q ¼ Mw � Mwt � Ms

Ms
ð1Þ

where Mw, Mwt, and Ms are the mass of the wet teabag

containing hydrogels, wet teabag without hydrogels,

and dry hydrogel, respectively. The teabags were

immediately returned to the solution to minimize

exposure to air and the solution was sealed with

Parafilm. To account for the amount of the solution

absorbed by the teabags, the mass of the wet teabag

without hydrogel (Mwt) was determined by submerg-

ing several dry teabags without hydrogel in the

solution and their average mass was determined. The

absorption measurements in the extracted pore solu-

tion was conducted until 80 min.

Table 2 Oxide

composition of cement
Composition (%)

SiO2 20.6

Al2O3 4.8

Fe2O3 3.5

CaO 64

MgO 0.9

Na2O 0.1

K2O 0.3

SO3 3.4

LOI 2.4
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2.2.2 Flow test

The flow test of the cement pastes was performed per

the ASTM C1437. The effective w/c of 0.35 was

considered in all cement pastes. In this test, a cone (top

diameter: 70 mm, bottom diameter: 100 mm, and

height: 50 mm) was filled with paste and allowed to sit

on a table for 10 min. Then, the test followed by

removing the cone and repeated dropping of the

table 25 times with the same rate in a time span of 15 s.

The diametrical dimensions of the paste were deter-

mined and used to estimate the flow value. The flow

test was repeated two times on the control paste

without hydrogels (C) and the average flow value was

determined to be 24 cm. For the pastes with hydrogels,

additional water in the increments of d(w/
c) = 0.02–0.03 was added to the paste to obtain the

same flow value of 24 cm as for the control paste. The

flow test was also repeated twice for the cement pastes

with hydrogels and the average was reported. The

additional water was assumed to be absorbed by the

hydrogels and used to obtain an indirect estimate of

hydrogel absorption.

To investigate the effect of the type of solid

particle, the behavior of hydrogels in different mix-

tures containing fly ash (FA) and glass powder (GP)

were studied. FA and GP were used as these particles

are expected to be inert or less reacting in the first

10 min of being in contact with solution and this time

corresponds to the time at which the flow test was

carried out. The ionic solution with composition

similar to an artificial pore solution as described in

[56] was used in the preparation of FA and GP

mixtures. The reason for using the ionic solution in

these mixtures was to maintain a similar solution

chemistry in the mixtures and to allow us to focus on

the effect of solid particles on the absorption of

hydrogels. The mixtures used in the flow test were

prepared with the same dosages of superplasticizer

and hydrogel as in the cement mixtures. The same flow

value target of 24 cm as in the cement mixtures was

used in determining the solution/solid of the FA and

GP mixtures with and without hydrogels.

2.2.3 Modified teabag test

Additionally, we performed a modified teabag test by

submerging into the ionic solution a larger teabag

containing a dry mixture of solid particles and

hydrogel. Approximately 0.5 g of hydrogel and 10 g

of cement, FA, and GP, were dry mixed for 5 min and

then placed in separate teabags. In the case of cement,

water instead of the ionic solution was used. The test

was also conducted using solid particles without

hydrogel to measure the absorption of the solid

particles and this was subtracted from the absorption

of solid particle and hydrogel to determine the

absorption of hydrogel. The tests were conducted

with 3 replicates. The reason for the modified teabag

test was to include the effect of interactions between

the solid particles and hydrogel.

2.2.4 X-Ray micro-computed tomography (micro-CT)

X-ray micro-CT was used to study the size of the

macrovoids formed as the result of hydrogel absorp-

tion. The size of the macrovoids represents the largest

hydrogel absorption before the cement paste was set.

To this end, cement paste prisms with the dimension of

25 9 25 9 285 mm following the samemix design as

with the cement paste cubes were prepared (see

Table 3). At the age of 28 days, samples with the

dimensions of 25 9 25 9 25 mm were cut from the

prisms using a saw, soaked in acetone, vacuum oven

dried at a temperature of 60 �C for 48 h and stored in a

desiccator until scanning. The samples were scanned

Table 3 Mix designs of the cement pastes used in the experiments

Paste

designation

W/C Superplasticizer (%

per cement mass)

Hydrogel (% per

cement mass)

Flow (cm) Absorption (g/g dry)

