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ABSTRACT: The high-temperature mechanical behaviour of a pre-industrial hybrid alkaline cement (HYC) 
was studied. The HYC in question contained 30 % Portland clinker and 70 % of a blend of slag, fly ash and a 
solid activator (mix of alkaline salts with a predominance of Na2SO4). The material was tested during expo-
sure to high temperatures to establish its compressive and bending strength and elastic modulus, as well as 
fracture toughness, analysed using an innovative methodology to notch the hydrated cement paste specimens. 
Post-thermal treatment tests were also run to assess residual mechanical strength after 2 h of exposure to tem-
peratures ranging from 400 °C to 1000 °C. TG/DTA, MIP and SEM were deployed to ascertain heat-induced 
physical-chemical changes in the structure. The higher mechanical strength during and after treatment exhibited 
by the hardened hybrid alkaline cement than the CEM I 42.5R ordinary portland cement (OPC) paste used as a 
reference was associated with the lower water and portlandite content found in HYC. Pseudo-plastic behaviour 
was observed at high temperatures in the loaded HYC in the tests conducted during exposure. 
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RESUMEN: Efecto de las elevadas temperaturas en el comportamiento mecánico de un cemento híbrido. El obje-
tivo de este trabajo es determinar el comportamiento mecánico a elevadas temperaturas de un cemento alcalino 
híbrido pre-industrial (HYC) formado por un 30% de clinker de cemento Portland y un 70% de una mezcla de 
escoria, cenizas volantes y un activador sólido (coctel de sales alcalinas con predominio del Na2SO4). Se real-
izaron dos tipos de ensayos mecánicos: i) ensayos in situ a diferentes temperaturas para determinar la resistencia 
mecánica (compresión y flexión), y el módulo de elasticidad. Para determinar la tenacidad a la fractura se utilizó 
una novedosa metodología experimental para introducir entallas en las probetas de pasta de cemento hidratado. 
ii) experimentos post tratamiento térmico para evaluar la resistencia mecánica residual después de dos horas
de exposición a una temperatura que oscila entre 400 y 1000 °C. Las técnicas TG / DTA, MIP, y SEM se uti-
lizaron para determinar los cambios físico-químicos en la estructura del material debido a dicha exposición. Los 
resultados obtenidos indican que las pastas de cemento alcalino híbrido endurecido presentan una resistencia
mecánica a altas temperaturas (in situ y post térmico) superior a las del Cemento Portland Ordinario empleado
como referencia (CEM I 42.5R). Este comportamiento se asocia a que las pastas endurecidas del HYC tienen
un menor contenido de agua y portlandita. Indicar que se ha observado que a altas temperaturas y bajo carga
(in situ) las pastas de HYC presentan un comportamiento seudo-plástico.

PALABRAS CLAVE: Cemento híbrido; Alta temperatura; Comportamiento mecánicas; Tenacidad a fractura; 
Porosidad.
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1. INTRODUCTION 

Characterised by a very high value for money, 
ordinary Portland cement (OPC)-based concrete is, 
second only to water, the material most assiduously 
used in the world (1, 2). Unlike wood, plastic and 
other construction inputs, portland cement-based 
materials are non-flammable and exhibit low ther-
mal conductivity, which would apparently translate 
into good fire resistance. High temperatures can 
induce significant deterioration in OPC-based con-
crete, mortar and paste microstructure and prop-
erties, however (1). The calcium silicate hydrate 
(C-S-H gel) phase to which OPC primarily owes 
its mechanical properties loses significant amounts 
of water at temperatures of 50  °C to 200  °C and 
decomposes altogether over 800  °C. At the same 
time, water is released from AFt- and AFm-type 
phases at temperatures of 100 °C to 400 °C, whilst 
portlandite decomposes at around 450/460  °C 
and calcium carbonate at >600 °C (3-6). All those 
changes and reactions induced by high temperatures 
have a very significant adverse impact on a materi-
al’s physical-chemical and mechanical performance 
(7). The outcome is severe cement paste deteriora-
tion that compromises the integrity and safety of 
the concrete in which it is used. 

In another vein, Portland cement manufacture 
is known to produce greenhouse gas emissions, 
accounting for 5  % to 8  % of all CO2 emissions 
worldwide, primarily as a result of high cement 
output (8). In light of growing urbanisation and 
infrastructure needs, especially in developing coun-
tries, portland cement manufacture will foreseeably 
continue to rise (9), and with it CO2 emissions. If  
allowed to continue unfettered, growth will hin-
der compliance with the United Nations’ 2030 
Sustainable Development Goals. The scientific com-
munity and the cement industry are therefore work-
ing to develop both alternative binders that would 
reduce the Portland clinker factor in today’s cements 
and new 0 % Portland clinker cements. 

