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Abstract: This study investigates the hydration, microstructure, autogenous shrinkage, electrical
resistivity, and mechanical properties of Portland cement pastes modified with PEG-PPG triblock
copolymers with varied molecular weights. The early age properties including setting time and
hydration heat were examined using the Vicat test and isothermal calorimetry. The hydration
products and pore size distribution were analyzed using thermogravimetric analysis (TGA) and
nitrogen adsorption, respectively. Mechanical properties and electrical resistivity were evaluated
using the compressive strength test and electrochemical impedance spectroscopy (EIS). It was shown
that the addition of the copolymers reduced the surface tension of the cement paste pore solution due
to the presence of a hydrophobic block (PPG) in the molecular structure of the copolymers. The setting
time and hydration heat were relatively similar in the control paste as well as the pastes modified with
the copolymers. The results showed that copolymers were able to reduce the autogenous shrinkage in
the paste due primarily to a reduction in pore solution surface tension. TGA showed a slight increase
in the hydration degree of the paste modified with the copolymers. The compressive strength was
reduced in the pastes modified with the copolymers that showed an increased volume of air voids.
The addition of copolymers did not affect the electrical resistivity of the pastes except in the case
where there was a large volume of air voids, which acted as electrical insulators.
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1. Introduction

Air-entraining agents (AEAs) are an important class of concrete admixtures that
increase the durability of concrete to repeated cycles of freeze-thaw [1]. They are generally
surface-active agents with ionic/nonionic and hydrophobic sections and include natural
and synthetic chemicals, including saponified rosin, alkyl ethoxylates, vinsol resins, and
many other sulfonated hydrocarbons [1,2]. AEAs incorporate bubbles into concrete that
turn into small, well-dispersed voids as the concrete hardens. Subsequently, these small
voids relieve the pressure buildup of ice inside the concrete as it starts to freeze [3,4]. The
surface activity of AEAs is therefore very influential on the incorporated bubbles and the
characteristics of hardened concrete [1]. This is because the amount of incorporated bubbles
and the stability of the bubble in fresh concrete depend on the interfacial properties that
are governed by surface tension [1,5].

Concrete can experience different types of shrinkage during hydration, which include
plastic and settlement shrinkage during its plastic stage, and chemical, autogenous, and
drying shrinkage during its hardened state [6,7]. Chemical and autogenous shrinkage
starts within hours of setting and can last for days and is mostly due to the consumption of
water by hydration reactions within pores [7,8]. In chemical shrinkage, hydrating products
consume water and create hydration products that occupy less space than the original
products and cause an inward pressure [7,8]. Autogenous shrinkage starts when most of the
water inside pores is consumed and only a thin layer of water remains on the pore surface.
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The surface tension within this layer of water on the pores exerts a tensile force on the matrix
that leads to autogenous shrinkage [7–9] and can cause both micro and macro cracks [8].
This effect is influenced by water/cement (W/C), pore size distribution, and moisture
content [10] and can be a great concern with special types of concrete that have high binder
content, including high-performance concrete [10,11]. Traditional approaches to mitigating
shrinkage include quality control of raw materials, adjusting the mix proportions, the use of
special low-heat cement, as well as incorporating chemical admixtures into the mixture [12].
Similar to AEAs, shrinkage-reducing admixtures (SRAs) are amphiphilic surface-active
agents that adsorb on the air–water interface inside pores and reduce the surface tension of
the adsorbed water layer [13].

Poly(ethylene glycol)–poly(propylene glycol) (PEG-PPG) triblock copolymers, also
known as poloxamer or Pluronic®, are amphiphilic block polymers in the form of PPG-
PEG-PPG or PEG-PPG-PEG [14]. The hydrophobic PPG and hydrophilic PEG blocks in
these polymers give them good solubility, high surface tension reduction, and a range
of net hydrophobicity (also known as the hydrophilic–lipophilic balance or HLB) [15].
These copolymers have seen prevalent use in different applications, such as foaming and
emulsifying agents [16,17], drug delivery [18], and cosmetics [19]. They have also been
used in biomedical cement including brushite foams [20].

