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Abstract: This paper presents the results of calorimetric and strength tests of mortars with ordinary 
Portland cement and two substitution rates (10 and 20%) of cement by siliceous fly ash. The pre-
pared samples were cured under isothermal conditions at four different temperatures: 23, 33, 43 and 
53 °C. Heat of hydration was measured using an isothermal calorimeter dedicated to monitor the 
hydration process of cementitious composites such as paste, mortar and concrete. Thermal data 
were recorded continuously for 7 days, while compression tests were performed at 6 h and 1, 2, 5, 7 
and 14 days of hardening. The studies proved that the amount of heat released correlates with the 
early-age strength of 50 mm mortar cubes. In the case of samples cured at 23 and 53 °C, a linear 
relationship between the heat of hydration and compressive strength was observed. The high value 
of the coefficient of determination (R2) allows one to estimate the mortar compressive strength after 
7 and 14 days based on hydration heat tests conducted at standard temperature (23 °C), regardless 
of the percentage of siliceous fly ash. The increased curing temperatures do not guarantee a high 
correlation between compressive strength and the amount of heat released. 

Keywords: cement mortar; siliceous fly ash; compressive strength; isothermal calorimetry;  
heat of hydration 
 

1. Introduction 
Calorimetric tests give the possibility to monitor the reaction process, which provides 

information on the reaction kinetics of cementitious composites. The standards EN 196-9 
[1] and EN 196-8 [2] describe in detail two procedures for determining the heat of hydra-
tion of cement materials by the semi-adiabatic and solution method. In turn, ASTM C1679 
[3], ASTM C1702 [4], and EN 196-11 [5] standards allow for precise measurements of the 
rate and amount of heat released for cement composites using isothermal tests. The men-
tioned standards [3–5] define the scope of application of isothermal calorimetric tests and 
discuss their methodology. The curves of hydration evolution identify the characteristic 
periods of increasing and delaying of the reaction rate [6]. The curing temperature has a 
direct influence on the development of mechanical properties of cement composites. The 
basic methods for determination the strength of hardened concrete or mortar are destruc-
tive tests. Commonly, compression tests are carried out after 28 days in order to determine 
the concrete class. Currently, engineers need information on early-age strength (at 2 or 7 
days) of building materials in order to shorten the construction schedule [7]. Additionally, 
cement producers are interested in the quality of the produced material and require re-
sults after one day of hydration, as later results come too late to prevent substandard ce-
ment from leaving the plant [8]. Measuring the heat of hydration is also useful for concrete 
applications, especially for massive structures where the heat measurements can be used 
to predict the concrete temperature evolution over time and the risk of thermal cracking 
[8]. 

Citation: Kuryłowicz-Cudowska, A. 

Correlation between Compressive 

Strength and Heat of Hydration of 

Cement Mortars with Siliceous Fly 

Ash. Minerals 2022, 12, 1471. https:// 

doi.org/10.3390/min12111471 

Academic Editors: Raúl Fernández, 

Chongchong Qi and Andrey G. Kali-

nichev 

Received: 17 October 2022 

Accepted: 18 November 2022 

Published: 20 November 2022 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2022 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Minerals 2022, 12, 1471 2 of 14 
 

 

The composition of mixture, the content of mineral additions and curing conditions 
strongly affect the mechanical and thermal properties of cementitious materials [9–14]. 
Calorimetric tests monitor the endothermic cement hydration process, while the cement 
reaction process leads to strength development. It allows one to use heat measurements 
to estimate the strength gain of mortars and concretes, including numerical simulations 
of the temperature evolution over time [15–18]. However, there is little evidence in the 
literature regarding the correlation between heat and strength. Bobrowicz [19] analysed 
the relationship between the compressive strength of standard mortars and the amount 
of heat released at low temperatures (20, 10 and 0 °C). The performed tests showed a linear 
correlation, describing the mortar strength gain as a function of the heat of hydration re-
leased under isothermal conditions [19]. Ge et al. [20] investigated a wide range of cements 
with different cement compositions. The authors correlated a number of properties with 
isothermal heat generation and found a very good correlation between the compressive 
strength and heat of hydration of mortar. Bentz et al. [21] examined a database of over 200 
mortar mixes and found a linear relationship between mortar cube compressive strength 
and heat for reasonably low water/binder ratios (w/b < 0.43) when heat was determined 
per unit volume of mixing water basis. Baran et al. [22] tested about 200 samples of indus-
trial cements produced in 9 manufacturing plants in Poland. The obtained results proved 
that there is a strong (Pearson linear correlation factor R ∈  (0.7223–0.9103)) correlation 
between the heat of hydration and compressive strength after 28 days of hardening of 
Portland cement without mineral additions. The high correlation factors allow one to es-
timate the standard compressive strength of cement after 28 days of hardening on the 
basis of heat-of-hydration tests after 3 days. However, in the case of blast furnace cement, 
such relationships are on the borderline between weak and moderate (Pearson linear cor-
relation factor R ∈  (0.0173–0.8327)) [22]. Boubekeur et al. [23] proposed a new empirical 
equation to estimate the compressive strength depending on the hydration heat for 
blended cement preserved at constant temperature at early age. The founded results illus-
trated a good accuracy with the experimental ones and reflected the best choice to be used 
to predict the compressive strength depending on the heat of hydration at early age (7 
days). 