Belite, sulfo-belite, hybrid alkaline and alkaline 
cements are the objects of that line of research (10-
12). Alkaline (0  % Portland clinker) cements have 
attracted and continue to attract considerable atten-
tion in the twenty-first century. Such materials are 
excellent binders and have been heralded as poten-
tially a low-carbon cementitious materials (13,14). 
A number of authors have reported better mechani-
cal performance at high temperatures in alkaline 
cements than in OPC (15-18). Alkaline cements 
based on activated fly ash have been observed to 
behave pseudo-plastically when loaded (19, 20) at 
temperatures ranging from 500 °C to 700 °C, with 
stress-induced softening and considerable strain. 
Such behaviour also affects residual strength after 
the material is exposed to high temperatures, with 
compressive strength values rising as a rule and 

bending strength declining for reasons of dimen-
sional stability. 

Hybrid alkaline cements (HYCs) are a new 
group of  cements, developed by combining knowl-
edge of  traditional Portland and alkaline cement 
chemistry (11, 20-24). They are characterised by 
low clinker content (20 % to 30 %) and a high pro-
portion of  supplementary cementitious materi-
als (SCMs). Raising the SCM content to above a 
certain value (~35 %) to the detriment of  Portland 
clinker in traditional cements may prompt a sig-
nificant decline in early age mechanical strength. 
To elude that effect while increasing the fraction 
of  SCMs to 70 % or 80 %, a solid or liquid alka-
line activator is added. The inclusion of  alkaline 
activators raises the pH of  the aqueous phase and 
lowers Ca(OH)2 solubility, partially hastening alite 
hydration (22), while at the same time expediting 
the initial SCM reaction (24). Accelerating the 
hydration reactions of  both OPC and SCMs short-
ens setting times and improves early age mechani-
cal strength. Solid alkaline activators (including 
NaOH, Na2SiO3, Na2SO4, NaCO3...) can be used 
in hybrid alkaline cements. When in contact with 
the Ca(OH)2 generated by Portland clinker hydra-
tion, these salts release NaOH. As a result, only 
water needs to be added to hydrate the blend (23). 
The development of  ‘just add water’ binders was 
a major milestone in HYC industrialisation and 
commercialisation. The need to add water only 
constitutes an advantage over traditional alkaline 
cements, which generally require a highly alkaline, 
normally viscous, unwieldy solution that is costly 
to ship and calls for pre-curing at temperatures of 
65 °C to 85 °C (25). 

The main reaction product formed in OPC is 
a calcium silicate hydrate (C-S-H gel), which may 
also take up aluminium in its structure (C-(A)-
S-H gel) (26). In aluminosilicate-based alkaline 
cements (materials with a low calcium content such 
as fly ash), the main product is an alkaline alumi-
nosilicate hydrate (N-A-S-H gel). Hybrid alkaline 
cement hydration generates a complex mix of  gels, 
(C,N)-A-S-H and N-(C)-A-S-H, that eventually 
evolves into a more thermodynamically stable 
C-A-S-H gel (11, 27).

The aim of  this study was to analyse the high-
temperature mechanical behaviour of  a hybrid 
alkaline cement, a feature that may be of  con-
siderable interest for future eco-cement users. 
More specifically, it explored a pre-industrially 
produced HYC comprising 30 % Portland cement 
clinker and 70 % of  a blend of  ground granulated 
blast furnace slag (GGBFS) + fly ash (FA) + solid 
activator (23). 

The high-temperature performance of this 
cement was assessed during (DT) and after (AT) 
thermal treatment to determine its ‘during exposure’ 
behaviour and its residual strength. The first series 
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involved determining compressive and three-point 
bending strength, modulus of elasticity and fracture 
toughness (with an innovative notching method) 
during heating, whilst the second series was con-
ducted on specimens allowed to cool after 2  h of 
thermal treatment. 

2. EXPERIMENTAL 

2.1. Materials

The two materials analysed in this study were 
CEM I 42.5 R commercial Portland cement (OPC, 
the reference) and a new pre-industrial hybrid alka-
line cement (HYC). The latter comprised 30  % 
portland clinker (OPC) +32.5 % ground granulated 
blast furnace slag (GGBFS) + 32.5 % fly ash (FA) 
+ 5 % solid activator. Further details on this hybrid 
cement were described in an earlier paper by the 
authors (23). 