Hyd-a Hyd-b Hyd-c

C 0.35 0.5 – 24

C Hyd-a 0.38 0.5 0.3 24 10

C Hyd-b 0.47 0.5 0.3 24 40

C Hyd-c 0.38 0.5 0.6 24 5
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using a SkyScan 1273 (Bruker) with a voltage of

130 kV and current of 115 lA. The resolution was 15�
m/pixel. An x-ray exposure time of 342 ms and a

rotational step of 0.15� were selected. The macrovoid

size analysis was performed using CTAnalyzer 1.20.8

(Bruker). A 10 mm cylindrical volume from the center

of the samples was scanned and analyzed. Since the

dry hydrogels used in the mixtures were sieved to have

the same initial size range of 75–300 lm, only

macrovoids larger than 75 lm were considered in

the micro-CT analysis.

2.2.5 FTIR

FTIR was used to study how the interactions with

extracted pore solution and cement mixtures affect the

chemical characteristics of the hydrogels. Hydrogel

disks were submerged in tubes containing extracted

pore solution and in tubes that contained a cement

mixture with a w/c of 2. The superplasticizer at 0.5%

cement mass was added to the cement mixture. The

tubes containing cement mixture were frequently

shaken and rotated to ensure that the cement was not

hardened in the tubes. Hydrogel disks were immersed

in the tubes for 8 h and taken out only for performing

the test. The FTIR scan was carried out on both

surfaces of the hydrogel disks. A PerkinElmer Paragon

1000 FTIR with the ATR accessory was used.

2.2.6 Absorption under constraint

In order to investigate how physical constraint can

influence the absorption behavior of hydrogels, we

devised an experiment as seen in Fig. 1. In this

experiment, the absorption of hydrogels in the ionic

solution under three different pressure levels, 0, 0.75,

and 1.5 kPa, was measured. Weights were used to

apply different pressure levels on the hydrogels. The

details of the experiment are provided in [32]. The

absorption was calculated based on volumetric

change.

2.2.7 Desorption of hydrogel

The desorption behavior of the hydrogel microstrips

embedded in hydrating cement pastes was studied in

this section. Plastic tubes (diameter: 30 mm and

length: 120 mm) were first cut open in their axial

direction so that cement paste could be poured into the

tubes. First, the bottom half of the tubes was filled with

cement paste and then a single hydrogel microstrip

was placed on the paste and allowed to uptake solution

from the paste for 5–10 min. Wrinkles were noted to

form in the hydrogel microstrips; in order to prevent

the interference of the wrinkles with the measurement

of the cross sectional dimensions, microstrips were

carefully lifted up, de-wrinkled, and immediately put

back over the paste surface. After filling the upper half

of the tubes with the paste, the tubes were sealed.

Sections perpendicular to the axis of the tubes were

prepared at different time intervals and imaged by a

micro-camera. In order to prevent water from coming

into contact with the hydrogel microstrips and poten-

tially altering them, the tubes were first sawed up to the

mid-radius using a water-cooled saw and then broken

into two parts manually to reveal the sections.

In order to account for variability, more than five

replicates were used in this experiment. The images

were finally analyzed using the Imagej software and

the hydrogel desorption was estimated as water loss as

follows:

Water loss ¼ 1� at

a0

ð2Þ

where a0 is the microstrip void area and at is the

microstrip cross sectional area at time t. The void area

represents the largest absorption of hydrogel

microstrip.

Hydrogel particles

Porous ceramic

Disk

Ionic solution

Fig. 1 Schematic of the setup used to study the effect of

constraint on the absorption of hydrogels
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2.2.8 Autogenous shrinkage

The autogenous shrinkage of the cement pastes was

determined per the ASTMC1698-09. Long corrugated

plastic tubes (length: 420 mm and outer diameter:

29 mm) were filled with each cement paste. Length

change measurements of the tubes were taken every

12 h in the first week and continued once a day until

the 30 days at room temperature (21 ± 2 �C). Mea-

surement was started at the time coinciding with the

final set of the pastes as measured by the Vicat test.

Two replicates were used for each cement paste and

the average was reported.

2.2.9 Electrical resistivity

In this study, the electrochemical impedance spec-

troscopy (EIS) technique was employed to determine

the electrical resistivity of the cement pastes [57, 58].