Due to the surface activity and molecular structure of PEG-PPG triblock copolymers,
they can be suitable candidates for both AEA and SRA. However, the effect of these
copolymers on cementitious materials has not been investigated in the past. In a previous
study by our group, the air-entraining characteristics of these copolymers and their effect
on the microstructure of hardened cement paste were investigated [21]. The novelty of this
paper is to investigate the effect of PEG-PPG copolymers with varied molecular weights on
the properties of Portland cement paste, including autogenous shrinkage, setting time and
hydration, compressive strength, electrical resistivity, and pore microstructure.

2. Materials and Methods

2.1. Materials and Sample Preparation

Four copolymers with different molecular weights were purchased from Millipore-
Sigma (Burlington, MA, USA) and used without modification. These copolymers are
listed in Table 1. In this paper, the term copolymer is synonymous with PEG-PPG triblock
copolymers. A type I/II Portland cement from Cemex (Miami cement plant, Miami, FL,
USA) was obtained and used for cement paste preparation. The oxide composition of the
cement, as reported by the manufacturer, is given in Table 2. Cement paste was prepared
by mixing cement, deionized water (DI), and copolymers in fixed concentration, and the
mixture proportions are reported in Table 3. The copolymers, in the concentration of 0.25%
w/w% cement, were added to DI and mixed until fully dissolved. Cement was then added
to a bucket containing the copolymer solutions and mixed for 70 s at high speed, with a
10 s pause after the first 30 s of mixing to scrape paste from the interior wall of the bucket.
The paste was poured into 12 in × 1 in prism molds, vibrated for 30 s, and then wrapped in
plastic foil. After 24 h, the prisms were demolded, sealed in double plastic bags, and left to
cure for 28 days. The hardened cement paste samples are denoted with a CEM-, followed
by the name of the copolymer. All the samples were prepared at a W/C of 0.5, except for
autogenous shrinkage and surface tension experiments, which were made at a W/C of 0.3
and 2, respectively.
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Table 1. Chemical structure of the PEG-PPG triblock copolymers used in this study. The first 3
copolymers are in the form of PEG-PPG-PEG, whereas the last one—COP3300—has a reversed order
of blocks, in the form of PPG-PEG-PPG.

Designation
Pluronic®

Identifier
Molecular Structure

Molecular
Weight (Da)

HLB

COP1100 L-31 [PEG]a [PPG]b [PEG]a * 1100 5
COP8400 F-68 LF [PEG]a [PPG]b [PEG]a 8400 29
COP14600 F-108 [PEG]a [PPG]b [PEG]a 14,600 27
COP3300 31R1 [PPG]a [PEG]b [PPG]a 3300 1

* a and b are the number of units in each block.

Table 2. Oxide composition of type I/II cement.

Composition (%)

CaO 64
SiO2 20.6

Na2O 0.1
K2O 0.3

Al2O3 4.8
Fe2O3 3.5
MgO 0.9
SO3 3.4
LOI 2.4

Table 3. Mixture proportions of cement pastes modified with copolymers.

Sample Cement (g) W/C Copolymer (w/w% Cement)

Ctrl 1000 0.5 0
CEM-COP1100 1000 0.5 0.25% COP1100
CEM-COP8400 1000 0.5 0.25% COP8400
CEM-COP14600 1000 0.5 0.25% COP14600
CEM-COP3300 1000 0.5 0.25% COP3300

2.2. Methods

A series of experiments have been performed to understand the full extent of the
effect of PEG-PPG block copolymers on fresh and hardened cement paste. The list of these
experiments and the relevant standards are summarized in Table 4.

Table 4. Summary of the experiments.

