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This paper presents the autogenic self-healing potential of Portland cement (PC) blends made with conventional
supplementary cementitious materials (SCMs), to improve the water-tightness by reducing the overall pore size.
Mortar samples were prepared by mixing PC, sand and water, and partially replacing PC by either silica fume (SF),
pulverised fuel ash (PFA), or ground granulated blast-furnace slag (GGBS). Damaged samples were subjected to a
water bath to heal microcracks and recover the water-tightness, by further hydration of the starting minerals.
Water absorption and density measurements in undamaged, damaged and healed conditions were used to
determine the autogenous healing potential of SCMs mixes, showing a post-healing absorption recovery of up to
68% compared to the mix with PC only. Thermal analysis, XRD and MIP measurements conﬁrmed the capability
of SCMs to promote the formation of hydrated phases, and reduce the overall pore size by more than 88%
compared to PC mixes.

1. Introduction

Various techniques based on autogenic (natural) or autonomic
(engineered) healing have evolved over the last two decades. An
advantage of the latter is that it has the potential to provide a self-healing
effect within a very short timescale. Researchers have examined autonomic methods for healing damage such as the manufacture and inclusion of ﬂow networks ﬁlled with liquid healing agents (i.e.
cyanoacrylates, epoxies) within cement and concrete specimens (Gardner et al., 2017; De Nardi et al., 1306; Li et al., 2020). Cracks can also be
mechanically closed by using shape memory polymers tendons and ﬁbres, as explored in laboratory and ﬁeld trials (Teall et al., 2018; Maddalena et al., 2020). This brings the crack faces close enough together to
facilitate autogenic healing. The inclusion of bacteria and nutrients in
cement paste has proven to promote the healing of cracked mortar and
concrete (Wang et al., 2014; Tziviloglou et al., 1016; Tan et al., 2020).
Through the cracks, water penetrates the cementitious matrix, triggering
the microbial activity. This results in the precipitation of calcium carbonate within the cracks, and subsequently self-healing. Conversely,
autogenic healing beneﬁts from greater compatibility of the healing
products with the cementitious matrix, albeit at the expense of a short
healing duration. For example, microcracks could be sealed by crystalline
admixtures, superabsorbent polymers (SAPs), and liquid or
powder-based autogenic healing agents stored within macro and

Cracking, weathering and carbonation are but a few examples of the
main causes of damage in concrete (Gardner et al., 1016). Cracks that
appear on the surface are often a precursor to deterioration as they
facilitate water ingress and the transportation of harmful agents (e.g.
chloride). This, in turn, may trigger reinforcement depassivation which
leads to reinforcement corrosion (Angst et al., 2009). Alternatively, when
salts and water penetrate the pores, the pressure exerted during the salt
crystallisation may cause damage to the concrete structure (Espinosa-Marzal et al., 2011). Whilst modern construction design practices take
into account possible scenarios to minimise damages and increase the
service life of concrete structures, their maintenance still represents an
economical and environmental burden. It is estimated that in the USA
$33 billion alone is needed to repair the existing road bridges network
(Treacy et al., 2019), while in the UK ₤6 billion has budgeted for 2015 to
2021 (Balogun et al., 2019). Researchers have studied and developed
technologies to provide crack-closure mechanisms without external
intervention. So-called self-healing concrete provides a solution to repair
cracks at different temporal and spatial scales, and can potentially reduce
an asset’s maintenance costs (Huang et al., 2016; De Belie et al., 2018;
Sidiq et al., 2020).
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Table 1
Characteristics of starting materials: ordinary Portland cement (CEM I), silica sand (S), silica fume (SF), pulverised fuel ash (PFA) and ground granulated blast-furnace
slag (GGBS).
Components

Clinker
Gypsum added
Chemical composition
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
Na2O
Density (kg/m3)
Speciﬁc gravity
Speciﬁc Surface Area (m2/kg)

CEM I

Sand (< 2 mm)