The main aim of this study is to determine whether isothermal calorimetry is an al-
ternative method to predict early-age mortar compressive strength. The novelty of this 
research is to define the relationship between strength and heat for mortars cured at four 
different temperatures. Moreover, not only were pure Portland cement samples included, 
but also two levels of replacement of cement with siliceous fly ash. It is interesting to find 
a less time- and resource-consuming method of evaluating compressive strength meas-
urements. 

This paper reports the results of calorimetric and strength tests of mortars with ordi-
nary Portland cement and two substitution rates (10 and 20%) of cement by siliceous fly 
ash. The standard [24] allows one to use of 33% of ash in the cement composite; hence, the 
most common content of siliceous fly ash was tested (i.e., 10 and 20%). The experimental 
program included tests of heat of hydration and compressive strength for three types of 
mortars hardened at four temperatures: 23, 33, 43 and 53 °C. The basic temperature, i.e., 
23 °C, was related to laboratory conditions, and the next three values were 10 °C higher 
each time to maintain a constant temperature rise between the considered conditions. The 
relationship between the mortar compressive strength and the amount of heat of hydra-
tion was analysed in detail. The effectiveness of estimating the early-age strength of the 
mortar based on the results of calorimetric measurements and the limitations of the dis-
cussed method was demonstrated. 
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2. Materials and Methods 
2.1. Materials 

Laboratory tests were carried out using ordinary Portland cement CEM I 42.5 R [25] 
coming from the Górażdże Cement Plant and siliceous fly ash (FA) obtained from a ther-
mal power plant located in Opole. The chemical compositions of used materials were de-
termined by X-ray fluorescence (XRF) (Table 1). The loss on ignition (LOI) was analysed 
in accordance with EN 196-2 [26]. The specific density was determined according to ASTM 
C188 [27]. The Blaine’s specific surface area was tested using EN 196-6 [28] and ASTM 
C204 [29] standards. 

Taking into account the obtained chemical composition and selected physical prop-
erties, the siliceous fly ash can be classified as category A with the requirements of EN 
450-1 [30] (Table 1) and class F in accordance with ASTM C618 [31]. The chemical require-
ments for FA class F acc. to ASTM C618 are as follows: SiO2 + Al2O3 + Fe2O3 min. 70%, SO3 
max. 5%, LOI max. 6% and humidity max. 3%. The siliceous fly ash fineness as a residue 
on the sieve (0.045 mm) during wet sieving was 32.9% wt., which allows one to classify 
the ash in the N category (Table 1, [30]). The analysis of its chemical composition shows 
the dominance of three elements in particular, in the oxide form: SiO2, Al2O3 and Fe2O3. 
The mentioned oxides are in the amorphous form, which influences the pozzolanic activ-
ity of the ash during the reaction with the cement. In the early stage of hydration, the 
siliceous fly ash particles act as microaggregates, filling the pores of the binding binders 
with hydration products. At a later age, the effect of its chemical influence is observed. 
Dissolved compounds react with Ca(OH)2, the product of cement hydration, to form a gel 
phase, C-A-S-H (fly ash with 24.57% Al). The course of the pozzolanic reaction of ash 
shows a slower growth rate of the C-S-H phase in the microstructure of the binders com-
pared to the same phase with the cement alone [32]. 

Table 1. Chemical compositions and physical properties of the materials. 