EIS was performed using a Gamry Reference 600

potentiostat/galvanostat with a frequency domain of

10 6 to 10 Hz and signals of 250 mV. After drying the

two surfaces of the cubes, they were placed between

two conductive metallic plates. Two pieces of foam

prewetted with a 1 M NaCl solution were placed

between the cube surfaces and the conductive plates to

ensure the conductivity at the interfaces. Electrical

resistivity of five replicate cubes of each paste at three

ages was measured and the average was reported. The

electrical resistivity (q) is determined as follows:

q ¼ Reð Þ Að Þ= tð Þ ð3Þ

where t, A, and Re are the cube thickness (m), surface

area (m2), and measured resistance (X), respectively.

2.2.10 Compressive strength

The compressive strength of the cement paste cubes

was determined using a SATEC material testing

instrument. Five replicate cubes of each paste were

tested at three different ages of 3, 7, and 28 days and

the average was reported.

2.2.11 Thermogravimetric analysis (TGA)

Samples for TGA were prepared by grinding the

pieces from the center of the cubes broken in the

compressive strength test, sieved using the Sieve No.

60, and vacuum dried at 50 �C for 24 h.

Approximately 35 mg of the ground cement paste

was scanned using the Netzsch TG at the heating rate

of 20 �C /min and in the temperature range of 23–

1000 �C. Mass reduction as a result of the conversion

of calcium hydroxide into CaO and H2O occurs in the

temperatures between 400 and 500 �C. The amount of

CH normalized with respect to the cement mass was

determined as follows:

CH ¼ 74:1

18

MA

MB
ð4Þ

where MB (mg) andMA (mg) are the initial mass of the

sample and the change in mass due to the decompo-

sition of calcium hydroxide, respectively. Two repli-

cates were used for each cement paste at two ages of 3

and 28 days and the average was reported.

3 Results and discussion

3.1 Teabag test and flow test

The absorption behavior of the hydrogels in the

extracted pore solution measured using the teabag test

is illustrated in Fig. 2. The results showed the highest

absorption for Hyd-b (27 g/g), while the lowest

absorption was observed for Hyd-c (9 g/g), all mea-

sured at 80 min. Both Hyd-a and Hyd-c reached a

plateau at about 5 min, but the Hyd-b absorption

continued increasing after 5 min towards the end of

the experiment but at a much lower rate. Pore solution

in a cementitious mixture possesses various ions,

including Na?, K?, Ca2?, and OH-, as a result of

0
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Fig. 2 Absorption of Hyd-a, Hyd-b, and Hyd-c in the extracted

pre solution using the teabag test
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cement dissolution and hydration. The cations present

in the pore solution significantly affect the absorption

of hydrogels as a result of charge screening and

complex formation [5, 30, 36]. The absorption of

hydrogels in synthetic pore solutions and extracted

pore solutions was investigated by several researchers

in the past [5, 31, 35]. Ionic concentrations and pH of

the solutions have been shown to affect the hydrogel

absorption [30, 39, 44]. The higher concentration of

negatively charged AA in Hyd-a compared to Hyd-b

could explain the slightly lower absorption of Hyd-a

due to the complexation of the Ca2? with anionic

groups of the hydrogel network and screening effect of

cations present in the pore solutions [5, 30, 36]. As

expected, Hyd-c showed the lowest absorption com-

pared to Hyd-a and Hyd-b; this behavior stemmed

from the synthesis method used for this hydrogel

where this hydrogel was previously submerged in an

ionic solution for about 24 h after gelation. The long

term prior exposure of Hyd-c to the ionic solution

promoted the diffusion of cations present in the

solution into Hyd-c and formation of ionic crosslinks

between the negatively charged polymer network and

Ca2?, both of which resulting in a lower absorption

capacity of Hyd-c when it was submerged into the

extracted pore solution.

Absorption results obtained using the flow test is

given in Table 3. The results showed an absorption of

10 (g/g), 40 (g/g), and 5 (g/g) for Hyd-a, Hyd-b, and

Hyd-c, respectively. The absorption values are calcu-

lated based on the assumption that the added water to

maintain the same flow values of the mixtures is

absorbed by hydrogels.

Strikingly, a significant difference was observed in

the absorption of Hyd-a and Hyd-b obtained from the

teabag test and the flow test. While the difference in

the absorption between Hyd-b and Hyd-a is about 12%

in the teabag test measured at 20 min, it is about 300%

in the flow test. The teabag test absorption values at

20 min were selected as this time corresponded to the

time when the flow values were measured and was the

amount of time the hydrogels had been in the mixture.

Generally, a difference in the absorption measure-

ments using the teabag test and the flow test is

expected. This difference stems from the fact that in

the teabag test hydrogels have access to an infinite

amount of solution which is not the case in the flow test

and that in the flow test the hydrogels can experience

constraints by the surrounding cement mixture.

