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• The cracking sensitivity of cementitious
composites is controlled by the paste
(matrix).

• Soft inclusions reduce composite stiff-
ness and enhance stress relaxation
without affecting their tensile capacity.

• Soft inclusions provoke crack blunting
and deflection, due to their large stiff-
ness contrast with the paste matrix.

• These combined actions substantially
enhance cracking resistance of cementi-
tious composites upon dosage of soft
inclusions.
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The addition of phase changematerials (PCMs) has been proposed as ameans tomitigate thermal cracking in ce-
mentitious materials. However, the addition of PCMs, i.e., soft inclusions, degrades the compressive strength of
cementitious composites. From a strength-of-materials viewpoint, such reductions in strength are suspected to
increase the tendency of cementitious materials containing PCMs to crack under load (e.g., volume instability-
induced stresses resulting from thermal and/or hygral deformations). Based on detailed assessments of free
and restrained shrinkage, elastic modulus, and tensile strength, this study shows that the addition of PCMs
does not alter the cracking sensitivity of the material. In fact, the addition of PCMs (or other soft inclusions) en-
hances the cracking resistance as compared to a plain cement paste or composites containing equivalent dosages
of (stiff) quartz inclusions. This is because composites containing soft inclusions demonstrate benefits resulting
from crack blunting and deflection, and improved stress relaxation. As a result, although the tensile stress at fail-
ure remains similar, the time to failure (i.e., macroscopic cracking) of PCM-containing composites is considerably
extended.More generally, the outcomes indicate that dosages of soft(er) inclusions, and the resulting decrease in
compressive strength does not amplify the cracking risk of cementitious composites.
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1. Introduction and background
Microencapsulated phase change materials (PCMs) have been pro-
posed as ameans to: (i) reduce the risk of thermal cracking in restrained
concretes [1–4], and, (ii) reduce the energy consumption associated
with heating and cooling buildings [5–8]. The success of PCMs in these
applications is ensured by their ability to absorb heat from their sur-
roundings at temperatures in excess of their phase change temperature
(TPC, °C), and release such heat at temperatures below their phase
change temperature. Such temperature-dependent absorption and re-
lease of heat is often achieved by an organic phase change material
(“core”), which for reasons of shape-stabilization, and to ensure its
chemical passivity, is enclosed within a polymer encasement (“shell”);
e.g., see Fig. 1(a).

Expectedly, on account of their soft nature (e.g., typically, the
paraffin-based core and polymer shell materials display an elastic mod-
ulus on the order of 50 MPa, and 600 MPa, respectively [10–17]) – the
dosage of PCMs into cementitious materials has been shown to result
in reductions in the compressive strength of the composite [3,10,18]
(e.g., see Fig. 1b [10]). If such “strength reductions” are considered in
terms of their implications on cracking risk; from a strength ofmaterials
perspective (i.e., cracking occurs when the strength of the material is
exceeded) – it may be suspected that PCM additions may result in
concretes being at a higher risk of cracking. Therefore, despite their
advantage of serving as a sink/source for early-age hydration, and envi-
ronmental heat – the dosage of PCMs into cementitious materials may
be counterproductive due to the strength loss, and amplified concrete
cracking risk that results.

While a previous studyhas examined aspects of thedurability ofma-
ture cementitious composites containing PCMs [9] – but not restrained
cracking behavior – to definitively answer the question “Does the addi-
tion of microencapsulated PCMs render cementitious materials more
sensitive to cracking?” a comprehensive assessment of the mechanical
properties and cracking sensitivity is undertaken to contrast the
cracking behavior of formulations containing stiff (quartz) inclusions
and soft (PCM) inclusions. It is shown that PCM inclusions do not
amplify the risk of cracking, but rather, reduce the risk of cracking vis-
à-vis stiff inclusion systems. Similar to other soft inclusions
(e.g., elastomers, expanded polystyrene, etc. [19–21]), this outcome is
attributed to crack blunting and deflection effects, and the improved
stress relaxation [10,19–24] resulting from PCM dosage, separate from
any heat absorption and release related effects.
(a)