The (Bruker S8 TIGER) X-ray fluorescence-
determined chemical composition of the two 
cements is given in Table 1. The HYC had a lower 
CaO and a higher SiO2+Al2O3 content than the 
OPC. The mineral composition of the cements 
found on a Bruker AXS D8 ADVANCE X-ray dif-
fractometer was quantified with the Rietveld refine-
ment method. Use of 30 % Al2O3, corundum (29) 
as an external standard and TOPAS software for 
quantification yielded the results listed in Table 2. 
The large amorphous fraction in HYC was primar-
ily attributable to the presence of GGBFS and FA. 

The particle size of the cements was determined 
on a SYMPATEC laser diffractometer featuring a 
measuring range of 0.90 µm to 175 µm. The cement 
powder was mixed with isopropyl alcohol to elimi-
nate inter-particle electrostatic and Van der Waals 
forces. The findings graphed in Figure 1 show that 

the particle size distribution was similar in the two 
cements, with around 40 % under 10 microns and 
small differences beyond that value. More specifi-
cally, the OPC had a larger percentage of particles 
>45 µm than the HYC. 

The cements were mixed with distilled water at a 
l/s ratio of 0.3 by weight and pre-cured at ambient 
temperature (25 ± 1 °C) and 99 % relative humid-
ity for 20 h in stainless steel moulds. After removal 
from the moulds they were stored in a controlled 
humidity chamber (99 %) for 28 d, when they were 
tested to determine their high-temperature behav-
iour during (hereafter DT) and after (hereafter AT) 
thermal treatment. 

2.2. High temperature tests

Three tests were conducted to determine the high-
temperature performance during thermal treatment 
(DT) of the hardened pastes: compressive and three-
point bending strength and three-point bending 
fracture toughness. To ensure sample uniformity, the 
cements were moulded into 100x100x6 mm3 blocks, 
which were then sliced into specimens of different 
sizes for the various tests. 

The DT mechanical strength tests were con-
ducted on an Instron 3369 test frame in a small, 
digitally controlled high-temperature furnace. The 
specimens were heated under a constant load (to 
avoid load increases due to expansion in the loading 
system) at a rate of 5 °C/min up to 200 °C and sub-
sequently at 10 °C/min (28,29). The low initial heat-
ing rate aimed to prevent premature failure caused 
by initial temperature gradients and early water loss. 
Specimens were held at the target temperature for 
20 min for stabilisation prior to testing. 

The specimens used in each test are described 
below:

Table 1.  XRF-determined chemical composition (expressed as oxides in wt %) of the starting materials

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O TiO2 Other 3LoI
1HYC 39.67 32.53 12.2 3.83 0.94 3.12 1.04 0.78 0.5 3.07 2.32
2OPC 62.52 19.50 5.60 2.31 0.77 3.33 0.05 1.03 0.24 1.56 3.09

1 HYC =pre-industrially manufactured hybrid cement.
2 OPC = CEM I 42.5R Portland cement supplied by Valderrivas, Spain.
3 Lol, loss on ignition (1000 °C).

Table 2.  Rietveld quantification of cement mineralogy (external standard: 30 % Al2O3)

C3S C2S C3A C3AF Limestone
Gypsum
/basanite Activator Quartz Mullite Amorphous

HYC 120.05 15.45 13.98 13.02 21.70 22.03 23.00 26.27 254.5

OPC 66.65 11.64 10.43 6.79 3.05 3.46/0.34 / / / /
1 �The clinker content in the pre-industrial hybrid cement appeared to be slightly higher than stipulated (on the order of 32.5 % rather 

than the 30 % specified) (23).
2 �The supplementary cementitious material content (GGBFS+FA+Gypsum+ activator = 67.5) was somewhat lower than stipulated, 

due to dosing problems arising under real conditions.
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•	 The mechanised (4×4×14 mm3) prismatic speci-
mens used to test for compressive strength were 
pre-loaded at 5.00±0.01 N during heating prior 
to final testing to secure them to the test frame. 
The target temperatures defined for the DT tests 
were 25±2 °C (ambient), 400 °C, 600 °C, 800 °C 
and 1000 °C.

•	 Non-standard three-point bending (TPB) tests 
were conducted on rectangular (4×14×50 mm3) 
specimens. The samples were pre-loaded at 
3.00±0.01 N during heating before high-tem-
perature testing. The supports were spaced at 
20 mm and failure stress was found by applying 
the Benoulli theorem (30). Elastic modulus was 
calculated from the slope on the stress-strain cur-
ves graphed during the TPB tests at target tempe-
ratures of 25 °C, 200 °C, 400 °C and 600 °C. 