However, the difference in the absorption of Hyd-a

and Hyd-b as measured using these two test methods is

striking and deserves further investigations. This

behavior seemed rather counterintuitive as it would

be expected that the difference in the absorption of

Hyd-a and Hyd-b be more pronounced in the teabag

test compared to the flow test as an infinite solution is

available in the case of the teabag test and allows for

unhindered absorption of the hydrogels. Nevertheless,

a quite opposite behavior was observed. Since Hyd-c

did not show such a counterintuitive behavior, in the

remainder of our discussion related to absorption, the

focus will be on Hyd-a and Hyd-b, and Hyd-c is not

considered.

In order to explain the above-mentioned behavior,

we hypothesize that the physical and chemical inter-

actions between the solid cement particles and the

hydrogels affect the absorption of hydrogels in the

flow test. These interactions are not present in the

teabag test where the hydrogels absorption is mea-

sured in a solution. We sought to investigate the effect

of the type of solid particles in the mixture on hydrogel

absorption. In addition, the solid particles surrounding

hydrogels can impede the free swelling of the hydrogel

by exerting mechanical constraint. Thus, both these

potential factors were further examined in this paper.

The absorption behavior of Hyd-a and Hyd-b in the

ionic solution using the teabag test is depicted in

Fig. 3. It is noted that in the ionic solution Hyd-a

shows a higher absorption than Hyd-b due primarily to

higher pH ([ 13) of this solution and a different ionic

composition, compared to the extracted pore solution.

Hydrogel absorption in the FA and GP mixtures

obtained from the flow test is given in Table 4. It is

interesting to note that while the Hyd-b absorption is

19% less than Hyd-a absorption in the ionic solution

obtained from the teabag test, the Hyd-b absorption is

significantly higher (about 385%) than the Hyd-a

absorption in the FAmixture as obtained from the flow

test. On the other hand, the Hyd-a absorption is

slightly higher than the Hyd-b absorption in the GP

mixtures. This observation clearly demonstrated the

important role the solid particles play in the absorption

of the hydrogels in the mixtures.

3.2 Modified teabag test

The absorption results obtained from the modified

teabag test are shown in Fig. 4. The results seemed to
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be consistent with the absorption results obtained from

the flow test (Table 4). It is seen that Hyd-b in the FA

mixture showed a higher absorption than Hyd-a. This

is in contrast to the higher absorption of Hyd-a

compared to Hyd-b in the ionic solution. From Table 4,

it is noted that Hyd-a showed a slightly higher

absorption than Hyd-b in the GP mixture; this

observation appeared to be in agreement with a

slightly higher absorption of Hyd-a than Hyd-b from

the modified teabag test measured at about 10–20 min,

which coincided with the time scale of the flow test. In

the case of the cement mixture, Hyd-b demonstrated a

noticeably higher absorption than Hyd-a, which was in

line with the absorption result obtained from the flow

test as shown in Table 3. While a good qualitative

agreement was noted between the absorption trends

obtained from the flow test and the modified teabag

test, there were still quantitative discrepancies

between the absorption values from these two tests.

3.3 X-ray micro-CT analysis

Micro-CT analysis was performed to study the

macrovoids created as a result of hydrogel absorption

in the microstructure of cement pastes during hydra-

tion. The size distribution of the macrovoids is plotted

in Fig. 5. The average macrovoid size of Hyd-a and

Hyd-b was measured to be 384 lm and 775 lm,

respectively. 2D visualizations obtained from 3D

reconstruction of Hyd-a and Hyd-b are also presented

in Fig. 6. It should be reminded that the dry hydrogels

used in the mixtures were sieved to have the same

initial size range of 75–300 lm. Assuming the average

equivalent sphere size of the dry hydrogels to be

187 lm, and using the average equivalent sphere size

of the macrovoid in each case, an estimate of the

relative volumetric absorption of hydrogels can be

made. The volumetric absorption of Hyd-a and Hyd-b

are estimated to be 7.6 and 70, respectively. These

relative volumetric absorption estimates of the
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Fig. 3 Absorption of Hyd-a, Hyd-b, and Hyd-c in the ionic

solution using the teabag test

Table 4 Mix designs of the mixtures used in the modified teabag test

Paste designation W/C Superplasticizer (%

per cement mass)

Hydrogel (% per

cement mass)

Flow (cm) Absorption (g/g dry)

Hyd-a Hyd-b

FA 0.44 0.5 – 24

FA Hyd-a 0.48 0.5 0.3 24 13

FA Hyd-b 0.63 0.5 0.3 24 63

GP 0.38 0.5 – 24

GP Hyd-a 0.49 0.5 0.3 24 37

GP Hyd-b 0.47 0.5 0.3 24 30
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Fig. 4 Absorption results of Hyd-a and Hyd-b obtained from

the modified teabag test
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hydrogels are in a relative agreement with the results

obtained from the flow test, in which a significant

difference in the absorption of Hyd-a and Hyd-b in the

mixture was noted.