SF

PFA

GGBS

%

%

%

%

%

96
4.00

–
–

20.12
5.03
3.12
64.53
3.34
0.98
0.16
1400
3.10–3.30
350–450

99.9
Traces
Traces
–
–
–
–
2500
2.50–2.60

85.0

49.3
24.1
9.7
6.8
1.1
3.3
1.2
1000
2.40–2.50
300–600

36.79
11.51
0.42
39.24
8.1
1.03
0.37
1200
2.80–2.90
350–550

<2
500–700
2.20–2.30
(15–20)  103

microcapsules), engineered ﬁbres, provide crack closure for crack widths
even greater than 0.15 mm (Huang et al., 2016), SCMs contribute to the
process known as autogenic healing (Van Tittelboom et al., 2012; Snoeck
and De Belie, 2016; Wang et al., 2019), by sealing smaller cracks (crack
width < 0.15 mm). The inclusion of SCMs as a partial replacement of
Portland cement in the construction industry is regulated by international standards, and their undoubtedly positive environmental impact is
well documented (Salas et al., 2016; Sakir et al., 1209).
The manufacture of Portland cement is one of the largest contributors
to anthropogenic CO2 emissions (Kajaste and Hurme, 2016; Maddalena
et al., 2018). Employing alternative materials, such as waste and
by-products (e.g. SCMs with pozzolanic reactivity) as a partial replacement of Portland cement, has a positive environmental impact in the
construction industry (Habert and Roussel, 2009; Kim et al., 2013). In
addition, to address the United Nations (UN) Sustainable Development
Goals (SDGs) (United Nations, 2019), using SCMs in combination with
other self-healing technologies could contribute to reducing the need for
maintenance, which in turn further reduces the use of Portland cement.
This would result in a signiﬁcant cut in CO2 emissions (UN SD Goal 13),
responsible consumption of raw materials and waste management (UN
SD Goal 12), and a sustainable response to the increasingly urbanised
environment (UN SD Goal 11).
The aim of the work presented in this paper was to assess the
autogenous healing capability of conventional SCMs (SF, PFA, GGBS), in
order to explore the potential for SCM mix design with an enhanced selfhealing capacity. Such a mix could then be combined with other autonomic healing technologies to maximise the overall potential for crackhealing. Whilst cement mortar is widely employed in external
rendering and masonry construction, in this work it has been chosen as a
simpliﬁed system than concrete, to isolate and better highlight the
autogenous healing mechanism provided by SCMs. A series of Portland
cement/SCM mortar mixes were cast, cured, damaged and subsequently
healed. The hydration characteristics (nature and quantity of hydration
products) of the specimens in the undamaged, damaged and healed
conditions were determined via microstructure characterisation analysis,
powder X-Ray diffraction (XRD) and thermal analysis (TG/DSC). In
addition, the overall porosity reduction and the recovery of watertightness of the cement matrix, were used as successful measures of
self-healing potential.

microcapsules that are added into the fresh paste (Snoeck and De Belie,
2016; Snoeck et al., 1016; Ferrara et al., 2018; Cuenca et al., 1016; Van
Mullem et al., 2020). Due to their high speciﬁc surface area, plastic ﬁbres
(e.g. polyvinyl alcohol, polypropylene, etc) have also been studied in
self-healing concrete (Nishiwaki et al., 2014; Rajczakowska et al., 1220).
Researchers demonstrated that plastic and steel ﬁbres not only contribute
to bridging microcracks, but also act as nucleation sites for the formation
of hydrated products, resulting in crack-healing. Speciﬁcally,
ﬁbre-reinforced concrete and engineered cementitious composites have
been proposed as a viable solution to stimulate autogenous healing and
provide crack closure of crack-widths up to 0.3 mm (Ferrara et al., 2017;
Cuenca and Ferrara, 2017; Liu et al., 2017a).
Supplementary cementitious materials (SCM) are primarily industrial
by-products or waste (e.g. steel industry, coal extraction, etc.). Their
amorphousness and high pozzolanic reactivity promote the formation of
hydrated products, such as calcium silicate hydrate (C–S–H) (Lothenbach
et al., 2011; Berodier and Scrivener, 2014). SCMs have been proven to
control fresh paste properties, such as bleeding and workability, and
enhance the overall mechanical properties and durability of the cement
paste in its hardened state when compared to mixes made entirely with
Portland cement (Wainwright and Rey, 2000). It has also been demonstrated that SCMs play an important role in reducing the overall porosity
of hydrated Portland cement (Sahmaran et al., 2013; Leung et al., 2016;
Almeida and Klemm, 2018; Yildirim et al., 2018; Saha, 2018). When
mixed with Portland cement silica fume (SF), pulverised fuel ash (PFA)
and ground granulated blast-furnace slag (GGBS) impact the overall
hydration kinetics by delaying the ﬁrst peak of hydration and achieving
an increased long-term degree of hydration (Monteagudo et al., 2014).
This will ultimately result in a higher concentration of unreacted minerals at 28 days when compared to ordinary Portland cement mixes (Van
Tittelboom et al., 2012). When cracks occur water penetrates the matrix,
triggering the formation of additional calcium silicate hydrate within the
crack plane and available pores, along with the precipitation of calcite
(Danner et al., Geiker). While self-healing technologies, such as superabsorbent polymers (SAPs), shape memory polymers (SMP),
bacteria-based self-healing, encapsulated healing agents (macro and