Fig. 1. (a) A scanning electronmicrograph of “core-shell”microencapsulated phase changemate
composition CnH2n+2) and the shell is a polymer structure often comprised of melamine-forma
sule (median diameter≈ 20 μm; see the figure), the shell makes up 5-to-10 vol%, with the rema
for composite stiffness, for the volume fraction bounds noted above the elasticmodulus of the c
this example assumes that the corematerial fully occupies the internal shell volume, in general,
paste (see Fig. 3c) – thereby classifying such particles as a “soft inclusion” vis-à-vis the cement p
quartz or microencapsulated PCM inclusions after 28 days of aging as a function of the inclusio
2. Materials and experimental methods

An ASTM C150 compliant Type I/II ordinary portland cement (OPC)
was mixed with deionized (DI) water to prepare cement pastes and
mortars as per ASTM C305 [25]. The OPC used had a nominal composi-
tion (in terms of mass %) of: 56.5% C3S, 18.0% C2S, 11.4% C4AF and 6.3%
C3A. An ASTM C778 [26] compliant graded quartz sand was used as
stiff inclusions. The soft inclusions comprised a microencapsulated
phase change material (MPCM24D, Microtek Laboratories Inc. [27])
which consisted of a paraffinous core encapsulated within a mela-
mine-formaldehyde (MF) shell. The PCM was supplied in the form of a
powder, and had a phase change temperature around 24 °C and a latent
heat capacity around 162 kJ/kg [5,9,27]. The densities of theOPC, quartz,
and microencapsulated PCM were estimated as 3150 kg/m3,
2650 kg/m3, and 900 kg/m3, respectively.

All cementitious mixtures were prepared at a fixed w/c (water-to-
cement ratio, mass basis) of w/c= 0.45. The cementitious mixtures for-
mulated consisted of neat cement paste, andmortars containing 10 vol%
and 20 vol% of quartz or PCM inclusions. Due to their small particle size,
it was difficult to formulate suitably fluid (“nearly pourable”) microen-
capsulated PCM-containing mixtures at higher inclusion volume frac-
tions without the addition of high-dosages of superplasticizer which
substantially alters early-age reaction kinetics. Therefore, higher inclu-
sion dosages were not considered. Herein, each mortar contained only
a single type of inclusion (i.e., either quartz sand or microencapsulated
PCM), in order to distinguish their influences on restrained cracking be-
havior. However, in the case of practical concrete proportioning which
is carried out on a volumetric basis – the aggregate content is specified
as a volume percentage of the overall volume. In circumstances such as
these, where the ratio of coarse and fine aggregate in the mixture is
defined (fixed), it is expected that PCM inclusionswould be dosed by re-
placing a portion of the fine aggregate by PCM inclusions, volumetrical-
ly. Such dosage could be carried out to ensure a particular level of heat
absorption and release, or to reduce the cracking risk.

2.1. Particle size distributions

The particle size distributions (PSDs, Fig. 2) of the OPC, quartz, and
PCMweremeasured using Static Light Scattering (SLS) using a Beckman
Coulter LS13-320 particle sizing apparatus fitted with a 750 nm light-
source. Each solid was dispersed into primary particles via
ultrasonication in isopropanol (IPA), which was also used as the carrier
(b)
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ining fraction occupied by the core. Based on estimates from the series and parallelmodels
ore-shell composite (ECS) is estimated to range between 55MPa ≤ ECS ≤ 200MPa. Although
PCMparticulates show an elasticmodulus that is N100 times smaller than a typical cement
astematrix. [9], and, (b) The compressive strength, fc, of cementitiousmixtures containing
n volume fraction (VF) [10].
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fluid. The complex refractive indices of the OPC, quartz, and PCMs were
taken as 1.70 + 0.10i [28], 1.53 + 0.00i [29], and 1.54 + 0.00i [30], re-
spectively. The maximum uncertainty in the PSDs was around 6%
based on six replicate measurements.

2.2. Splitting tensile strength

The splitting tensile strength (ft, MPa) of all specimens was mea-
sured as per ASTM C496 [31]. The strength measurements were carried
out after 1, 3, 7, and 28 days of curing for cylindrical specimens (diam-
eter × height: 101.6 mm× 203.2 mm) maintained at 25 ± 3 °C in satu-
rated limewater. A compressive force was applied along the length of
the cylindrical specimen at a rate of 10 kN/s until failure occurred. A
thin plywood strip was used to uniformly distribute the load along the
length of the cylinder and the maximum load (Ft) borne by the speci-
men was used to obtain the splitting tensile strength. The tensile
strength represents the average of three specimens cast from the
same mixing batch.