Property OPC FA Requirements for Sili-
ceous Fly Ash Acc. to EN 

450-1 [30] 
CaO (wt. %) 64.08 3.65 - 
SiO2 (wt. %) 21.23 55.44 ≥25 
Al2O3 (wt. %) 4.99 24.57 - 
SO3 (wt. %) 2.97 0.62 ≤3 
MgO (wt. %) 2.48 2.57 ≤4 
Fe2O3 (wt. %) 2.23 6.36 - 
K2O (wt. %) 0.92 3.04 - 
Na2O (wt. %) 0.13 1.04 - 
Chloride content (wt. %) 0.04 - - 
LOI (wt. %) 2.96 2.56 class: A ≤ 5, B ≤ 7, C ≤ 9. 
Density (g/cm3) 3.05 2.10 - 
Specific surface area (cm2/g) 2360 2250 - 
Fineness, sieve residue 0.045 mm (wt. %) - 32.9 ≤40 (N), ≤12 (S) 

2.2. Mixture Copostions 
In the present studies, three mortar mixtures were made with constant water–binder 

ratio (w/b = 0.4). The reference samples were moulded from ordinary Portland cement 
(OPC). Additionally, two coefficients of cement substitution by adding 10% (OPC + 10% 
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FA) and 20% (OPC + 20% FA) siliceous fly ash were considered. The compositions of mor-
tar mixtures are presented in Table 2. 

Table 2. Composition of mortar mixtures, w/b = 0.40 1. 

Mix Proportions of the Mortars (kg/m3) 

Mortar Mix 
Cement  

CEM I 42.5 R 
Siliceous Fly Ash 

(FA) 
Fine Aggregate  

0–2 mm Water 

OPC 440 0 (0%) 1142 175 
OPC + 10% FA 396 44 (10%) 1142 175 
OPC + 20% FA 352 88 (20%) 1142 175 

1 w/b = water/(cement + FA). 

2.3. Calorimetric Tests 
The process of cement hydration consists of five stages: a rapid initial period, an in-

duction period, acceleration, retardation and a stage of delay and inhibition of the reaction 
[33]. The supplementary cementitious materials and curing conditions have a significant 
effect on the rate and amount of heat released. Isothermal calorimetry makes it possible 
to track the development of the heat of hydration (J/g), as well as the heat generation rate 
(J/g/h) of cement materials over time. Isothermal conditions allow the temperature to be 
kept constant throughout the whole test. The advantage of this method is the high preci-
sion of the measuring instrument compared to semi-adiabatic or adiabatic methods. 

In this study, the measurements of the heat of hydration of mortars were carried out 
using the TAM Air three-channel isothermal calorimeter, which meets the requirements 
of ASTM C1679 [3], ASTM C1702 [4] and EN 196-11 [5]. The device allows one to monitor 
the heat of pastes, mortars or concretes with a large volume of the tested sample (125 mL). 
Many research teams conduct calorimetric tests using paste samples, but according to 
ASTM C1679 [3], the results of mortar tests provide a better correlation with concrete set-
ting and early strength development, which is the main idea of this test. During each test, 
data were recorded continuously over 7 days using a data logger connected to a computer. 
The baseline was established within 12 h, and signal stability conditions were achieved 
using the linear least-squares procedure (a slope of the calorimetric signal absolute value 
less than 3 μW/h and a standard deviation less than 12 μW was taken). In each test series, 
three measurement samples and three reference samples were made. The reference sam-
ples contained an inert material (quartz sand with water) with a heat capacity similar to 
the test sample. The adoption of this type of solution ensures a stable baseline of the de-
vice, which determines the quality of the research. 

2.4. Compression Tests 
The 50 mm cubic mortar specimens were formed in accordance with the guidelines 

of ASTM C109/C109M [34] and cured in water baths at constant temperatures: 23, 33, 43 
and 53 °C. Prior to the destructive tests, the specimens were taken out of the water baths, 
and loose sand grains that would be in contact with the bearing blocks of the testing ma-
chine were removed. The Advantest 9 C300kN computer-controlled mechanical testing 
machine was used to perform compression tests on the mortar specimens after 6 or 12 h 
and 1, 2, 5, 7 and 14 days of hardening. The investigations were carried out according to 
the EN 12390-3 standard [35] with a constant rate of loading equals 1000 N/s. Three mortar 
cubes were tested each time. The total number of prepared specimens was 216 (3 mixtures 
× 4 temperatures × 18 cubes per set, Figure 1). 
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(a) (b) 

Figure 1. (a) One set of fresh mortar samples; (b) compression test. 