The observed behavior of Hyd-a and Hyd-b in the

C, FA, and GP mixtures can be attributed to the

interactions between hydrogels and the solid particles.

It can be postulated that when Hyd-a comes into

contact with C or FA particles, chemical interactions

occur at the contact surface resulting in a relatively

semi-rigid skin on the hydrogel surface reducing the

diffusion of the solution into the interior of Hyd-a. On

the other hand, Hyd-b seemed to experience the

surface chemical reaction to a lesser extent and the

diffusion of solution into Hyd-b is not affected to the

extent that observed in Hyd-a. On the contrary to C

and FA, GP does not seem to react with hydrogels on

the contact surface and as a result, the hydrogel

absorption behavior is not expected to be affected by

the hydrogel/particle chemical interactions and is

predominantly governed by the ionic solution. This is

evident from Figs. 4 where a higher absorption of

Hyd-a than Hyd-b in the first 30 min was observed in

the GP mixture and this absorption behavior is also

seen in Fig. 3.

3.4 FTIR

FTIR analysis was conducted on the hydrogels to

examine the chemical characteristics of the surface of

the hydrogels. Figure 7 shows the FTIR spectra of

Hyd-a and Hyd-b after absorption in the extracted pore

solution and in a cement mixture. The general peaks

related to the amide groups (1638 cm-1) [59], asym-

metric stretching of the carboxylate (1560 cm-1), and

symmetric stretching of the carboxylate groups

(1408 cm-1) [30, 60] can be seen in the spectra of

the hydrogels. It is seen that the spectra of Hyd-a and

Hyd-b in the extracted pore solution showed relatively

similar features; however, their spectra in the cement

mixture depicted attributes that were different from

each other. In addition, these spectra had different

attributes than those corresponding to the hydrogels in

the extracted pore solution. In the spectra of the

hydrogels in the cement mixture, the peak at 874 cm-1

is related to out-of-plane bending of CO3
-2 [61] and

the peak at 1110 cm-1 corresponds to the symmetric

stretching of CO3
-2 [62, 63]. These peaks are absent in

the spectra of the hydrogels in the extracted pore
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solution. The main difference between the spectra of

Hyd-a and Hyd-b in cement mixtures appeared to be

the presence of a sharp peak at around 1560 cm-1 in

the spectrum of Hyd-a and its absence in the spectrum

of Hyd-b. The carboxylate groups show a peak at this

frequency [60]; however, this peak was weak in Hyd-a

in extracted pore solution. It can be hypothesized that

the formation of insoluble complexes between nega-

tively charged carboxylate groups and positively

charged phases on the surface of the hydrating cement

particles increased the concentration of carboxylate

groups on the surface of Hyd-a leading to a stronger

peak in the FTIR spectrum. It should be emphasized

that a more detailed study using other surface char-

acterization techniques, including Scanning Electron

Microscopy-Energy Dispersive Spectroscopy (SEM–

EDS) and Atomic Force Microscopy (AFM), can be

used in order to confirm the above-mentioned hypoth-

esis. The FTIR observations discussed above provide

evidence that different chemical interactions occur

between Hyd-a and the cement particle than between

Hyd-b and the cement particles. Additionally, our

previous study using an AFM based nanoindentation

technique indicated a slightly higher surface stiffness

of Hyd-a than Hyd-b after exposure to cement mixture

[55]. Thus, these observations lend more credibility to

the argument that the difference in the absorption of

Hyd-a and Hyd-b in the extracted pore solution and in

cement mixture can be rooted in the difference in the

surface characteristics of the hydrogels caused by the

chemical interactions between the hydrogels and

cement particles.