2.3. Static (compressive) elastic modulus

The elastic (or Young's) modulus (EC, GPa; N.B.: this represents the
chord modulus of elasticity [32]) of all specimens was measured as
per ASTM C469 [33]. The elastic modulus measurements were carried
out after 1, 3, 7, and 28 days of curing for cylindrical specimens (diam-
eter × height: 101.2 mm× 203.2 mm) maintained at 25 ± 3 °C in satu-
rated limewater using a MTS 311.31 closed-loop servo-hydraulic
instrument. A quick-setting gypsum plaster “Hydrostone” was used
for capping the specimens to ensure uniform compression at the ends
of each cylinder. The reported elastic modulus represents the average
of three specimens cast from the same mixing batch.

2.4. Unrestrained shrinkage

Unrestrained deformations of cementitious specimens were mea-
sured as described in ASTM C157 [34]. Free shrinkage (εFS) was mea-
sured using prismatic specimens (25.4 mm × 25.4 mm × 285 mm).
After saturated curing for the first 24 h, the prismatic specimens were
demolded, double-bagged in Ziploc© bags - to ensure partially sealed
conditions, and limit water loss - and then stored in an environmental
chamber (Darwin KB024) at 25 ± 0.1 °C and 87 ± 0.1% RH for an addi-
tional 6 days. The condition of partial sealing was implemented to
mimic conditions of the restrained ring setup – which could only be
sealed by “double bagging” (see below). After 6 additional days of “par-
tially sealed” (i.e., since the double bagging did not allow perfect
sealing) curing, the samples were properly sealed on 4 sides using
two-layers of aluminum tape such that only two (long) parallel faces
remained unsealed to ensure symmetric (1D) drying – analogous to
the conditions of the restrained ring setup. After this time, the samples
were stored at 50 ± 0.1% RH and 75 ± 0.1% RH (relative humidity) for
an additional three days. Shrinkage and mass loss were measured
after 1, 3, 5, 7, 8, 9, and 10 days from the time of casting. The shrinkage
and mass loss data shown represent the average of four specimens cast
from the samemixing batch. The unrestrained shrinkage thusmeasured
enabled calculation of the elastic stress that would develop – following
Hooke's Law – which upon comparison with the measured residual
stress allows quantification of the extent of stress relaxation (see
below) [35–38].

2.5. Restrained shrinkage

The dual ring testwas used to assess the cracking tendency of the ce-
mentitious mixtures [3,35–38]. The apparatus consists of two rings
(i.e., an inner ring and an outer ring) made of Invar 36 to minimize
the influence of temperature on the results. The coefficient of thermal
expansion of the Invar 36 is around 2.5 με/°C [3]. The inner Invar ring
had an outer radius RI,o of 50.8 mm and an inner radius RI,i of
44.5 mm. The inner ring was instrumented with four strain gauges
(CEA-00-350Ω; εI) placed at 90° from each other at the mid-height on
the inner circumference. The outer invar ring had an outer radius RO,o
of 82.6 mm and an inner radius RO,i of 76.2 mm. The outer ring was
also instrumented with four strain gauges (CEA-00-350Ω; εO) placed
at 90° from each another at the mid-height on the outer circumference.
Both the inner and outer rings had a height of 25.4 mm. Strains were
measured at 5 min intervals, starting about 30 min after mixing until
the testwas terminated. The instrumented ringswere placed at the cen-
ter of an acrylic base that was coated with a form release agent to min-
imize bonding. The rings were also coated with a form release agent to
prevent restraint due to bonding with the cementitious mixtures. The
elastic modulus and Poisson's ratio of the Invar rings were taken as
Einv = 141 GPa, and νinv = 0.28, respectively [3].

The fresh cementitious mixture was cast between the two rings and
vibrated to ensure consistent filling. The setup was double-bagged in
Ziploc© bags and then maintained in a programmable environmental
chamber (Darwin KB024) at 25±0.1 °C and 87±0.1%RH to limitmois-
ture loss over the first 7 days. A PVC coversheet formed as an annulus
was additionally used to seal the top-surface of the rings to minimize
the potential for drying. After 7 days of “partially sealed” curing, the
rings were placed on an elevated wire-mesh platform with their top
and bottom surfaces exposed, and dried symmetrically at 50 ± 0.1%
RH or 75 ± 0.1% RH until cracking occurred. Restrained shrinkage was
monitored on duplicate ring specimens cast from the same mixing
batch.