•	 Fracture toughness was found on samples prepa-
red to the single edge V-notched beam (SEVNB) 
method, using a (very sharp) 150 µm thick razor 
blade coated with 1  µm grain diamond paste. 
This friction-mediated wearing procedure cut 
a very narrow notch (with a radius of around 
10 µm at the tip) in the specimen (31). Although 
to the authors’ knowledge there are no earlier 
references to the application of this advanced 

method to hardened cement, it has significant 
potential advantages over known procedures 
(32, 33). 

The notching machine designed is depicted in 
Figure  2(a). The 4×14×50  mm3 paste specimens 
were secured to adjustable housing underneath the 
razor blade, in turn set in a holder normal to the 
length of the specimen. The specimen was moved 
linearly in the horizontal direction at a strictly 
controlled frequency while the blade cut the speci-
men in the vertical direction (likewise adjustable as 
required). During notching, the diamond powder in 
the gel sharpened the steel blade and wore down the 
cement, yielding a tip radius of just a few microns. 
The conditions needed to cut a notch with a 10 µm 
tip (Figure 2(b)) were defined after detailed and rig-
orous analysis. The notches generated with this con-
trolled procedure were practically identical to real 
cracks, delivering a fracture toughness measurement 
much closer to the real value for the material and 
eluding possible size effects due to larger notch tip 
radii and limiting the damage to the notched materi-
als. Microcracks often appear in the material when 
more aggressive notching systems such as diamond 
disc or thread systems are used.

Figure 1.  Particle size distribution in cement HYC and OPC: (a) cumulative volume; (b) differential volume.

Figure 2.  (a) Notching apparatus; (b) micrograph of notched specimen.
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The notched samples were then positioned on the 
bending strength test frame described above. The 
supports were again spaced at 20 mm and the test-
ing rate was 100 µm/min. After the test, the failure 
surfaces were spattered with high-grade gold and 
analysed under a JEOL JSM 6300 scanning electron 
microscope. 

To determine the behaviour after the ther-
mal treatment (AT), the hardened cement paste 
was studied for AT mechanical behaviour on 
10×10×60 mm3 prismatic specimens prepared as 
described above. The 28  d specimens were mea-
sured and weighed prior to thermal treatment. 
After treatment for 2 h in a furnace pre-heated to 
a target temperature of  400 °C, 600 °C, 800 °C or 
1000  °C the samples were set on ceramic plates 
and allowed to gradually cool for at least 12  h. 
They were then tested for mechanical behaviour, 
including bending strength and fracture tough-
ness. The relative mechanical strengths were 
defined as σR = σ / σ25, where σ25 is strength at the 
reference temperature. 

Post thermal treatment porosity was found on 
a Micromeritics AutoPore IV 9500 mercury intru-
sion porosimeter, featuring a maximum pressure of 
227 MPa at a contact angle of 141.3° and a surface 
tension of 485  dynes/cm (34). The untreated 28  d 
pastes were also ground to powder for thermogravi-
metric/differential thermal analysis (TG/DTA) on a 
Labsys SETARAM analyser, in which the air tem-
perature was ramped up from 25 °C to 1000 °C at a 
rate of 10 °C/min.

3. RESULTS 

3.1. TG and DTA

The TG and DTA curves for the 28 d OPC and HYC 
pastes are plotted in Figure 3. The endothermal peaks 
between 50 °C and 150 °C observed on both curves 
(3-5, 35) were associated with the loss of unbound 
water and water in the hydrated phases. In OPC the 
peak at 50 °C to 200 °C was related primarily to the 
loss of water from ettringite and the C-S-H phases, 
as well as of unbound water. Mass loss at 200 °C was 
greater in OPC (11 %) than in HYC (9 %). The differ-
ence may be attributed to the formation of a smaller 
amount of hydrates in the HYC, particularly AFm 
and AFt phases and of hydrates with less water in 
their structure. C-S-H gels are deemed to take up more 
water in their structure than C-A-S-H or N-A-S-H gels 
(24). The endothermal peak at 430 °C to 450 °C related 
to portlandite dehydroxylation (1, 3) was much more 
intense in OPC than in HYC (Figure 3), an indication 
that more portlandite formed in the former than in the 
latter. A small peak at temperatures of around 670 °C 
was associated with CaCO3 decarbonation (36). 

3.2. Mechanical behaviour during thermal treatment

The DT compressive strength findings are shown 
in Figure 4. At ambient temperature, OPC exhibited 
higher compressive strength than HYC. When the 
temperature rose to 400 °C, OPC strength declined 
steeply from 110 MPa to 80 MPa, whereas in HYC 

Figure 3.  TG-DTA data for 28 d OPC and HYC.
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the drop was more moderate, from 86  MPa to 
76 MPa. At temperatures of over 400 °C, compres-
sive strength declined similarly in the two materi-
als, sliding linearly to 800  °C. At that and higher 
temperatures, OPC compressive strength was prac-
tically nil. In contrast, HYC retained a certain 
residual strength at 800  °C, which did not decline 

to naught as in OPC until the temperature reached 
1000  °C. The inference is that HYC performs bet-
ter than OPC in structural applications exposed to 
high-temperature compressive stress.