Experiment Relevant Standard

Surface tension of pore solution -
Autogenous shrinkage ASTM C1698-19

FTIR -
Isothermal calorimetry ASTM C1679-17

Thermogravimetry analysis ASTM C1872-18
Setting time ASTM C191-21

Pore size characterization using nitrogen adsorption ISO 15901-2
Compressive strength ASTM C109-C109M-21

Electrical impedance spectroscopy ASTM C1876-19

2.2.1. Surface Tension of Pore Solution Containing Copolymers

The surface tension of the pore solution extracted from fresh cement paste containing
different copolymers was measured to study how the copolymers affect the surface tension
of the pore solution in cementitious materials. Solutions of copolymer with a concentration
of 0.25% w/w% cement were prepared and mixed for 1 min with cement at a W/C of 2.
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The paste was then left to rest for 20 min, after which it was transferred to 50 mL tubes
and centrifuged at a rate of 4400 rpm for 5 min. The separated clear pore solution at the
top of the tube was then pipetted into a syringe and was passed through a VWR 0.22 μm
RC (regenerated cellulose membranes) syringe filter to remove any particles left. The
surface tension of the gathered pore solution was subsequently measured with a BZY
201 tensiometer (MXBaoheng, Hangzhou, China) using the platinum plate method with
3–4 repetitions.

2.2.2. Autogenous Shrinkage

The methodology of ASTM C1698-19 was adopted to measure the effect of copolymers
on the autogenous shrinkage of cement paste. The fresh cement paste samples were cast into
corrugated polyethylene tubes (length: 42 cm, diameter: 2.9 cm) according to the standard
and capped. The change in the length of the tubes was measured in 12 h increments for the
first week and every day after that for up to 28 days at an ambient temperature of 22 ◦C.
The length measurement was conducted using a digital displacement gauge (Germann
Instruments, Evanston, IL, USA). Figure 1 shows the corrugated tubes used to measure the
autogenous shrinkage.

 
Figure 1. Corrugated tubes filled with fresh paste, used to measure the autogenous shrinkage.

2.2.3. Fourier-Transform Infrared Spectroscopy (FTIR)

PerkinElmer Frontier spectrometer (PerkinElmer, Shelton, CT, USA) was used to find
the FTIR transmittance spectrum of copolymers in their solid or liquid form directly. The
transmittance was measured for 3 repetitions in the range of 600–4000 cm−1 wavelength,
with a resolution of 2 cm−1 and 16 accumulations. The background air signal was collected
and subtracted from the copolymer spectrum.

2.2.4. Isothermal Calorimetry (IC)

A TAM Air 8-channel calorimeter (TA Instruments, Lindon, UT, USA) was used
to study the effect of copolymer addition on the hydration heat release of the cement
paste. The pastes were prepared in a smaller batch according to the sample preparation
methodology described before, but the mixing was performed by hand. Approximately 7 g
of paste was poured into a glass ampule and studied at 23 ◦C for up to 90 h.
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2.2.5. Thermogravimetry Analysis (TGA)

To prepare the samples for the thermogravimetric analysis, core samples were ex-
tracted from the center of 1-inch cubes, ground in a mortar and pestle, and passed through
the #200 sieve to only retain sizes below 75 μm. The powders were then dried at 40 ◦C
in a vacuum oven for 24 h before testing. The experiment was performed on a DTG-60H
(Shimadzu, Tampa, FL, USA) using nitrogen gas as the atmosphere with a flow rate of
50 mL/min. The temperature range was from 25 to 1000 ◦C with a temperature ramp
of 20 ◦C/min and a hold time of 5 min at the peak. The differential thermal analysis
(DTA) curve was calculated based on the mass loss curve. The Ca(OH)2 (CH) content was
quantified in the range of 450–530 ◦C, and the CaCO3 (CC) content was quantified in the
range of 725–760 ◦C [22–26].

2.2.6. Setting Time

Setting times were determined with the Vicat needle equipment, and measurements
were performed at 10 min increments at 5 discrete locations on the paste until a lack of
impression on the paste was observed, indicating final setting times, respectively. Figure 2
shows the pastes prior to the setting time experiment.