3. Results 

3.1. The Heat of Hydration 
The evolution of cement hydration for mortars without siliceous fly ash is shown in 

Figure 2. The considered OPC mixtures display two significant heat flow maxima during 
the main period (Figure 2a). The first is attained several hours after the beginning of the 
acceleration period. The second one, called a “sulfate depletion peak” by Lerch [36], is due 
to the a renewed C3A dissolution and an accelerated ettringite precipitation. These are the 
reasons for the additional heat flow that can be detected at the second heat flow maximum 
during the retardation period [37,38]. The sulfate depletion peak increases with increasing 
temperature due to the activation energy of the C3A phase. The high curing temperature 
accelerates the hydration reaction and leads to higher heat generation rate, confirming the 
thermally activated nature of the hydration reaction (Figure 2a). Moreover, an increase in 
the curing temperature from 23 to 53 °C significantly shortens the induction period of the 
hydration process. Sulphate depletion depends on temperature, since the associated peak 
is shifted to later hydration stages with decreasing temperature. High curing temperature 
increases the total amount of heat released (Figure 2b). When 10 and 20% mass of cement 
was replaced by FA, the similar relationship between heat development and curing tem-
perature was observed. The heat produced after 12 h for the mortar without and with 10 
and 20% of FA is 2.9, 3.1 and 3.5 times higher at 53 °C than heat measured at 23 °C (Table 
3). For mortars without FA, the heat released after 165 h was equal to 313 J/g at 23 °C and 
354 J/g at 53 °C. In the case of mortar with 10% of FA, the maximum heat ranges from 280 
at 23 °C to 319 J/g at 53 °C. The 20% substitution level of cement by FA results in the lowest 
values of heat recorded after 165 h (260 J/g at 23 °C and 320 J/g at 53 °C). The total accu-
mulated heat Qtot was calculated by plotting Q (1/t) and using nonlinear approximation 
for measurement data obtained after 50 h of the experiment (1/t = 1/50 = 0.02). The fitting 
function g(1/t) = a × exp(b/t) was used. For 1/t ∼ 0, g(∼0) = Qtot. The extrapolation procedure 
was described in detail in [39,40]. A summary of the measured heat values for all mixtures 
is presented in Table 3. 
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(a) (b) 

Figure 2. Results of calorimetric tests for OPC mortar mixtures: (a) the heat generation rate at first 
72 h, (b) heat of hydration during 165 h. 

Figure 3 shows the effect of the addition of siliceous fly ash on the kinetics of the 
hydration process at 23 and 53 °C. The addition of ash reduces the rate of hydration re-
gardless of the curing temperature; it slightly delays the occurrence of the hydration peak 
and clearly reduces its maximum value due to the drop in the siliceous fly ash pozzolanic 
reaction rate (Figure 3a,c, Table 4). The above results confirmed the research carried out 
by Haustein et al. [41]. At 53 °C, the second peak has a clear narrow shape and its value 
increases significantly in comparison to the measurements carried out at 23 °C (Figure 
3a,c). The appearance of the second peak includes the C3A renewal reaction with a loss of 
gypsum [42]. In the case of the tested mortars, the amount of heat released decreases with 
the increasing amount of the mineral additive in each of the considered conditions (Figure 
3b,c, Table 3). After 165 h, the heat emission of mortar containing 10% and 20% FA de-
creased by 10.4% and 16.8%, respectively, at 23 °C (Figure 3b) and by 10.0% and 9.7%, 
respectively, at 53 °C (Figure 3d) compared with the mortar without mineral addition. 
Moghaddam et al. [42] stated that the cumulative heat of hydration produced for cement 
samples with FA was lower than that for samples without siliceous fly ash. Snelson et al. 
[43] reported that the small specific surface area and low solubility of the aluminosilicate 
present in the ash are the main factors contributing to the reduction in the total amount of 
heat released. Feng and Deschner [32,44] reported that in the process of hydration, the 
precipitation of the CSH and Ca(OH)2 phases requires the saturation of the Ca2+ concen-
tration in the liquid phase of the cement mortar. Reducing the cement content in the mor-
tar sample reduces the Ca2+ concentration in the liquid phase, delaying the saturation of 
Ca2+. Therefore, the increased content of FA in the cement mortar delays the early-age 
hydration and the appearance of the second exothermic peak (Figure 3a,c). 

  
(a) (b) 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Minerals 2022, 12, 1471 7 of 14 
 

 

  
(c) (d) 

Figure 3. Effect of FA addition on the heat generation rate and heat of hydration of mortars cured 
at 23 °C (a,c); and 53 °C (b,d). 