The analytical expressions required to assess the incremental elastic
stress developed Δσel, and the maximum residual stress developed σθ

(at r = RI,o [39–41]) are noted in [3,35–38]:
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Further details regarding the analytical expressions and their deriva-
tion can be found elsewhere [22,36,37,40–42]. The ratio of the residual
stress over the elastic stress at any given time yields the stress relaxa-
tion ratio σR (unitless), i.e.,

σR tð Þ ¼ σθ tð Þ=σ el tð Þ ð3Þ

The stress relaxation ratio indicates the effects of viscoelastic (stress)
relaxation as a result of which the residual stress is substantially lower
than the elastic stress (i.e., the stress developed following Hooke's law
for the ring geometry). It should be noted that the stress relaxation
ratio was “zeroed” to 1 day since measurements of free shrinkage
were initiated at this time.

3. Results and discussion

3.1. Strength behavior: contrasting the effects of soft and stiff inclusions

Fig. 3(a) shows the measured splitting tensile strength (ft) for the
neat cement paste, and mortars containing PCM and quartz inclusions.
Interestingly, all specimens show similar tensile strengths independent
of the presence of, and type of inclusions present. This indicates that the
splitting tensile strength of the mixtures is “paste controlled”. As such,
for the inclusions present; i.e., PCM (weaker than the paste matrix),
and quartz (stronger than the paste matrix), in both cases the failure
of the paste, and hence its tensile strength dictates the failure of the
overall composite. Often the splitting tensile strength of cementitious



Fig. 2. The particle size distributions of the OPC, quartz, and microencapsulated PCM particulates as measured using static light scattering (SLS).
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mixtures is assumed to be on the order of 10% of the compressive
strength (fc), e.g., see Fig. 1(b) [32,43,44]. While this rule-of-thumb re-
mains valid for both the neat cement paste, and quartz containing mix-
tures (e.g., herein, ft. ≈ 0.12fc at an age of 28 days) – it is violated in the
case of the PCM-containing mixtures wherein reductions in the com-
pressive strength do not correlate with reductions in the tensile
strength. This is an important observation which indicates that:
(i) compressive-to-tensile strength correlations should not be applied
“as is” to mixtures containing soft inclusions, in general, and, (ii) while
in the case of compressive loading PCM inclusions act as a strength-
reducing defect in the system – as elaborated below, in the case of ten-
sile loading, their high compliance, and low modulus ensures that only
the paste matrix transfers, and resists stresses (albeit for the range of
PCM volume fractions considered) – as a result of which the tensile
strength of all formulations is similar to that of the neat paste.

It should furthermore be noted that in the case of compressive load-
ing, when the inclusions are stiffer than the paste, assuming near-
perfect bond between the inclusions and matrix, stresses concentrate
within the inclusions. For this reason, in the case of the quartz inclu-
sions, the compressive strength is similar across all dosages – as failure
only occurs when the stress capacity of the paste is exceeded (i.e., since
the paste is weaker than the quartz inclusions, see Fig. 1b). On the other
hand, when the inclusions are compliant, stresses concentrate at the
matrix (paste)-inclusion interface – in increasing proportion as the stiff-
ness contrast between the matrix and inclusions enhances. Therefore,
even if the interface regions (often referred to as the interfacial transi-
tion zone, ITZ, in cementitious systems [45–47]) are considered to dem-
onstrate similar strengths independent of the type of inclusion present–
in the event of compressive loading, PCM inclusions induce strength
(a) (b)

Fig. 3. (a) The splitting tensile strength as a function of specimen age, (b) The static (compressiv
PCM inclusion dosed mixtures, and, (c) The static (compressive) elastic modulus as a function
reductions (see Fig. 1b) on account of a risk of interfacial failure that am-
plifies with an increase in soft (PCM) inclusion dosage [48,49].