Table 2
Series and mix proportions of cement (CEM I) replacement (%, by mass) using
silica fume (SF), pulverised fuel ash (PFA) or ground granulated blast-furnace
slag (GGBS).
Series

C
S
P
B

CEM I

SF

PFA

GGBS

%

%

%

%

100
90
70
50

–
10
–
–

–
–
30
–

–
–
–
50

2. Materials and methods
Mortar paste specimens were prepared using ordinary Portland
cement CEM I (strength class 52.5 MPa), silica sand (particle size < 2
mm), at sand to binder (s/b) ratio of 3, and deionised water at water to
binder (w/b) ratio of 0.45 (BS-EN 196-1:2016). All ratios were by mass.
Portland cement (from CEMEX UK) was partially replaced by three SCMs
at different percentages. Commercially available SCMs were used; silica
2

R. Maddalena et al.

Developments in the Built Environment 6 (2021) 100044

fume (SF), produced by Elkem Micro Silica, Norway; pulverised fuel ash
(PFA), and ground granulated blast-furnace slag (GGBS), supplied by
CEMEX UK. Four series of mixes were produced; a control mix with 100%
of CEM I (C), a mix with 10% replacement of silica fume (S), a mix with
30% replacement of PFA (P) and a mix with 50% replacement of GGBS
(B). Characteristics of starting materials are reported in Table 1. Series
designation and replacement proportions by mass are reported in
Table 2. The highest SCMs replacement levels allowed by the BS–EN
197–1:2011 (BS EN 197-1:2011. Composition, speciﬁcations and conformity criteria for common cements, 2011) were adopted in this work.
Mortar was prepared following BS–EN 196–1:2016 (BS EN
196-1:2016, 2016) and cast into brass moulds of 25  25  25 mm. After
24 h, specimens were demoulded and cured for 28 days in a closed
container at controlled environmental conditions (95% relative humidity
and 20 ∘C) to minimise carbonation (Cerveny et al., 2011).
The specimens’ size and geometry (cube, 25  25  25 mm) was
chosen to minimise the amount of time the sample is in contact with
water during the tests to avoid swelling and microstructural changes
(Alderete et al., 2019), and guarantee that the water absorbed by the
specimens during the sorptivity and porosity measurements could be
removed at a relatively high drying rate, in order to prevent further
hydration and compromise the overall results (Chari et al., 2016; Benli
and Bakir, 2017; Mora et al., 2019).
A total of 36 cubes were cast for each series. After curing, the samples
were gently oven-dried at 55 ∘C for up to 5 days, until the change in
weight recorded over a period of 3 h is less than 0.2% (Galle, 2001).
Samples were damaged mechanically using a loading cell at a
displacement ratio of 0.01 mm/s. For each series, three samples were
subjected to compressive load until failure, to establish the maximum
peak load. This value was then used to guide the level of load to apply to
the remaining cubes to damage them to 90% of the peak load, in order to
generate small microcracking within the specimens. The damaged cubes
were then placed in a static healing bath of deionised water to promote
further hydration and crack-healing for 60 days.
Physical characteristics and water transport properties (sorptivity)
were measured on the four samples for each series in undamaged (u)
conditions (after curing for 28 days), damaged (d) conditions (after
mechanical loading external damage), and healed (h) conditions (after
60 days in deionised water). The mineral composition of the samples was
determined in the damaged (d) and healed (h) conditions. The test procedures are summarised in the following sub-sections.
Sorptivity: The water absorption (also called sorptivity) test measures
the water uptake rate through the capillary rise effect in the pore structure within a period of time. The measurement was used to determine the
healing potential of the different SCM mixes. For each series, a minimum
of three samples were used. The specimens were oven-dried at 55 ∘C for
up to 5 days, until the change in weight recorded over a period of 3 h is
less than 0.2%. This temperature was chosen to minimise C–S–H swelling
and pore structure alteration that could impact the overall water capillary absorption (Galle, 2001; Villagran Zaccardi et al., 2017; Alderete
et al., 2019). The specimens were then placed in a sealed container with
1 mm of their bottom surface in contact with deionised water. The water
absorption rate was measured indirectly through the sample weight increase with time, over a period of 100 min at deﬁned intervals (1, 4, 9,
16, 25, 36, 49, 64, 81, 100 min). The methodology was adapted from the
ASTM C1585:2004 test method (ASTM and ASTM C 1585, 2004) and
successfully trialled on small samples prior to the current study to
establish the accuracy and efﬁcacy of the approach adopted.
Open porosity and density: The test method proposed by the interlaboratory comparison of hygric properties of porous building materials
(HAMSTAD) (Roels et al., 2004) was followed to perform open porosity
measurements, bulk density and matrix density on three specimens for
each series at each stage; (u), (d) and (h).
X-ray diffraction and thermogravimetric analysis: Specimens for XRD
and thermal analysis were broken into smaller pieces. The inner part of
the specimen was crushed and powdered into homogenous particle sizes.