3.5 Absorption under constraint

In addition to chemical interactions, physical con-

straint could potentially affect the absorption behavior

of hydrogels. In order to examine how physical

constraint can affect the absorption behavior of Hyd-

a and Hyd-b and if it contributed to the large difference

observed in the absorption of Hyd-a and Hyd-b in the

mixtures, the absorption measurements were taken

under constraint as seen in Fig. 1. The absorption was

calculated based on volumetric change and is pre-

sented in Fig. 8.

The mechanical constraint exerted on hydrogels

from the surrounding mixture affects the absorption of

hydrogels and this has been evidenced in our previous

study [32, 64] and others [65, 66]. It is seen that the

absorption of both Hyd-a and Hyd-b decreased with an

increase in the pressure level. The reduction in the

absorption of hydrogels due to pressure can be

explained from the thermodynamics principle of

hydrogel swelling where mechanical pressure is a

key factor in determining the hydrogel deformation

[66, 67]. An important observation here is that Hyd-a

demonstrated a higher absorption than Hyd-b under

different pressure levels in the ionic solution. This

observation provides evidence that the physical con-

straints from the mixture is not likely to be a factor in

the significantly higher absorption of Hyd-b than Hyd-

a in the mixtures. Thus, it can be concluded that the

direct chemical interactions between the solid parti-

cles and hydrogel is an important mechanism explain-

ing the distinct behavior of hydrogels in the extracted

pore solution and in the mixtures. This finding is of

significant importance in the internal curing of

cementitious materials as the teabag test is commonly

used to determine the absorption of hydrogels. As

suggested by [51], it should be noted that the chemical

composition of the pore solution in a cement mixture

varies with time in contrast to the extracted pores

solution, which is expected to have a constant

chemical composition. Thus, this difference in the

chemical composition, could potentially contribute to

the large difference observed between the absorption

of Hyd-a and Hyd-b in extracted pore solution vs in

cement mixture.
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3.6 Desorption of hydrogels in cementitious

matrix

In this section, the desorption behavior of embedded

hydrogel microstrips is presented and discussed. The

water loss of the hydrogel microstrips is illustrated in

Fig. 9, and the images showing the cross section of

Hyd-a, Hyd-b and Hyd-c microstrips at 36 h are

shown in Figs. 10a-c, respectively. The image of Hyd-

c taken at 168 h is shown in Fig. 10d. In order to

account for statistical variability, at least six replicates

were used for each hydrogel type and each time. Since

the final setting time of the cement mixture in which

the hydrogel microstrips were embedded was about

10 h, the desorption measurement of the hydrogel

microstrips started at 8 h to cover the time before the

final setting and continued until 12, 16, 20, 24 and

36 h. Hyd-c appeared to show a lower desorption rate,

and even at 36 h it was still soft, which is evidence that

Hyd-c still contained water. Measurements were

continued until 48 h only for Hyd-c, which still did

not show any loss of water. Hyd-c was examined again

after a long time of about one week at which time Hyd-

c showed noticeable water loss as depicted in Fig. 10d.

All specimens were kept in a sealed condition until

examination. In general, the results indicated a higher

desorption rate for Hyd-a and Hyd-b compared to

Hyd-c. Hyd-a and Hyd-b were almost dried at 24 h but

Hyd-c was not dried even at 48 h. The lower

desorption rate of Hyd-c compared to Hyd-a and

Hyd-b is related to its response to the capillary suction

exerted from the matrix. It should be noted that Hyd-c

has a smaller cross sectional dimensions compared to

Hyd-a and Hyd-b due to a lower absorption capacity of

Hyd-c. The smaller dimensions are expected to

increase the diffusion rate of water out of the

hydrogels but, due to its chemical structure, Hyd-c

released the water to the matrix more slowly than Hyd-

a and Hyd-b.

Hyd-a showed a slightly larger desorption com-

pared to Hyd-b at very early age (8 h); however, Hyd-

b demonstrated a faster desorption compared to Hyd-a

at 8–12 h. Before 8 h, when the surrounding cemen-

titious matrix had not yet set, the desorption of the

hydrogels is primarily due to the chemical interaction

between the hydrogel and the pore solution. This

explains the larger desorption of Hyd-a than Hyd-b

during this time as Hyd-a appeared to be more affected

by the chemical interactions. In 8–12 h, which

included the final setting time of the cementitious

matrix, the capillary forces began to develop and

drove the desorption of the hydrogels. The higher

desorption of Hyd-b than Hyd-a in 8–12 h can be

attributed to more effective influence of the capillary

forces on the desorption of Hyd-b than Hyd-a. The

effect of the capillary forces on the desorption of

hydrogels was studied in detail in our previous papers

[55, 68].
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3.7 Autogenous shrinkage