Coming back to the case of tensile loading, irrespective of the inclu-
sion stiffness, failure initiates at the apex of the inclusion followed by
progressive debonding (i.e., due to dilatation) along the matrix-
inclusion interface. As a result, failure is interface-dominated indepen-
dent of the nature of inclusions present [50] Therefore, for PCM and
quartz inclusions which are assumed to feature similar ITZ properties
(i.e., similar to the neat cement paste matrix; see similar strengths of
inclusion-containing and inclusion-free mixtures in Fig. 3a) – the mea-
sured tensile strength is similar over the entire range of inclusion dos-
ages considered herein (see Fig. 3a) [48]. It should be noted however,
that the size of the ITZ surrounding the quartz and PCM inclusions is
substantially different, i.e., due to the differences in their sizes;
e.g., the quartz inclusions are N10 times larger than the PCM inclusions
(see Fig. 2, and [10]). Of course, this reasoning anticipates that all the in-
clusions, whether PCM or quartz, are similarly dispersed within the
paste matrix. Furthermore, even if the ITZ were slightly weaker at
some, but not all interfacial locations (i.e., for a given inclusion type,
and volume fraction) this would not result in noticeable strength alter-
ations as this would require a percolated series of nearest neighbor in-
clusions – all of which feature similarly weak(er) interfacial zones.

Even in the case of the failure of neat cement paste, although there is
no ITZ formed in absence of inclusions, plain paste formulations are ex-
pected to feature initial flaws ranging in size from a fewmicrons to 100
μm(i.e., the size of a large cement particle) [51]. These flawswhich con-
trol tensile (opening) failure, are expected to produce macroscopic be-
havior similar to that induced by the weaker nature of the ITZ that
forms when inclusions are present. Therefore, upon tensile loading,
(c)

e) elasticmodulus as a function of specimen age for the plain cement paste, and quartz and
of inclusion dosage after 7 days of curing for quartz and PCM dosed mixtures [10].
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whether inclusions are present or not, the cementitious systems shown
in Fig. 3(a) show similar tensile resistance (strength). It should be noted
however, the cement paste matrix that surrounds PCM inclusions is
likely to experience higher tensile stresses at thematrix-inclusion inter-
face as compared to the paste matrix surrounding quartz inclusions –
for the same externally applied strain level. This response emanates
from the higher compliance of the PCM inclusions as compared to
quartz inclusions. However, this effect is not very significant at low in-
clusion dosages (i.e., ≤20 vol%) in which the inclusions are reasonably
well-dispersed, as their interfacial zones, and the stresses that develop
therein are not expected to percolate in the microstructure [49].

Figs. 3(b-c) show the compressive elasticmodulus Ec of the different
cementitious mixtures as a function of time and inclusion dosage. Ex-
pectedly, the addition of soft PCM inclusions was found to reduce the
elastic modulus, while the dosage of quartz inclusions that are stiffer
and stronger than the cement paste increases the elastic modulus [10].
The resulting decrease (PCM) or increase in modulus (quartz) scales
as a function of the inclusion dosage in the system – as shown in Fig.
3(c) – and can be reliably estimated using the models of Hobbs [52]
and Garboczi and Berryman [53] as shown by Young et al. [54] and
Falzone et al. [10]. It should be noted that the data shown in Figs. 3(b-
c) is acquired in compression – as such, while the elastic modulus of
PCM-containingmixtures is noted to degradewith their increasing dos-
age, further work is needed to quantify changes in the tensile modulus
of such systems, and any changes therein as a function of the stiffness
of inclusions present due to complexities including interface debonding
(N.B.: For typical cementitious formulations, the tensile and compres-
sive elastic modulus are often within ±30% of each other [55–59]).

3.2. Unrestrained and restrained volume changes: shrinkage and cracking
behavior

Fig. 4 shows the shrinkage response of the plain and inclusion-
containing cementitious mixtures as a function of time for two drying
regimes, i.e., partially sealed over the first 7 days, followed by:
(i) drying at 50% RH (Fig. 4a), and, (ii) 75% RH (Fig. 4b) over the subse-
quent 3 days. Expectedly, both series of mixtures show a similar extent
of free shrinkage andmass loss over thefirst 7 days. After 7 days, expect-
edly, mixtures exposed to 50% RH losemoremass and shrink at a higher
rate than mixtures dried at 75% RH. It is important to note that while
both the quartz and PCM mixtures show a similar extent of mass loss
(i.e., when normalized by the mass of paste in the system) – in the
case of shrinkage, quartz-containing mixtures shrink slightly less than
those containing PCM, or the plain paste mixture due to the restraint
to paste shrinkage offered by the stiff quartz inclusions [60].
(a)