Fig. 1. Determination of TG mass loss and DSC response using the tangential
method (Lothenbach et al., 2015).

The powder was further oven-dried at 55 ∘C for 5 days. XRD analysis was
performed on a diffractometer (PANalytical X’ert Pro) using a Ni-ﬁltered
CuKα radiation source operating at 40 KV and 40 mA. Diffraction patterns were recorded between 5 and 80∘ 2θ at a step size of 0.0167∘ 2θ
(resulting in a total run time of 40 min) using a back ﬁlled sample holder.
Diffraction patterns were identiﬁed using the International Centre for
Diffraction Data (ICCD) Powder Diffraction File (Faber and Fawcett,
2002). Thermal analyses were used to identify those mineral phases most
likely to play a role in the healing process. Thermogravimetric (TG) and
differential scanning calorimetry (DSC) curves were collected from 25 ∘C
to 1000 ∘C at a heating rate of 10 ∘C/min under constant nitrogen ﬂow,
using a TGA/DSC 3þ thermogravimetric analyser (Mettler Toledo). A
constant temperature of 60 ∘C was held for 10 min to stabilise the sample.
A powder sample size of 20  0.1 mg was used. Three measurements
were collected for each series. The mass loss was calculated using the
tangential method (Lothenbach et al., 2015). A detail of the tangents
construction for the TG curve and for the DSC curve is given in Fig. 1. The
mass loss in the TG signal, obtained from the intersection of the different
tangents, was calculated at three different temperature ranges; 90–150
∘
C, temperature range of pore-water evaporation, and the decomposition
of both C–S–H and ettringite; 440–440 ∘C, dehydroxilation of portlandite;
and 660–700 ∘C, decomposition of carbonated products (Maddalena
et al., 2019). TG mass loss at the speciﬁc temperature range was used to
estimate the mineral phase relative content in damaged (d), and healed
samples (h).
Mercury Intrusion Porosimetry (MIP): MIP (Thermo Scientiﬁc, Pascal
140/440), was used for pore size distribution measurements and total
porosity calculation analysis of samples in damaged (d) and healed (h)
conditions. A 2 mm thick slice was cut from the centre of each cube, oven
dried at 55 ∘C for 5 days and subjected to vacuum drying for 24 h, to
remove all water from the pores. The specimen was then introduced into
a glassy dilatometer for MIP measurements. In the MIP device, a
degassing process took place by applying a vacuum pressure as a preconditioning stage; then the dilatometer was ﬁlled with mercury, and an
increasing pressure was applied. The maximum mercury pressure applied
was 400 MPa, which allowed access to pores of the order of 2 nm in
diameter, assuming a 140∘ mercury contact angle according to the
Washburn equation (Koniorczyk et al., 2013). The measurement was
repeated on three different slices of one sample for each series and the
pore diameters were given as a mean value.
The healing mechanism investigated in this work relies on the key
role played by SCMs and their hydration kinetics in promoting further
formation (over time) of additional hydrated products in presence of
3
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Fig. 2. External damage of representative samples after mechanical loading.

Fig. 3. Reduced mechanical loading of the samples (dashed grey lines); Portland cement series C (a) silica fume series S (b), PFA series P (c) and GGBS series B (d)
compared with the ultimate mechanical loading of the control samples for each series (black lines).

damage, as observed on the surfaces of the test specimens (Fig. 2). The
associated load–displacement responses for the various specimens are
presented in Fig. 3, where the original peak load for each series (C, S, P
and B) is reported in black and the reduced 90% target load is given in
dashed grey. Difﬁculties in conducting the test on the small specimens
resulted in damage loads between 50 and 98% being observed in the test.
The average values of compressive strength recorded for all the four series was in the range of 28–46 MPa. Although the values obtained might
not reﬂect the real compressive strength of the mixes, i.e. the sample size
differs from the dimension recommended by the BS EN 196–1:2016,
however, said values are a good estimation of the strength, in agreement
with literature values for cement mortars incorporating SCMs (Benli and
Bakir, 2017; Monteagudo et al., 2014; Almeida and Klemm, 2018). A
number of samples in series C, P, and B presented visible damage (cracks
or fracture) on the surface at low percentage of loading (approximately
50%), and any further increase in load would have resulted in the sample