Figure 11 shows the results of the autogenous shrink-

age of C, C Hyd-a, C Hyd-b, and C Hyd-c. It is seen

that the cement pastes with hydrogels were able to

reduce shrinkage compared to the control paste, but

they showed distinctly different autogenous shrinkage

behaviors. In the control paste, a small expansion can

be observed after the final setting time, which is the

time at which themeasurement started. This expansion

can be attributed to the crystallization pressure of

calcium hydroxide [69]. After this early expansion, C

began to shrink until 14 days and after that the

shrinkage continued very slowly. During the hydra-

tion, water is consumed in cement mixtures, resulting

in an increase in self-desiccation and a reduction in

relative humidity (RH) in the solid skeleton. Conse-

quently, the reduction in RH increases the capillary

pore fluid tensile forces, leading to shrinkage in

cementitious matrix [1, 40, 55, 68, 70]. C Hyd-a and C

Hyd-b showed a sharp expansion after the setting time;

however, the expansion continued until 24 h for C

Hyd-b and until 48 h for C Hyd-a. Although not fully

understood, the initial expansion in C Hyd-a and C

Hyd-b could also be attributed to the crystallization

pressure of calcium hydroxide; such expansions in

mixes containing hydrogels were also observed by

other researchers [36, 62, 91]. The shrinkage of C

Hyd-b remained relatively unchanged after the initial

expansion; however, C Hyd-a demonstrated a shrink-

age after the initial expansion and the rate of the

shrinkage is relatively similar to that of C. C Hyd-c

showed a completely different trend compared to C

Hyd-a and C Hyd-b. It is noted that C Hyd-c showed a

very little shrinkage throughout the course of mea-

surement as seen in Fig. 11. The difference in the

shrinkage response of the samples containing hydro-

gels could be related to the absorption and desorption

behaviors of the hydrogels. Although a mechanistic

explanation of the observed shrinkage behavior cannot

be provided at this time and studies are ongoing to

investigate this behavior, a comparison with the

absorption/desorption results could shed some light

on the underlying mechanisms responsible for the

shrinkage behavior of the pastes. It is interesting to

note the different shrinkage behavior of CHyd-a and C

Hyd-c in spite of the same w/c used in these samples.

The small and relatively uniform shrinkage of CHyd-c

could be attributed to the slower desorption of Hyd-c

compared to Hyd-a, as seen in Fig. 9. It appears that

the slow release of water from Hyd-c allowed for

offsetting the reduction in relative humidity in the

material as hydration continued and water was con-

sumed. In the case of C Hyd-a, water was released

from the hydrogel faster and it can be stipulated that

the shrinkage began after the desorption was almost

completed. It should be noted that the theoretical

amount of entrained water to mitigate self-desiccation

for a paste with the base w/c = 0.35 is about (w/

c) add = 0.06 [6]. Since the amount of additional

water in C Hyd-a (0.03) is less than 0.06, it is expected

that autogenous shrinkage was not completely miti-

gated as seen in Fig. 11. On the other hand, the amount

of additional water in C Hyd-b (0.13) is noticeably

higher than 0.06, and as a result no shrinkage was

observed after the initial expansion.

3.8 TGA

TGA/DTG curves of C, C Hyd-a, C Hyd-b, and C

Hyd-c are shown in Fig. 12a and b. Major peaks in the

DTG curves corresponding to mass losses are identi-

fied in Fig. 12b. The mass loss between the room

temperature and about 220 �C is attributed to the

evaporation of free water and dehydration of the

hydrates such as C-S–H and ettringite [71–75]. The

second major mass loss took place between 370 �C
and 450 �C, and is associated with the dehydroxyla-

tion of free calcium hydroxide produced during curing

[71–75]. A small mass loss related to decarbonation of

calcium carbonate in cement paste occurred between

550 and 750 �C [71–75].
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The results of the free calcium hydroxide (CH)

content at the age of 3 and 28 days are shown in

Fig. 13. An increase in CH content in all cement pastes

containing hydrogels is observed at the age of 28 days

compared to the Control paste. This increase is

attributed to the increased hydration as more water

was provided from the hydrogels into the cement

paste. The increase in CH content is more pronounced

in C Hyd-b than C Hyd-a and C Hyd-c at 28 days,

which was expected as the total w/c of C Hyd-b was

higher. It is noted that the CH content at 3 days in C

Hyd-c is smaller than that in C Hyd-a in spite of the

same total w/c. This could be attributed to a slower

desorption of Hyd-c than Hyd-a in early age and

subsequently slower provision of water to aid in

hydration. This observation seemed to be in general

agreement with the electrical resistivity results of C

Hyd-a and C Hyd-c at early age as discussed in

Sect. 3.8.