Fig. 4. (a) Free shrinkage as a function of time for plain cement paste, and quartz and PCM inclus
is on the order of−100 με/day and−200 με/day, respectively. The mass loss from 1-to-7 days,
paste), and, (b) Drying shrinkage as a function of time for plain cement paste, and quartz and PC
is on the order of−100 με/day, and,−145 με/day, respectively. Themass loss from 1-to-7 days,
paste). The solid black lines show the general trend of the dataset.
The PCM inclusions on the other hand, due to their compliant nature
are unable to restrain the shrinkage of the paste – as a result, the plain
and PCM-containing mixtures shrink equivalently; in terms of their
rate and extent of shrinkage. Such behavior was also observed by Egan
et al. [60] who noted that when the inclusions are impermeable (or
less permeable than the cement paste) – moisture loss, but not shrink-
age, can be simply described by normalizing the mass loss data by the
mass fraction of cement paste in the composite. The shrinkage data
shown in Fig. 4 serves as an input into Eq. (1) to calculate the elastic
stress developed (and hence infer the extent of stress relaxation [40,
42]) in the PCM and quartz mixtures as a function of time.

Fig. 5(a–b) shows the residual stress developed in the plain paste,
and PCM- and quartz-containing specimens as a function of time. Resid-
ual stress development over the first 7 days, i.e., when the ring setup is
double-bagged to ensure partially sealed conditions – is noted to scale
in the order: 10% quartz N neat paste N 10% PCM N 20% PCM. Given
that these mixtures all show similar levels of shrinkage over the first
7 days (in fact, the 10% quartz mixture shrinks slightly less than the
other compositions; see Fig. 4a) – the scaling in (tensile) residual stress-
es appears to follow the magnitude of the elastic modulus of these ma-
terials; which also scales in the same order (e.g., see Fig. 3c). When the
cementitious mixtures are exposed to drying – the rate of stress devel-
opment increases dramatically until the specimen cracks. It is important
to note that the rate of stress development is similar across all mixtures
whether drying occurs at 50% RH or 75% RH (see Fig. 5c).

In fact, the stress curves for drying at different RHs trace the same
envelope – with cracking occurring at a slightly lower stress level for
mixtures dried at 50% RH – as compared to mixtures dried at 75% RH
(see also Fig. 6a). Such behavior was also noted by Sant in the case of re-
sidual stress development in cement pastes thatwere exposed to RHs in
the range from50%-to-87%RH [61]. This is because upon exposure to an
ambient RH that is lower than the internal RH, cementitious mixtures
rapidly lose moisture. The rate of such moisture loss depends upon
the diffusion coefficient of moisture within the cement paste (on the
order of 10−12 m2/s for a cement paste with w/c = 0.45 [62,63]); as a
result a steeper moisture gradient manifests in a material dried at a
lower RH, than a material dried at a higher RH [62]. The presence of a
steeper moisture and shrinkage gradient would result in a larger level
of shrinkage-induced microcracking in the paste dried at 50% RH as
compared to that dried at 75% RH. Therefore, due to the faster, and am-
plified accumulation of damage in the former (see Fig. 5c), and a shorter
time interval for stress relaxation (i.e., on account of a faster rate and ex-
tent of loading upon drying), formulations dried at 50% RH experience
accelerated macroscopic damage localization (cracking) as compared
to formulations dried at 75% RH. This suggests that cracking in these
(b)

ion dosedmixtures. The rate of shrinkage in the partially sealed and 50% RH drying periods
and from 7-to-10 days is on the order of 0.35% and 2.15%, respectively (bymass of cement
M inclusion dosedmixtures. The rate of shrinkage in the sealed and 75% RHdrying periods
and from 7-to-10 days is on the order of 0.35% and 1.80%, respectively (bymass of cement



(a) (b) (c)

Fig. 5. Residual stress developmentmeasured using the dual ring setup as a function of time for plain cement paste, and quartz and PCM inclusion dosedmixtures. After 7 days of partially
sealed curing the specimenswere dried symmetrically, i.e., from their top and bottom surfaces at: (a) 50% RH, and, (b) 75% RH. The time at which the stress drops sharply indicates mac-
roscopic damage localization (cracking), when a single-crack formed in the ring samples. (c) A comparison of residual stress development in the 10% PCMmixture upon drying at 50% RH
and 75% RH. The stress development curves show near-overlap with each other. The measured stresses represent the average of duplicate ring specimens.
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materials manifests as a fracture (i.e., crack growth) controlled rather
than a stress (i.e., strength of materials) controlled circumstance.