water (healing bath). The healing process, which takes place at the
microscale level, results in a densiﬁcation of the microstructure and a
complex pore structure evolution over time. Thus the self-healing ability
of SCM mixes will be described as the relative change in hydrated phases
and pore structure between initial (undamaged) and ﬁnal (healed) conditions of the same specimens, and compared to the Portland cement
mortar series. It must be noted that sorptivity (as well as porosity, thermogravimetric, and mineralogical) values were determined from the
same specimens at the different stages (undamaged, damaged and
healed), as oppose to a direct comparison to an undisturbed reference (or
control) series.
3. Results and discussion
Cube specimens were mechanically loaded to a target load of 90% of
their maximum peak load, this resulted in varying degrees of external
4
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Table 3
Average values (CoV < 5%) of open porosity (φ), bulk density (ρ), matrix density
(ρmat ), the cumulative water absorption at 25 min (I5, 5 min0.5), and the total
absorption at 100 min from the beginning of the sorptivity test (I10, 10 min0.5) in
undamaged (u), damaged (d) and healed (h) conditions.
Series

C

S

P

B

(u)
(d)
(h)
(u)
(d)
(h)
(u)
(d)
(h)
(u)
(d)
(h)

φ

ρ

ρmat

I5

I10

%
18
18
19
17
18
19
18
18
19
19
19
20

g/cm3
2.05
2.03
2.03
2.02
2.01
2.00
2.01
2.00
2.01
2.01
2.02
2.02

g/cm3
2.49
2.47
2.51
2.44
2.43
2.46
2.46
2.46
2.48
2.49
2.49
2.51

mm
3.1
3.7
1.9
2.6
2.6
0.9
4.0
3.9
1.9
4.3
4.0
1.7

mm
4.2
4.1
3.3
4
3.7
2
4.1
4
2.9
4.5
4.3
2.9

Fig. 4. Average values (CoV < 5%) of bulk (ρ) and matrix density (ρmat ), and
open porosity (φ), in undamaged (u), damaged (d) and healed (h) conditions.

failure, hence loading was terminated at this point.
The results from density, porosity and water absorption measurements of the different series in undamaged (u), damaged (d) and healed
(h) conditions are reported in Table 3 and Fig. 4. The values obtained are
typical of mortar-based cementitious materials with an acceptable statistical variation (coefﬁcient of variation, CoV < 5%) (Hall and Hall,
1989). While the bulk density values (ρ) do not show signiﬁcant change
between undamaged (u), damaged (d) and healed (h) conditions, the
matrix density (ρmat ) increases after the healing stage by 0.44%, 1.13%,
0.71% and 0.97% for series C, S, P and B respectively. It suggests that the
overall speciﬁc weight of the samples has increased due to the formation
of additional hydration products within the structure. The open porosity
(φ) values are almost constant throughout the three stages (u), (d) and
(h). It should be noted, however, that the methodology for the measurement of open porosity (φ) provides an estimate of the accessible open
pores’ volume, and might not be suitable to detect any pore clogging at
the microscale induced by autogenous healing. The pore structure is
explored using mercury intrusion porosimetry (MIP), as discussed later in
this section.
The water absorption (I) curves for series S, P and B are reported in
Fig. 5 and compared with the curves of series C. The values reported are
the average of three measurements. Table 3 reports also the cumulative
water absorption at 25 min (I5, 5 min0.5), and the total absorption at the
end of the sorptivity test after 100 min (I10, 10 min0.5). Comparing undamaged (u) and healed (h) conditions, I10 decreased by approximately
21% in series C, and by 50%, 30% and 35% in series S, P and B,
respectively.
The total water absorption I10 values at 100 min are typical of cement-

Fig. 5. Water absorption curves of (a) series S, (b) series P and (c) series B
compared with the control series C, in undamaged (u), damaged (d) and healed
(h) conditions.