Table 3. Heat of hydration. 

Mortar Mix Temp. 
(°C) 

Heat of Hydration after Hours (J/g) 
12h 24 h 36 h 48 h 60 h 72 h 120 h 165 h Total * 

OPC 

23 92 176 212 236 257 272 301 313 352 
33 148 226 263 284 297 304 320 328 347 
43 219 282 304 314 320 325 336 343 354 
53 263 311 326 332 337 340 349 354 363 

OPC + 10% FA 

23 70 150 183 204 222 237 268 280 322 
33 120 195 228 250 264 273 290 299 320 
43 193 251 273 283 288 293 303 310 321 
53 216 265 283 291 297 302 313 319 331 

OPC + 20% FA 

23 59 133 165 185 201 214 245 260 303 
33 122 192 221 242 255 265 284 293 316 
43 177 231 256 268 275 281 296 304 320 
53 203 248 270 282 290 297 312 320 336 

* extrapolated value. 

Table 4. Maximum peak value of heat generation rate. 

Mortar Mix Temp. (°C) Max. Peak (J/g/h) Time of Peak Occurrence (h) 

OPC 

23 8.1 15.9 
33 13.4 11.7 
43 28.4 6.8 
53 58.6 4.6 

OPC + 10% FA 

23 7.6 16.4 
33 12.1 12.7 
43 26.2 6.9 
53 52.0 4.9 

OPC + 20% FA 

23 6.6 17.9 
33 11.7 12.8 
43 21.5 8.0 
53 47.6 5.1 

In order to estimate the amount of heat released due to fly ash, additional analysis 
was carried out (Table 5). For example, for the 20% FA mix at 53 °C, the heat of hydration 
is 320 J/g at 165 h. For pure OPC at 53 °C, the measured heat is 354 J/g at 165 h. If we 
assume the 20% FA does not significantly influence the heat release of the 80% OPC, the 
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heat release due to FA is 320 − 354 × 80% = 36.8 J/g. In the case of samples tested at 43 and 
33 °C, the amount of heat produced by FA equals 29.6 and 30.6 J/g, respectively. In turn, 
the lowest curing temperature, i.e., 23 °C, results in the lowest amount of heat (9.6 J/g) 
generated due to 20% FA. Taking into account the above calculations, it can be stated that 
the high curing temperature accelerates the dissolution of siliceous fly ash and finally re-
sults in the highest amount of heat released (Table 5). 

Table 5. The heat released due to 20% of siliceous fly ash at 165 h. 

Temperature (°C) 23 33 43 53 
Amount of heat released due to 20% FA (J/g) 9.6 30.6 29.6 36.8 

3.2. Compressive Strength of Mortar Samples 
Compression tests of mortar samples stored at 33, 43 and 53 °C were carried out after 

6 h and 1, 2, 5, 7 and 14 days, and for samples cured at 23 °C, after 12 h and 1, 2, 5, 7 and 
14 days. The development of compressive strength of mortar cubes is presented in the 
form of bar graph (Figure 4). The standard deviation of strength varies from 0.1 MPa to 
5.8 MPa. Taking into account the strength development of mortar cured at 23 °C, it can be 
stated that strength rises gradually, while at higher temperatures (33, 43 and 53 °C), 
strength increases moderately over 1 day. The high curing temperature (33, 43 and 53 °C) 
significantly accelerates early-age strength. For example, after 6 h, the average compres-
sive strength of cubes cured at 33 °C was 4 MPa, at 43 °C was 12 MPa and at 53 ° C was 
equal to 19 MPa. 

The obtained results indicate that the addition of FA affects the pozzolanic activity, 
reduces the early-age strength of mortar cubes cured at 23, 33 and 43 °C and visibly in-
creases strength at 53 °C. After 7 days, for concrete containing 20% of siliceous fly ash, the 
compressive strength decreased by 41% at 23 °C (Figure 4a) and increased by 23% at 53 
°C (Figure 4d) in comparison to the control sample. After 14 days, for concrete containing 
20% of ash, the compressive strength decreased by 15% at 23 °C (Figure 4a) and increased 
by 16% at 53 °C (Figure 4d) in comparison to the control sample. The substitution of ce-
ment with FA can enhance the long-term (after 28 days) compressive strength because 
more FA reacts with CH to form the strength-giving gel. 
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(c) (d) 

Figure 4. Average compressive strength of mortar specimens cured at different temperatures: (a) 23 
°C; (b) 33 °C; (c) 43 °C; (d) 53 °C. 