 

Figure 2. Pastes used to measure the setting time of cement pastes modified with copolymer.

2.2.7. Pore Size Characterization Using Nitrogen Adsorption

Pore size analysis was performed with a Nova 600 Physiosorption instrument (Anton
Paar, Houston, TX, USA). Ground powders were prepared similarly to the TGA experiment
and degassed at 105 ◦C for 3 h. The samples were then submerged in liquid nitrogen and the
full adsorption–desorption isotherms were measured. The pore size distribution analysis
was performed using the software (Kaomi for Nova) provided by the manufacturer.

2.2.8. Compressive Strength

The compressive strength of the 1-inch cube samples was measured using a SATEC
instrument (SATEC, Union, NJ, USA). Five repetitions of each series were tested at 28 days
of curing and the average was reported.

2.2.9. Electrical Impedance Spectroscopy (EIS)

The electrical resistivity of the 1-inch samples was determined at 28 days using a Ref-
erence 600 Potentiostat (Gamry, Warminster, PA, USA). Two pieces of foam were immersed
in a 2 molar NaCl solution and placed in the interface between the metal plate electrodes
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and the cement sample to lower the influence of interface contact. The measurements were
performed at a frequency range of 106–10 Hz and at a voltage of 250 mV.

3. Results and Discussion

3.1. FTIR

Figure 3 displays the FTIR transmittance spectrum for the copolymers in their native
form. Since no water solvent was used, the O–H peaks at 3300 cm−1 and 1640 cm−1 that
are associated with water are not present. Major peaks corresponding to C–H backbone
groups at 2970 cm−1 for PPG and 2860 cm−1 for PEG are observed [27]. Another major
peak is observed at 1090 cm−1 that belongs to C–O in-plane stretching groups between
PEG and PPG [28].
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Figure 3. FTIR curve of copolymers in their native form.

3.2. Surface Tension of Pore Solution

Figure 4 displays the surface tension of the pore solution extracted from control paste
and pastes containing copolymer at a concentration of 0.25% w/w% cement. The surface
tension of the pore solution of control at around 71 mN/m does not show any changes
compared to the surface tension of deionized water. On the other hand, the pore solution
of the pastes modified with copolymers has noticeably reduced surface tension, averaging
around 45 mN/m.

Surface tension is an important parameter that governs many of the interfacial interac-
tions in cementitious materials and affects the microstructure [1]. The behavior of different
chemicals such as AEAs and SRA is affected by their surface tension. The molecular prop-
erties of the surfactant, including the length and size of the hydrophobic groups, molecular
size, and charge can affect the surface tension of the surfactant [1,5]. In copolymers, a lower
PEG/PPG value or a smaller HLB generally indicates higher hydrophobicity and lower
surface tension [15]. COP3300 has the lowest surface tension among all the copolymers,
which is due to the very hydrophobic nature of COP3300. The exceptionally low HLB of 1
in COP3300, displayed in Table 1, is an indication of the high hydrophobicity of COP3300.
Although the other copolymers have higher hydrophilicity, the presence of hydrophobic
PPG groups in their structure keeps their surface tension relatively low.
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Figure 4. Surface tension of the pore solution extracted from fresh cement paste.

3.3. Setting Time

The setting times of the control paste and the pastes with copolymers are shown in
Figure 5. It is seen that the setting time of CEM-COP14600 is the highest compared to other
pastes at both W/C of 0.3 and 0.5. CEM-COP8400 showed a slightly larger setting time
compared to the control paste and CEM-COP1100 and CEM-COP3300 at W/C of 0.3. It
has been shown in the literature that the addition of charged polymers could affect setting
time in cement pastes due to the adsorption of charged polymers on the heterogeneous
phases of hydrating cement particles, which could decrease the dissolution rate and delay
the hydration reaction and the setting time [29,30]. Since the copolymers used in our study
are non-ionic and do not adsorb onto cement particles, their effect on cement hydration
and solid skeleton formation is small. However, in CEM-COP14600, due to the presence of
a large volume of air voids that reduce the volume fraction of the hydrating cement in the
paste, the setting time is slightly delayed as shown in Figure 5 for this paste.