based mortar (Hall and Hall, 1989; Ren et al., 2019) and similar for
undamaged (u) and damaged (d) conditions; while this may be due to the
size of the sample and the variability in mechanical damage induced by
uniaxial loading, as reported in Fig. 3, or possibly due to a small loss of
matrix which can absorb water, their response is different in the two
cases, showing that the loading has caused signiﬁcant changes in the
microstructure, and subsequent rate of water absorption. At the early
stages of the test and within the ﬁrst 25 min (I5, 5 min0.5), the slope of the
damaged samples is higher when compared to the undamaged series, as
reported in Fig. 6. Whilst this is more evident in series C, it is however
recorded in series S, P and B. In the latter, the water absorption at 4 and 5
min0.5 is slightly lower for the damaged samples, as shown in Fig. 6d.
This could be attributed to the variability of the mechanical tests, as
shown in Fig. 3d, as well as the geometry, size of the sample or matrix
loss, where the intrinsic heterogeneity of the cementitious system at this
scale could induce a different degree of damage and scatter the result
5
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Fig. 6. Initial water absorption up to t ¼ 5 min0.5 of (a) series C, (b) series S, (c) series P and (d) series B, in undamaged (u), damaged (d) and healed (h) conditions,
and calculated slope for each series. r is the correlation factor.

exhibit a signiﬁcant reduction in the S5 between undamaged and healed
conditions, with a total 68% reduction for series S and a maximum
reduction of 36% for series C. Even prior to damage and healing, the
silica fume particles (with a minimum replacement of 10% by mass) act
as a ﬁller, inhibiting the access of water to pores (Lothenbach et al., 2011;
Quercia et al., 2012); thus series S shows an overall lower S5 compared to
the other series. Furthermore, silica fume particles provide a nucleation
site for crystal formation, which consequently leads to additional precipitation of calcium silicate hydrate (C–S–H) (Hatungimana et al.,
2019). Similarly, the series with PFA (P) and the series with GGBS (B)
contributed to the reduction in initial sorptivity S5 of 52% for the former
and 61% for the latter when comparing the undamaged (u) to the healed
(h) conditions. In the undamaged conditions, unreacted PFA and GGBS
particles ﬁll up the pore space, absorbing water at a higher rate than plain
Portland cement mortar (C), as shown in Fig. 5b and Fig. 5c (Gopalan,
1996; Park and Choi, 2018). However, after a period of healing in water
for two months, their S5 showed a signiﬁcant reduction. This is due to the
further hydration of PFA and GGBS particles: Ca and Si ions from GGBS
and PFA particles are dissolved under alkaline conditions and precipitate
in pores and microcracks forming additional C-(A)-S-H phases (Liu et al.,
2017b; Park and Choi, 2019).
XRD patterns of series S, P and B in damaged (d) and healed (h)
conditions compared to series C are shown in Fig. 8. The peaks at ca. 18∘,
34∘ and 47∘ 2θ are the reﬂection of Ca(OH)2 (portlandite) crystals. Their
reduced intensity for all the SCM mixes after healing suggests that the
portlandite, naturally present in hydrated cement pastes, reacted with
water during the healing stage, to form additional C–S–H. The patterns
showed an increase in intensity of the peaks associated to C–S–H, at ca.
29∘, 32∘, 50∘, 55∘ and 60∘ 2θ, conﬁrming the observations above.
Normalised thermogravimetric (TG) and differential scanning calorimetry (DSC) representative curves of control series C at damaged (d)
and healed (h) conditions are reported in Fig. 9. Downward peaks in the
DSC curves indicate an endothermic reaction.

Fig. 7. Coefﬁcient of sorptivity S5 measured up to t ¼ 5 min0.5 for samples at
undamaged (u), damaged (d) and healed (h) condition, and variation of S5
comparing (u) and (h) conditions.

values, as indicated by the error bars. Finally, the reduced rate of water
absorption in the healed samples, together with the reduction in total
water absorption, provides evidence of crack- or pore-ﬁlling and sealing.
This effect is more pronounced in the mixes containing SCMs than the
control mix (Zhang et al., 2014; Leung et al., 2016). In undamaged (u)
and damaged (d) conditions, distinct primary and secondary water absorption stages are apparent (Hall and Hamilton, 2018), where it takes
only few minutes (approximately 25 min, t ¼ 5 min0.5) to reach a saturated state; on the contrary, in healed (h) conditions, the imbibition rate
continues to increase beyond the initial 25 min. Fig. 7 shows the coefﬁcient of water sorptivity S5, as the slope of the initial part of the absorption curve, calculated at t ¼ 5 min0.5 (25 min), and its variation
between undamaged (u) and healed (h) conditions. All the SCMs mixes
6
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Fig. 9. TG curves of a representative sample for control mix (C), in damaged (d)
and healed (h) conditions.

Fig. 10. Mass loss relative change (from damaged to healed conditions)
calculated from TG responses at three different temperature ranges, 90–150 ∘C,
410–440 ∘C and 660–700 ∘C respectively.