Significantly, all specimens including the PCM-containing specimens
fail at similar stresses – indicative of their similar strengths (see also Fig.
3a). Nevertheless, it is important to note that all the cementitious mix-
tures fail at tensile stresses substantially (around 50%) lower than the
tensile strength of the material around 7 days (see Fig. 6a). This is pos-
tulated to be on the account of the formation and sub-critical growth of
microcracks in the ring specimens over the first 7 days at sub-critical
stresses (e.g., at 3 days, the residual stress developed is ≤0.25ft across
all mixtures). As a result, when the ring specimens are exposed to ag-
gressive drying beyond 7 days, the microcracks (flaws, defects) that
are initially present rapidly grow until they coalesce. Thus, thematerials
fail at stress levels lower than their pristine tensile strength {N.B.: in a
typical cement paste, the initial flaw/crack size is on the order of 100
μm, i.e., the size of a large cement particle [51]}. Therefore, the failure
process is dictated by the evolution of incremental and accumulative
damage resulting in the degradation of the tensile capacity of themate-
rial as compared to a “pristine” cementitious material that would typi-
cally fail only in the vicinity of a major flaw, or at a stress level similar
to or greater than its tensile strength (i.e., due to the inherent distribu-
tion and variability in the material properties) [64,65].

Coming back to the time of cracking (i.e., from when drying at 50%
RH or 75% RH is initiated until the specimen fails), expectedly, the
time to cracking is extendedwhen drying is carried out at 75% RH rather
than 50% RH; due to the slower rate of damage accumulation, and the
(a) (b)

Fig. 6. (a) The stress at failure, and, (b) the time to failure fromwhen dryingwas initiated at 7 d
and quartz- and PCM-containing specimens. The failure stress and the time to failure represen
calculated for the plain cement paste, and quartz and PCM inclusion dosed mixtures.
extended time period available for stress relaxation. It is furthermore
important to note that while all the cementitious formulations fail at
similar stresses, PCM-containing cementitious materials show a signifi-
cantly extended time to cracking (e.g., see Fig. 6b). For example, up on
exposure at both 50% RH and 75% RH, and for an inclusion dosage of
10 vol% PCM-containing mixtures demonstrate a ≥4.5× increase in the
time to cracking as compared to quartz-containing mixtures. Close ex-
amination of the stress relaxation ratio shown in Fig. 6(c) reveals that
the extent of stress relaxation is broadly similar for the plain cement
paste, and mixtures containing 10 vol% of either quartz or microencap-
sulated PCM inclusions. However, the extent of stresses relaxed is sub-
stantially enhanced in the mixture containing 20 vol% PCM. When
considered in the context of the time to cracking – this suggests that
the addition of PCMs at low dosages ensures benefits associated with
crack deflection and blunting (i.e., which increases the crack tortuosity
and necessitates a higher driving force for crack propagation), such
that in spite of the similar levels of stress relaxation, an increase in
time to cracking is observed (see Fig. 6b) [19,20,66]. As the PCM inclu-
sion volume fraction is increased yet further – the improved compliance
(enhanced stress relaxation) offered by PCM-containing mixtures su-
perimposes on top of the effects of crack blunting and deflection such
that the time to cracking enhances further – although only slightly so
as compared to the 10 vol% PCM formulations. It is important to note
that other soft inclusions with a compliance similar to that of the PCM
microcapsules (e.g., elastomers, expanded polystyrene) are expected
to offer similar benefits in cementitious composites, i.e., in terms of
(c)

ays as a function of the inclusion volume fraction VF (volume %) for the plain cement paste,
t the average of duplicate ring specimens, and (c) The stress relaxation ratio (σR, unitless)
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increasing the time to cracking [19–21,67]. However, if controlling
early- or later-age temperature rise and gradients is specifically desired,
the latent heat storage offered by PCM inclusions makes their use man-
datory [3–5,17,68].