Figure  5 shows the stress-strain curves plotted 
with DT compressive strength test data. The elas-
tic limit was determined assuming a 0.2 % deviation 
in the stress-strain curves, drawing a line parallel 
to the initial part of the curve where the materials 
exhibited plastic behaviour. That method delimits 
the elastic zone, although it is only applicable when 
materials exhibit plastic behaviour at high tempera-
tures. At 25  °C, 400  °C and 600  °C, OPC showed 
insignificant non-linear strain and brittle failure in 
the DT compression tests. HYC exhibited similar 
brittle failure, but only up to 400 °C (Figure 5(c)). 
At 600 °C, the stress-strain curve for HYC exhibited 
non-linear strain compatible with macroscopic and 
microstructural scale plastic strain prior to failure. 
After exposure to 800  °C, OPC and HYC showed 
ductile failure with substantial plastic strain. In par-
allel, yield stress declined sharply with rising tem-
peratures, with the appearance of non-linear strain. 
HYC had a slightly higher yield stress than OPC 
(compare Figures 5(b) and 5(d)). Consequently, 
HYC would out-perform OPC in structural appli-
cations exposed to high-temperature bending, as in 
those exposed to compressive stress.

Figure 4.  Variation in mean compressive strength with 
temperature in DT tests (the bars denote the mean quadratic 

error for each data point).

Figure 5.  Stress-strain curves plotted during thermal treatment at different temperatures for (a) OPC, (b) HYC; and enlargement 
of stress-strain curves for (c) OPC and (d) HYC at 800 °C and 1000 °C (although in this test at least three samples were analysed at 

each temperature, only one curve per temperature is shown by way of reference).
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DT bending strength is given for OPC and HYC 
in Figure 6(a). Conversely to compressive strength, 
at ambient temperature bending strength was (40 %) 
higher in HYC than in OPC. Since the decline in 
bending strength with rising temperature was simi-
lar in the two materials, the difference remained 
constant up to 600 °C, where it widened. 

Since at 600 °C the OPC samples collapsed before 
the test began, their value could not be determined. 
Rather, as the minor load applied during heating 
sufficed to cause the sample to fail before reaching 
600 °C, strength was deemed to be nil at that tem-
perature. In these tests, HYC clearly performed bet-
ter than OPC. 

The modulus of  elasticity (E) (found with 
the linear section of  the stress-strain curve) for 
the two materials at different temperatures is 
graphed in Figure  6(b). In the 25  °C to 200  °C 
range, E declined very significantly in both mate-
rials, to slightly over a third of  the initial value. 
Nonetheless, with a decline of  58  % HYC per-
formed somewhat better than OPC, which dipped 
by 68 %. From 200 °C to 400 °C the values contin-
ued to drop, but more moderately. At 600 °C the 

OPC modulus was deemed to be zero, given the 
structural disintegration of  the material, whereas 
in HYC the elastic modulus continued to decline 
gradually with rising temperature. The hybrid 
cement exhibited higher E values than Portland 
cement at all the temperatures tested. 

The DT stress-strain curves plotted with bend-
ing stress data for the cements at 25 °C, 200 °C and 
400  °C are shown in Figure  7. Initially the OPC 
exhibited elastic and linear behaviour denoting no 
cracking (37), followed by a brief  non-linear stage 
prior to reaching the yield load that triggered abrupt 
failure. In this final stage micro-cracks appeared and 
cracks of a critical size propagated (similar observa-
tions have been reported in the literature (38-41). 
Oddly, both materials exhibited this dual behaviour 
at all test temperatures. It was more visible with ris-
ing temperatures, however, particularly after 400 °C 
for OPC and 600 °C for HYC. The non-linear part 
of the stress-strain curve for the two materials 
denoted the appearance of fracture and plasticity 
that conditioned material deterioration and failure. 
An analysis of the different types of curves for the 
two materials revealed that they were consistent 

Figure 6  Variation in (a) bending stress and (b) elastic modulus with temperature in 4x14x5 mm3 OPC and HYC paste specimens 
(the bars denote the mean quadratic error for each data point).

Figure 7.  Stress-strain curves at several temperatures based on DT bending strength tests for: a) OPC; and b) HYC.
Note: although in this test at least three samples were analysed at each temperature, only one curve per temperature is shown  

by way of reference.
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with the declines observed in bending strength and 
modulus of elasticity with rising temperature. 