(aluminum) silicate hydrate, C-(A)-S-H, during the healing process rather
than the initial curing stage, reducing the amount of calcium species that
would otherwise precipitated into calcite (Liu et al., 2017b; Almeida and
Klemm, 2018). The higher initial content of CaO present in the starting
GGBS resulted in the highest reduction of carbonated products (series B,
20%).
In the mix with a 10% replacement of silica fume (series S) an
increased TG mass loss in the temperature range 90–150 ∘C was observed.
Since this range is associated with the evaporation of pore water and
dehydration of C–S–H, it could suggest a greater quantity of C–S–H (þ5%
in TG mass loss) in the sample S(h) after healing. The formation of C–S–H
is possible because of the consumption of portlandite (26% in TG mass
loss). The additional formation of C–S–H during the healing stage is more
evident in samples P and B and can be attributed to their chemical

Fig. 8. XRD pattern of (a) series S, (b) series P and (c) series B compared with
the control series C in damaged (d) and healed (h) conditions.

TG and DSC curves were obtained for the other SCM series, from
which the relative mass loss change between damaged (d) and healed (h)
conditions for all series (C, S, P and B) presented in Fig. 10 were determined. These are expressed in thermal steps of 90–150 ∘C, 410–440 ∘C,
and 660–700 ∘C, typically associated with water loss and C–S–H dehydration, portlandite dehydroxylation, and calcite decomposition,
respectively.
When compared to the damaged state, the healed series C shows a
reduction in TG mass loss in the ﬁrst and second thermal step (C–S–H,
pore water and ettringite in the former and portlandite in the latter),
counteracted by an increase in mass loss due to carbonated products.
Series S, P and B show a signiﬁcant reduction in TG mass loss of portlandite when comparing healed (h) to damaged (d) conditions, balanced
by an increase in the TG mass response of C–S–H. This suggests that the
calcium species available were consumed to form additional C–S–H
(Danner et al., Geiker). Furthermore, the delayed hydration promoted by
the presence of SCMs contributed to the formation of additional calcium

Table 4
DSC response in the thermal range of portlandite (400–440 ∘C). Values reported
are an average of 3 measurements, (CoV <15%).
Serie
Mix

C
S
P
B

7

DSC response 400–440 ∘C

Reduction

J/g

J/g

in Ca(OH)2

(d)

(h)

%

0.31
0.17
0.17
0.07

0.20
0.10
0.06
0.04

36
43
65
48
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Fig. 11. Changes in pore size distribution of representative samples for the control series C (a), series S (b), series P (c) and series B (d) in damaged (d) and healed (h)
conditions. [Cumulative pore volume in black, differential pore size in blue]. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the Web version of this article.)

Table 5
Pore size diameter (d50) equivalent to the 50% of total intruded mercury volume, and porosity values obtained from MIP measurements. Values are calculated on an average of three measurements (CoV <20%).
Serie

C
S
P
B
a

Total porosity

d_50

Reduction

%

nm

in pore size

(d)

(h)

(d)

(h)

%

16.5
15.9
19.9
17.9

17.9
17.9
18.9
18.9

169
194a
373a
559

74
56
60
69

56
71
84
88

average between the two peaks in the bimodal distribution.

composition and their high pozzolanic reactivity (Park and Choi, 2018).
Increasing the Portland cement replacement from 10% to 30% and 50%
respectively for series S, P and B, resulted in an increased TG mass loss in
the ﬁrst thermal step of 5%, 26% and 28% respectively.
The DSC response (i.e. the normalised integral) for the thermal step
400–440 ∘C associated to the dehydroxylation of portlandite was calculated for each series. The relative change between damaged (d) and
healed (h) condition is reported in Table 4. All the mixes with SCMs have
a higher reduction in the intensity and amplitude of the portlandite DSC
signal compared to series (C). Similarly to the TG results, the DSC
response of series (P) with 30% replacement of PFA showed the highest
reduction in portlandite (65%) after healing.
To further explore the effect of different SCMs on the self-healing
capability and the cement pore structure, mercury intrusion porosimetry (MIP) measurements were carried out on all the mixes in damaged
(d) and healed (h) conditions. The cumulative intruded mercury volume
(in mm3/g) curves are reported in Fig. 11. The healing process was found
to affect the pore size distribution in all series; with smaller pore diameters reported after healing for all intruded mercury volumes. However, this was more evident in the series with cement replacement

Fig. 12. Normalised volumes of micropore (<50 nm) of all mixes at damaged
(d) and healed (h) conditions. Values reported are an average of 3 measurements (CoV <40%).