3.9 Electrical resistivity

The results of the electrical resistivity measurements

of C, C Hyd-a, C Hyd-b, and C Hyd-c at ages of 3, 7,

and 28 days are shown in Fig. 14. Electrical resistivity

of cementitious materials is dependent on pore struc-

ture as well as pore solution resistivity

[32, 40, 58, 76–79]. It increases with improved

densification of the microstructure and decreases with

increasing w/c [32, 40, 58, 76–79]. The electrical

resistivity is seen to increase with age as the hydration

continued and the microstructure became more den-

sified. It is observed that the pastes with hydrogels

showed generally a lower electrical resistivity com-

pared to the control sample. This can be explained in

view of higher total w/c of the pastes containing

hydrogels. This reduction in electrical resistivity is

more pronounced in C Hyd-b which had the highest

total w/c. There is a small difference between the

electrical resistivity of C Hyd-a and C Hyd-c at 3 and

7 days in spite of the same total w/c in these pastes.

The small difference could be attributed to the

difference in the desorption rate of Hyd-c and Hyd-

a, as previously discussed in Sect. 3.5, and also the

difference in the concentration of the hydrogel and

size of the macrovoids in the cement paste. The

saturation degree of the macrovoids influences elec-

trical resistivity of the pastes. If the macrovoids are

fully or partially saturated by hydrogels, they act as an

electrical conductor and the electrical conductivity

increases. The higher concentration of Hyd-c and its

slower desorption compared to Hyd-a could result in a
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more uniform dispersion of Hyd-c in cement paste and

a higher relative humidity in the early age leading to a

higher electrical conductivity of C Hyd-c than C Hyd-

a at 3 and 7 days. This observation seemed to be in

general agreement with the shrinkage results where C

Hyd-c demonstrated a lower shrinkage than C Hyd-a

as a result of slower desorption of Hyd-c maintaining

higher relative humidity compared to Hyd-a. Another

contributing factor could be related to the less

densified pore structure of C Hyd-c compared to C

Hyd-a as a result of slower release of water from Hyd-

c into the surrounding cementitious matrix and lower

hydration reaction.

3.9.1 Compressive strength

Figure 15 shows the results of compressive strength

test of C, C Hyd-a, C Hyd-b, and C Hyd-c at ages of 3,

7, and 28 days. With time and continued curing, the

compressive strength of all pastes demonstrated an

increase. The addition of hydrogels is seen to decrease

compressive strength due primarily to the formation of

macrovoids in microstructure, which act as stress

concentration sites compromising strength. The lar-

gest reduction in compressive strength is seen in C

Hyd-b, which contained markedly larger macrovoids

compared to C Hyd-a and C Hyd-c, as discussed

previously. While the total w/c of C Hyd-a and C Hyd-

c was the same, small nuances in the compressive

strength of these two pastes can be noted. The main

factors responsible for these nuances are the difference

in the size and number of macrovoids in these two

pastes. The macrovoids in C Hyd-c were smaller in

size but larger in number than those in C Hyd-a.

4 Conclusions

The interactions between hydrogels with different

chemical compositions and cementitious materials

were investigated. Hydrogel absorption measurement

in the extracted pore solution using the teabag test can

be in a stark contrast to the absorption measurement

obtained in cement mixture. The chemical interactions

between the hydrating cement particles and hydrogel

surface was shown to play an important role in the

absorption of hydrogels in cement mixture; formation

of a relatively stiff skin on the surface of hydrogel as a

result of interactions between the hydrating cement

particles and hydrogel can reduce the absorption of

hydrogels.

Cement pastes with hydrogels showed a decreased

autogenous shrinkage compared to the control paste.

The effect of hydrogels on autogenous shrinkage was

shown to be dependent on the chemical composition of

the hydrogels; the hydrogel with a slow desorption rate

demonstrated very low shrinkage in the cement paste.

The addition of hydrogels was found to result in a

general reduction in the compressive strength and

electrical resistivity of cement paste; the formation of

macrovoids are responsible for such reductions.
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