Figure 5. The final setting time of the pastes, at two W/C of 0.3 and 0.5.

3.4. Isothermal Calorimetry

The rate of hydration heat and cumulative heat of the control paste, and the pastes
modified with the copolymers are shown in Figure 6. It is seen in Figure 6a that all pastes
showed a peak at about the same time. This peak corresponds to the formation of binding
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phases produced by the hydration reaction [31]. This peak is typically associated with the
final setting time of the pastes. It is evident that the heat rate results are generally in good
agreement with the setting time results discussed earlier. Another peak marked in the heat
rate curves shown in Figure 6a is also seen in all pastes, which corresponds to the secondary
ettringite formation [31]. A slight increase in the magnitude of the peak in the pastes
modified with copolymers compared to the control paste is noticed. The cumulative heat
curves of the pastes show a relatively similar behavior. It appears that the cumulative heat
of the pastes with the copolymers was slightly higher compared to that of the control paste
at late times of hydration. The results show a low impact of copolymers on the hydration
mechanisms of cement pastes. One influential parameter can be traced back to the low
adsorption of copolymers on the cement surface since many polymers need to adsorb on
the surface before interfering with the hydration mechanisms [32]. The slight increase
in the hydration of the pastes with the copolymers could be due to higher homogenous
nucleation of cement due to lower interfacial energy stemming from the surface activity of
surfactants as suggested by Gueit et al. [33].

(a) (b)

Figure 6. (a) Rate of heat evolution and (b) cumulative heat release of the pastes.

3.5. Pore Size Distribution

Figure 7a shows the pore size distribution of the paste microstructure, with an inset
graph breaking down the total pore volume per gram of cement into two categories:
4–10 nm and 10–50 nm. In Figure 7b, the cumulative pore volume of the pastes modified
with copolymer is shown. It is evident from Figure 7a,b that the addition of copolymers
increased the peak amplitude of very fine pores around 4–6 nm for almost all copolymers.
However, this increase in peak amplitude does not necessarily correspond to a higher
capillary pore volume for the entire size range. Specifically, CEM-COP8400 exhibited a
much sharper and narrower peak at 5 nm compared to the control, but the total pore size
remained unchanged in both small and larger pore categories. Similarly, CEM-COP14600
did not show significant changes compared to the control. On the other hand, CEM-
COP3300 showed a 45% increase in total pore volume, where a substantial portion of
it was situated in the 4–10 nm range. Depending on the size, charge, and structure of
the side chains, polymers can have a significant impact on the capillary porosity. In a
study by Tian et al. [34], a noticeable difference in the specific surface area of cement
pastes modified with different polycarboxylate polymers was observed. On the other hand,
PEG-PPG copolymers display minimal adsorption to cement particles [21] and minimal
impact on hydration properties as discussed previously. This can be traced back to the
block copolymers’ lack of charge and smaller molecular size. Although nitrogen absorption
is a viable method of measuring small capillary pores, it is not descriptive of the entire
capillary range in cement paste since it only measures the pores in a small range of less
than 50–100 nm.
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(a) (b)

Figure 7. (a) Pore size distribution and (b) cumulative pore volume of the pastes.