materials (Fig. 11b, c and Fig. 11d). Whilst series C and B exhibit a
unimodal distribution before and after the healing process, two distinct
peaks at approximately 100 nm and 300 nm for series S; and 170 nm and
500 nm for series B respectively, are visible at damaged conditions. A
bimodal distribution suggests a complex pore structure due to the
different mechanism of pore structure formation: capillary pores and gel
pores (Zhang et al., 2019). However, at healed conditions, the pore size
distribution appears to be unimodal, with peaks centred at 56 nm and 60
nm for series S and series P respectively, showing a uniform reduction in
pore size.
The average pore diameter (d_50) values, equivalent to the 50% of the
volume of mercury intruded, in damaged (d) and healed (h) samples are
reported in Table 5. For series S and series P, the average value between
the two peaks of the bimodal distribution is reported. While series C and
8
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damage (in the form of microcracking), then placed in a water bath for
two months to trigger further hydration and crack healing. It was found
that the reactivity of supplementary cementitious materials (SCMs)
samples promoted the formation of additional calcium silicate hydrate
(C–S–H) which decreases their initial water absorption rate by 68% for
mixtures including silica fume and 52% and 61% for samples mixed with
PFA and GGBS respectively.
Thermal analysis showed that all the SCMs promoted self-healing
processes by consuming calcium hydroxide (portlandite) to form additional C–S–H and in doing so minimise the potential for carbonation.
Microstructural analysis revealed that, after healing, the overall pore size
diameters decreased by up to 84% for samples containing PFA and GGBS,
when compared to the ones mixed with Portland cement only (56%).
The results showed that each SCM promoted the autogenous healing
through different mechanisms (pore ﬁlling action and deposition of
additional minerals, continued hydration and pozzolanic action, as
indicated by changes in the speciﬁc surface area and chemical composition), by the formation of additional hydrated products within the pores
and the microstructure. This contributed to an overall decrease of water
transport rate through the matrix and an improvement in pore size
distribution.
This work showed that each of the SCMs investigated improves the
self-healing capabilities and the overall porosity of all the series. Further
work will investigate ternary replacement of Portland cement combining
different percentages of silica fume, PFA and GGBS simultaneously, to
further enhance the self-healing capability of cementitious materials, and
improve the overall physical and chemical properties when combined
with other self-healing technologies.

Fig. 13. Total pore surface area (in m2/g) of all mixes at damaged (d) and
healed (h) conditions. Values reported are an average of 3 measurements (CoV
<30%).

S show an initial average pore diameter of 169 and 193 nm respectively,
series P and B show a larger average diameter of 373 and 431 nm
respectively. This can be attributed to the larger particle size of PFA and
GGBS compared to Portland cement that could compromise the reactivity
of the initial PFA and GGBS particles and delay the formation of hydrates
(Lothenbach et al., 2011; Almeida and Klemm, 2018). However, after
healing, the average d_50 value for series P and B decreases signiﬁcantly
to 60 and 69 nm, respectively. Similar results are found in literature,
where mortar mixed with 40% replacement of GGBS exhibits a more
reﬁned pore structure at 90 days compared to the one at 28 days
(Alderete et al., 2017). Fig. 12 shows the signiﬁcant variation in pore size
volumes. The percentage of pores in the micropore region (> 50 nm)
doubles in series C, S and P, and triples in series B. As pores in diameter >
50 nm impact the water transport properties of hydrated cement, a
counter-reduction in their volume improves the durability of the mix and
its resistance against chemical attack, e.g. chloride penetration (Sahmaran et al., 2013). While the total porosity for the healed samples did
not show a signiﬁcant change from the damaged samples (reported in
Table 5), the values of pore diameters (d_50) decreased signiﬁcantly. This
suggests that the healing process has a greater inﬂuence on the connected
porosity rather than the total porosity through decreasing the size of the
pores as well as disconnecting the continuous pores (Mehta and Monteiro, 2006; Sahmaran et al., 2013; Alderete et al., 2017).
The MIP results were also used to calculate the total pore surface area
for samples in damaged (d) and healed (h) conditions. The average
values (in m2/g) are reported in Fig. 13. The surface area values in the
damaged condition are typical of mortar concrete (Johannesson and
Utgenannt, 2001; Anwar and Emarah, 2019). All series showed an increases in the pore surface area after healing. It has been shown in Fig. 10
that the healing process resulted in the formation of additional C–S–H
and associated products of hydration, both within the pores and the
microcrack surfaces (Van Tittelboom et al., 2012), increasing the amount
of precipitated minerals and thus the overall pore surface area.
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