The beneficial effects of PCM additions were also observed by
Fernandes et al. [3] who noted that the critical crack tip opening dis-
placement (CTODc, in mm) of PCM-containing mixtures, which ac-
counts for interlock effects of the microstructural components, was
higher than that of formulations devoid of compliant PCM inclusions.
Furthermore, the fracture toughness KIC of PCM-dosed mortars was
also found to be similar to or slightly higher than that of neat cement
paste; for PCM dosages of ≤20 vol% [3]. Therefore, it appears as though
a reduction in material stiffness in the vicinity of a crack (i.e., due to
the incorporation of compliant PCM particulates) results in thematerial
being able to undergo larger inelastic deformations in the direction of
crack-opening prior to the formation (coalescence) of a macro-crack,
as a result of which the CTODc increases. Indeed, close examination of
the strain energy release rates GR determined via notched beam fracture
tests has indicated that, in the case of PCM containing mixtures, the in-
elastic component of GR is dominant – indicating that more energy is
being dissipated via inelastic deformations [3]. This increase in inelastic
deformations as compared to those of neat (or quartz-containing) ce-
mentitious mixtures is thought to induce crack blunting and deflection
which enhance the tortuosity of the crack-path; resulting in a height-
ened resistance to crack propagation [69]. Taken together, these results
indicate that the extension in the time to cracking provided by the addi-
tion of PCM inclusions is in large part due to the effects of crack blunting
and deflection (i.e., which results in a lower rate of microcrack accumu-
lation, coalescence, and propagation), and to a smaller extent on
account of an improved ability for stress relaxation (i.e., higher compli-
ance). These results substantiate the premise that the dosage of soft
inclusions does not amplify the risk of cracking – rather, dosage of
compliant microscale inclusions is noted to valuably enhance the
cracking-resistance of cementitious composites.

Furthermore, the outcomes of this work provide critical inputs for
modeling the influences of soft inclusions on the cracking behavior of
matrix-(soft) inclusion composites as follows. First, it is demonstrated
that the often-assumed scaling relation that the tensile strength reduces
in fixed proportionwith the compressive strength in cementitious com-
posites (e.g., ft:fc ≈ 1:10) [32,43] is invalid when soft inclusions are
present. As such, rather than remaining fixed, the ratio ft:fc can take
values ranging from 1:12 to 1:4.5 as the dosage of soft (PCM) inclusions
elevates from 0 vol% to 20 vol%. Second, the coupled effects of viscoelas-
ticity, and crack blunting/deflection on reducing cracking sensitivity are
quantified by the stress relaxation ratio (σR). In combination, these
quantifications of strength scaling relations and extent of stress relaxed
provide a means to correctly assess: (a) tensile fracture resistance from
a commonmeasurement of compressive strength, and (b), how soft in-
clusions may affect cracking behavior beyond the effects of softening
(i.e., stiffness reduction) by crack blunting and deflection actions;
these variables are relevant for enabling precise calculations of crack
sensitivity.

4. Summary and conclusions

By carefully combining measurements of tensile strength, and re-
strained and unrestrained shrinkage, this paper has comprehensively
examined the influences of compliant, microscale PCM inclusions on
the cracking resistance of cementitious composites. Significantly, it is
noted that in spite of inducing substantial reductions in the compressive
strength of cementitious composites, the dosage of PCM inclusions in-
duces no change in the tensile capacity (strength) of thematerial; com-
pared with neat cementitious mixtures, or those containing inclusions
stiffer than the paste matrix. This is because tensile failure is an
interface-controlled process – which being similar across all formula-
tions, for the volume fractions considered – ensures that the tensile
strength remains unchanged and independent of the type of inclusions
present. Furthermore, PCM-containing specimens show a substantial
delay in their time to cracking (e.g., by ≥4.5× for the inclusion dosages
considered) as compared to neat, or quartz-containing cementitious
mixtures. Such extensions in the time to cracking were attributed dom-
inantly to the effects of crack-blunting and deflection induced by the
PCM inclusions; and to a lesser extent to enhanced stress relaxation.
Taken together, these results indicate that in contrast to the (intuitive)
expectation of an amplified cracking risk – the addition of compliant,
microscale PCM (and other soft) inclusions in fact reduces the risk of
and time to cracking in cementitious composites.
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