3.6. Autogenous Shrinkage

The autogenous shrinkage of the control paste and the pastes modified with copoly-
mers is shown in Figure 8. It is seen that the paste with the copolymers had a lower
autogenous shrinkage compared to the control paste. The autogenous shrinkage increased
more rapidly in all pastes in the first 3 days and then continued to increase at a smaller rate
as seen in the figure. In cement pastes with a low W/C, water is consumed as a hydration
reaction occurs leading to self-desiccation. With a reduction in the relative humidity, the
stress is developed in the capillary pore solution, which pulls on the solid skeleton of the
paste, and this manifests as an overall reduction in the volume of the material [10]. This
reduction in volume occurs without interactions with the external environment and is
called autogenous shrinkage. In a constrained condition, autogenous shrinkage leads to the
buildup of tensile stress in the solid skeleton, which could result in crack formation when
the critical tensile strength is reached. The capillary stress in the pore solution is dependent
on the surface tension of the pore solution. Thus, the reduction in the surface tension of
the pore solution could reduce autogenous shrinkage in the paste [35,36]. A comparison
of the surface tension results shown in Figure 4 and the autogenous shrinkage results
indicates that the reduction in the autogenous shrinkage of the paste with the copolymers
is primarily due to the effect of copolymers in reducing the surface tension of the pore
solution in the pastes. It should be noted that the presence of air voids reduces the volume
fraction of the capillary pores that are responsible for autogenous shrinkage; thus, it is
expected that the lower volume fraction of capillary pores in CEM-COP14600 with a large
air-void porosity could contribute to a lower autogenous shrinkage in this paste, compared
to other pastes as seen in Figure 7.

Besides surface tension, some studies argue that autogenous shrinkage is affected
predominantly by the pore volume below 50 nm [37,38], where a higher pore volume
would induce higher drying stress and therefore more shrinkage. Such a relationship was
not observed for the copolymer samples of the current study. Control and CEM-COP14600
show similar pore volumes in the pore range of below 50 nm, and CEM-COP3300 has a
higher pore volume than the other pastes. But in terms of shrinkage, all copolymers show
lower shrinkage than control. Thus, the amount of change in pore solution surface tension
seems to have a greater effect, compared to the effect of changes in pore volume on the
autogenous shrinkage of the pastes examined in this study.
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Figure 8. Autogenous shrinkage of the pastes.

3.7. TGA

Figure 9 shows the TGA and DTA curves for the control and pastes containing a 0.25%
concentration of copolymers at 28 days of curing. The quantification of the CH and CC
phases in this paste is reported in Table 5. The results show a slight increase in the amount
of CH content for the pastes modified with copolymers compared to the control, which can
suggest a slightly higher degree of hydration in the modified pastes. This is because an
increase in the amount of hydration phases usually points to an increase in the degree of
hydration of the cement paste, especially since there are no CH-consuming reactions in the
paste. Previous studies have shown that highly ionic surfactants can affect the CH content,
often lowering the CH amount by forming salts with Ca2+ [39] or by altering the dissolution
and precipitation of phases of cement [40–42]. In contrast, nonionic surfactants have fewer
interactions with cement due to the lack of charge and low adsorption [43]. Despite this, a
small increase in CH content is observed in the TGA results. This observation seems to be
in agreement with a slight increase in cumulative heat of hydration in the pastes modified
with the copolymers compared to the control paste, as discussed in Figure 6. Gueit et al. [33]
suggested that this increase is the result of a higher homogenous nucleation of cement due
to a lower interfacial energy stemming from the surface activity of surfactants. Contrary to
CH, there do not seem to be any significant changes in the CC content of the pastes.
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Figure 9. TGA and DTA curves of the pastes.
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Table 5. CH and CC content of the paste obtained from TGA.

Sample CH (%) CC (%)