Fracture strength, KІC, defines the critical stress 
needed for a crack to propagate catastrophically 
inside a material, in which the subscript IC denotes 
the intensity factor for critical stress K in fracture 
mode I at the tip of the crack (40-43). 

The small size of the furnace and sample prepa-
ration limitations imposed the use of non-standard 
50x14x4 mm3 specimens and 20 mm spacing between 
supports in this experiment. Although international 
standards on fracture toughness tests call for a span/
depth ratio of 4 (40-43) and a notch length of 50 % 
of the depth, the conditions used here (span/depth 
ratio of 5 and crack length 37.5 % of the depth) could 
be deemed valid. KІC was calculated with the expres-
sions proposed by Guinea et al. (44), in which the 
stress intensity factor can be applied irrespective of the 
crack/depth ratio and for span/depth ratios of over 2.5.

The KІC values are plotted against temperature 
for the two pastes in Figure 8. The low KІC values 
observed were expected given the brittle nature of 

the materials. The values were slightly higher in OPC 
than in HYC at temperatures of 25 °C to 400 °C. At 
600 °C the OPC disintegrated and could not be tested, 
whereas KIC rose perceptibly in HYC at that tempera-
ture. The DT data fracture toughness curves for the 
two materials are plotted in Figure  9. Both pastes 
exhibited linear elastic behaviour, validating the use 
of the aforementioned equations. In this respect also, 
HYC out-performed OPC at high temperatures. 

3.3. After treatment mechanical strength

Sample residual compressive and bending strength 
values after 2  h of high-temperature exposure are 
shown in Figure 10. Strength was observed to decline 
significantly after exposure to just 400 °C, although 
the pattern differed depending on the cement. 

In OPC, residual compressive strength dropped 
linearly with rising temperature, to a mere 20 % of 
the initial value at 1000 °C. Bending strength in this 
material behaved very differently, sliding intensely at 
400 °C (to 20 % of the initial value) with no further 
decline at higher temperatures.

Mechanical strength in HYC exhibited unique 
behaviour. Compressive strength followed a pat-
tern similar to the findings for OPC although the 
decline was less intense, to 30 % of the initial value 
at 1000 °C. Bending stress also declined significantly 
less and more gradually across the entire range of 
temperatures. The most prominent finding was the 
very visible rise in the mechanical strength between 
400 °C and 600 °C, to nearly the ambient tempera-
ture value at 600 °C. The appearance of that peak in 
both types of strength and for repeated specimens 
ruled out possible experimental error.

3.4. Porosity

Total porosity and variation in pore size distri-
bution in samples heated to different temperatures 
are shown in Figure  11. Cement paste pore size is 

Figure 8.  Variation in fracture toughness with temperature 
(the bars denote the mean quadratic error for each data point).

Figure 9.  Examples of displacement-load curves at different temperatures based on DT fracture toughness tests for:  
(a) OPC and (b) HYC.
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typically classified into four fractions (45): i) <0.1 µm, 
associated with hydrated phase porosity; ii) 0.1 µm to 
0.5 µm, with medium-sized capillary pores; iii) 0.5 µm 
to 1 µm, with large capillary pores; and iv) >1 µm, 
with large capillary pores with entrained air.

In this study, high-temperature exposure had a 
significant impact on pore size distribution and total 
porosity, primarily in the 0.05 µm to 1 µm and >1 µm 
fractions, changes that affect material mechanical 
strength and permeability in particular. At ambient 
temperature HYC exhibited higher initial poros-
ity than OPC, although with a larger percentage of 
small pores, which might explain its higher bending 
strength. As the figure shows, the overall trend was for 
a rise in porosity with temperature, which was steeper 
in OPC than HYC. Porosity rose by over 100 % in 
both materials after exposure to 800 °C or higher. 

Pore size distribution was observed to vary with 
temperature as follows:

i)	 The percentage of pores under 0.05 µm declined 
with rising temperature in both cements, with 
the fraction practically disappearing at 800 °C.

ii)	 High-temperature exposure induced a drastic 
increase in pore size, with the smallest pores 
disappearing altogether at 1000 °C.

iii)	 The increase in total porosity was due to the 
rise in pores of over 0.1 µm, which may be dee-
med a critical defect size able to trigger material 
fracture.

iv)	 Temperature had a generally significant effect 
on pore size distribution with a substantial 
change in cement paste microstructure after 
long (2 h) exposure. 