Ctrl 18.09 2.93
CEM-COP8400 21.62 2.70

CEM-COP14600 21.01 2.88
CEM-COP3300 20.27 3.24

3.8. Compressive Strength

Figure 10a displays the compressive strength of the control paste and pastes modified
with 0.25% copolymer at 28 days of curing. It is seen that CEM-COP3300 and CEM-COP1100
do not show noticeable change compared to the control paste, but CEM-COP8400 and
CEM-COP14600 had 17.8% and 39.6% reductions in compressive strength, respectively. The
compressive strength is correlated with the dry density of the hardened pastes at 28 days,
and this relationship is displayed in Figure 10b. It follows that as the amount of stable foam
increases inside the fresh paste, the macro air-void porosity of the hardened paste increases
accordingly as air bubbles turn into voids [44]. This higher porosity reduces the dry density
of hardened cement paste, which respectively leads to lower compressive strength [45].
The relationship between dry density and compressive strength is well-established in the
literature [45,46]. The dry density of the hardened pastes is also presented in Table 6.
CEM-COP3300 and CEM-COP1100 showed a small decrease in dry density, and this did
not seem to affect their compressive strength compared to the control paste. In contrast,
density reduces in CEM-COP8400, and more noticeably in CEM-COP14600, and as such,
this contributes to the decreased compressive strength of these two pastes relative to the
control paste.

(a) (b)

Figure 10. Compressive strength of the control paste and the pastes with copolymers. (a) Compressive
strength of samples. (b) Relationship between compressive strength and density.

Table 6. Dry density of the pastes.

Paste Dry Density (g/cm3)

Ctrl 1.57
CEM-COP3300 1.43
CEM-COP1100 1.47
CEM-COP8400 1.38

CEM-COP14600 1.02

3.9. Electrical Resistivity

Figure 11 displays the electrical resistivity of the control paste and pastes modified with
copolymers at 28 days of hydration. The pore structure and resistivity of the pore solution



Buildings 2024, 14, 283 12 of 15

are the main factors governing the electrical resistivity of cementitious materials [47–57].
Except for CEM-COP14600, no significant difference in electrical resistivity between the
control paste and the pastes modified with copolymers was observed. CEM-COP14600
showed a 21% increase in electrical resistivity compared to the control paste. As discussed
earlier, CEM-COP14600 and CEM-COP8400 had an air-void volume fraction of 31.17% and
3.23%, respectively [21]. The effect of air voids on the electrical resistivity depends on the
degree of saturation of the air voids. If filled with fluid, they act as electrical conductors
decreasing the total electrical resistivity of the paste. Conversely, if completely empty, the
air voids act as electrical insulators increasing the electrical resistivity of the paste [58]. Since
the air voids in the pastes studied here are expected to have very low water content, they
are expected to behave like an insulator. Thus, this explains the noticeable higher electrical
resistivity of CEM-COP14600 compared to other pastes. In the case of CEM-COP8400,
the effect of a small volume fraction of air voids might have been countered by a small
increase in the capillary porosity or the change in the pore solution resistivity resulting
in an insignificant change in the electrical resistivity of CEM-COP8400 compared to the
control paste.

Figure 11. Electrical resistivity of the control paste and the pastes with copolymers.

4. Conclusions

In this study, the hydration, autogenous shrinkage, microstructure, electrical resistivity,
and compressive strength of cement pastes modified with PEG-PPG block copolymers with
different molecular structures were studied. The following conclusions are drawn:

• Copolymers effectively reduced the surface tension of pore solution due to the presence
of hydrophobic blocks in their molecular structure.

• In terms of hydration, they did not have a significant effect on hydration kinetics or
setting time of cement paste. This is mostly due to the low interactions between cement
particles and copolymers, resulting from the nonionic nature of these copolymers.

• The autogenous shrinkage was reduced in the paste modified with copolymers com-
pared to the control paste. The reduction in pore solution surface tension and sub-
sequently capillary pressure is responsible for reduced autogenous shrinkage in the
pastes modified with the copolymers.

• TGA analysis showed a small increase in the Ca(OH)2 content at 28 days of curing in
the pastes modified with the copolymers compared to the control paste indicating a
small enhancement in hydration in the modified pastes.

• Compressive strength was lower in the pastes modified with the copolymers that
had a higher air-void volume fraction. In the pastes modified with copolymers that
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did not have increased air voids, the compressive strength was similar to that of the
control paste.

• The electrical resistivity of the pastes with the copolymers was similar to that of the
control paste except in the case of CEM-COP14600, where a noticeable increase in
electrical resistivity was observed. The presence of a large volume of air voids that act
as electrical insulators is responsible for the higher electrical resistivity in this paste.
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