3.5. SEM findings

The experimental findings described in this 
article show that hybrid alkaline cement exhibited 
generally higher mechanical strength and tough-
ness than OPC in nearly all the high temperature 
situations analysed. Performance declined steeply 
with temperature in both materials, indicating that 
their microstructures underwent physical-chemical 
change that conditioned their mechanical behav-
iour. The fracture surfaces were examined under 
SEM to validate that hypothesis.

The resulting micrographs are reproduced in 
Figure 12. At 25 °C, the OPC paste had a typically 
compact structure with no visible surface cracks. 
In contrast the HYC paste contained a significant 
fraction of large pores, a finding consistent with the 
data in Figure 11. In both materials (Figures 12(a) 
and (d)) fracture was essentially the result of a crack 
generated around the tip of the notch. 

An analysis of crack propagation in the OPC 
samples exposed to 400 °C (Figures 12(b) and (c)) 
revealed general cracking throughout the material 
in all directions, both on and perpendicular to the 
fracture plane. That generalised cracking was the 
cause of the loss of OPC strength at 400 °C and of 
its structural integrity at 600 °C under insignificant 
loads, as observed in the tests conducted.

As noted, the hybrid cement had a brittle frac-
ture surface similar to that found for OPC, although 
with larger pores in the matrix, consistent with the 
MIP results. Nonetheless, at high temperatures 
(Figures  12(e) and (f)), while the large pores were 
still present, no clearly identifiable cracks were vis-
ible on the HYC fracture surface.

Figure 11.  Variation in total porosity and pore size 
distribution with temperature in OPC and HYC.

Figure 10.  Residual strength after 2 h of exposure to different temperatures: (a) compressive strength; (b) bending strength 
(the bars denote the mean quadratic error for each data point).
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The very sharp notch tips in both materials 
were consistently the starting point for fracture, 
attesting to the validity of  the new notching meth-
odology proposed, which generated no flaws or 
microcracking.

In the 25 °C to 400 °C interval the two cements 
exhibited similar brittle failure with no apparent 
plastic strain, as well as similar high-temperature 
mechanical behaviour. 

In the DT tests, cracks formed unstably and 
after extending rapidly under loading, grew 
spontaneously with no need to raise the load 
(34). Greater OPC deterioration was nonetheless 

obviously related to the presence of  general crack-
ing in the matrix. OPC paste is known to lose 
unbound water when heated to temperatures of 
under 400 °C, along with water bound to AFt- and 
AFm-type phases and to C-S-H gel. Transport 
of  the resulting water vapour changes the mate-
rial’s microstructure with a decisive effect on its 
mechanical behaviour. The inference is that cement 
paste strength declines primarily as a result of  the 
appearance of  microcracks generated by the pres-
sure exerted by water vapour against the internal 
walls of  the micropores present throughout the 
matrix (Figure 11). 

Figure 12.  Fracture surface after KІC testing for OPC and HYC, loaded parallel to the fracture surface.
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4. DISCUSSION 

In light of the foregoing, the higher mechanical 
strength in HYC than in OPC at under 400 °C can 
be explained as follows:

i)	 HYC has a lower water content than OPC (as 
confirmed by the TG/DTA findings, Figure 3). 
Studies of hybrid cement mineralogy, micro- and 
nanostructure have shown the main hydration 
product to be a mix of C-(A)-S-H and C-A-S-H 
gels that are more intensely polymerised than tra-
ditional C-S-H gel, the product of OPC hydra-
tion (46, 47). Whilst the water content in such 
mixed gels has yet to be precisely quantified, the 
fact that their structure is two-dimensional (48) 
suggests that it is lower than in C-S-H due to 
the larger number of Si-O-Si and Si-O-Al bonds 
(condensation polymerisation). The TG curve 
in Figure 3 showed less mass loss from 25 °C to 
400 °C in HYC (9.02 %) than in OPC (11.03 %). 
Although that lower water loss may also be due 
to a lesser degree of hydration in HYC than 
OPC, the authors deem that the differences are 
largely attributable to the lower water content 
in the highly polymerised gels forming in HYC. 
More significant dehydration and dehydroxyla-
tion (up to 600 °C, see Figure 3, OPC) induced 
the release of more water vapour under pressure 
in the OPC sample, causing greater cracking.

ii)	 The large number of pores in the HYC matrix 
could provide an escape route for moisture at 
high temperatures (Figure  11). Whereas lower 
effective porosity contributes to higher com-
pressive strength, it may also hinder high-tem-
perature water vapour transport, prompting the 
appearance of more microcracks and material 
deterioration. 

In addition, portlandite dehydration, known to 
occur at around 435 °C, gives rise to CaO and water 
that must be eliminated. Those processes generate 
pressure inside the matrix that may reduce mechani-
cal strength and induce material collapse. The lower 
Ca(OH)2 content in the HYC matrix detected by 
MIP would consequently also contribute to its bet-
ter mechanical performance at high temperatures. 

Mechanical strength declined so drastically in 
OPC between 400 °C and 600 °C that no DT testing 
could be conducted at the latter temperature due to 
material disintegration. Further to the above reason-
ing, that deterioration would be attributable to port-
landite dehydration and C-S-H gel decomposition. 

The low Ca(OH)2 content in hybrid alkaline 
cement, in turn, is due to the following:

i)	 Less portlandite is generated as a hydration pro-
duct in HYC than in OPC due to the low (20 %) 
C3S content in the former (23).

ii)	 Pozzolanic reactions consume the Ca(OH)2 in 
the hybrid cement system (49, 50). 

iii)	 Ca(OH)2 may react with Na2SO4 (main solid 
activator used in HYC), generating alkalis in 
the system. The high alkaline content raises the 
pore solution pH, favouring SCM dissolution 
and the possible precipitation of alkaline reac-
tion products ((N,C)-A-S-H gels) (51).

The better mechanical behaviour of HYC at 
600  °C might be related to the alkaline (sodium), 
fly ash and in general high amorphous phase con-
tent in the matrix (Table  2). In earlier studies, 
pseudo-viscous phases were observed to form in 
fly ash-based alkaline cement at around 500  °C 
(34). Vitreous transition at 560  °C (52) and high-
temperature softening have also been reported in 
fly ash alkaline cement (53). In contrast, no mac-
roscopic plastic behaviour was observed in HYC at 
600 °C. Nonetheless, a pseudo-viscous phase possi-
bly appearing at around that temperature due to the 
presence of alkalis and fly ash would affect the pore 
structure of the matrix, sealing and rounding crack 
tips and giving rise to local plastic strain in the DT 
tests. That would provide a simple explanation for 
the post-treatment residual strength observed at 
600 °C, for the rise in local plastic strain might at 
the same time prompt plastic micro-deformation in 
the materials and high energy absorption prior to 
catastrophic failure.

The variation in the elastic modulus with tem-
perature also merits discussion. As Figure  6(b) 
shows, E declined at 200 °C much more significantly 
than at higher temperatures, possibly as a result 
of  water release from the cements during heating 
prior to reaching 200  °C. Water transport creates 
micropores, raising total porosity and gradually 
lowering Elastic modulus. Nonetheless, that rise in 
micro- and total porosity would not contribute to 
the loss of  bending strength, for whereas rising total 
porosity induces a decline in the modulus of  elastic-
ity (a rough estimate could be found based on the 
rule of  mixtures), mechanical strength is controlled 
by critical defect size. That value did not vary sig-
nificantly in the 25 °C to 200 °C interval, where the 
change involved micropore generation and micro-
cracking on a different scale. Since porosity grew 
more slowly after 200 °C, the decline in the modu-
lus of  elasticity was also shallower. Furthermore, 
E decreased more rapidly in OPC than in HYC 
because matrix microcracking was much more 
intense in the former, where no plastic micro-defor-
mation-related repair mechanisms were present, as 
explained above.

5. CONCLUSIONS

The conclusions that can be drawn from the pres-
ent study are listed below:
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1.	 Mechanical strength, fracture toughness and 
modulus of elasticity measured during thermal 
treatment declined with rising temperatures.

2.	 Both during and after thermal treatment, HYC 
generally out-performed OPC. 

3.	 Cementitious material temperature sensitivity, 
even at under 200  °C, is primarily associated 
with water transport, which induces mechanical 
strength decline, hydrated gel decomposition, 
Ca(OH)2 dehydroxylation and calcite decom-
position in OPC and HYC. Consequently, the 
relatively low water and Ca(OH)2 content in 
hybrid cement contributes to its enhanced per-
formance relative to OPC at high-temperatures.

4.	 The greater non-elastic strain in HYC in the 
DT mechanical tests at temperatures of over 
600 °C may largely explain the higher mechani-
cal strength and lesser microcracking in HYC 
under such conditions.

5.	 The new single edge V-notched beam (SEVNB) 
method is applicable to cement pastes, preventing 
the possible limitations inherent in other meth-
ods and affording a fracture toughness measure-
ment closer to the actual value by cutting a notch 
tip radius of just tens of microns. Nonetheless, 
low fracture strength values were recorded for 
both materials. With the experimental methods 
deployed in this study, HYC performed substan-
tially better than OPC at 600 °C. 

6.	 HYC is a plausible alternative to Portland 
cement under high temperature conditions, at 
which it performed better than the traditional 
material in the various situations analysed in 
this study.
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