3.3. Relationship between Heat and Strength 
In the first stage of studies, the relationship between compressive strength and the 

heat of hydration was considered. Due to the fact that the calorimetric tests were carried 
out for 7 days, the value of the heat of hydration after 14 days was taken as an extrapolated 
value according to Table 3. As demonstrated in Figure 5, the correlation between men-
tioned parameters is close to linear, regardless of the curing temperature and the type of 
mixture. However, the highest variation is observed in the case of samples cured at 43 °C 
(Figure 5c). The above observations contributed to making an attempt to estimate the 
early-age compressive strength on the basis of the amount of the released heat. 

  
(a) (b) 

  
(c) (d) 

Figure 5. Compressive strength vs. heat of hydration released at temperatures: (a) 23 °C; (b) 33 °C; 
(c) 43 °C; (d) 53 °C. 

C
om

pr
es

si
ve

 s
tre

ng
th

 (M
Pa

)

C
om

pr
es

si
ve

 s
tre

ng
th

 (M
Pa

)

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Minerals 2022, 12, 1471 10 of 14 
 

 

In Figures 6–9, the identification of the relationship between the 7-day compressive 
strength of mortar and the hydration heat measured after 12, 24, 48, 72, 120 and 165 h for 
the four temperatures (23, 33, 43 and 53 °C) is plotted. In all cases, linear approximations 
were performed using the least-squares method by determining the coefficient of 
determination (R2) of the fitted line.  

For samples stored at 23 °C, the highest coefficients of determination were noted, i.e., 
from 0.9860 for the heat released after 12 h to 0.9950 for the heat released after 24 h (Figure 
6). In the case of cubes cured at 33 °C, the R2 coefficient is about 0.5 (Figure 7), while at 43 
°C, the approximation is incorrect (Figure 8). Taking into account mortars stored at 53 °C, 
a linear relationship with R2 coefficients close to unity was calculated, i.e., from 0.7801 to 
0.9553 (Figure 9). In this case, the slope of the straight lines is negative, due to the fact that 
at this temperature the strength of the samples containing 20% of FA exceeds the strength 
of the mortar samples without the supplementary cementitious materials, i.e., with a 
lower amount of heat released, a higher value of compressive strength was achieved. It is 
worth noting that in general, high temperature lowers the later-age strength, i.e., a cross-
over effect is observed [45]. On the other hand, high temperature accelerates the dissolu-
tion of FA, which could help improve strength at the later age. At 53 °C, the latter reason 
dominates; hence, an inverse trend is observed. At 33 °C and 43 °C, both factors are influ-
encing the results; hence, no obvious correlations are seen. 

A similar analysis was carried out for the 14-day strength of samples cured at 23 and 
53 °C (Figures 10 and 11). In the case of these two temperatures, there is a clear linear 
colreelation between the analysed values, although the coefficient of determination is 
lower than in the case of the mortar strength achieved after 7 days. 

 
Figure 6. Correlation of 7-day strength and heat of mortars cured at 23 °C. 

 

Figure 7. Correlation of 7-day strength and heat of mortars cured at 33 °C. 
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Figure 8. Correlation of 7-day strength and heat of mortars cured at 43 °C. 

 
Figure 9. Correlation of 7-day strength and heat of mortars cured at 53 °C. 

 
Figure 10. Correlation of 14-day strength and heat of mortars cured at 23 °C. 

 
Figure 11. Correlation of 14-day strength and heat of mortars cured at 53 °C. 

Based on the equations of the lines determined for the highest coefficients R2 (related 
to heat after 24 h) the compressive strengths after 7 and 14 days for mortar cured at 23 °C 
(Table 6) and 53 °C (Table 7) were calculated. 

For instance, the 7-day compressive strength estimated for cubes stored at 23 °C (Ta-
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MPa for samples without and with 10% and 20% FA, respectively. Mortar strengths de-
termined in destructive tests were 57.73, 48.44 and 40.80 MPa; therefore, the relative error 
of the measured and estimated strength was equal to 0.2, 1.4 and 0.8%. In turn, the 14-day 
compressive strength calculated for cubes stored at 23 °C using the equation y = 0.2002x + 
24.73 (Figure 10) was equal to 59.97, 54.76 and 51.36 MPa for specimens without and with 
10% and 20% FA, respectively. Mortar strengths determined in destructive tests were 
59.65, 55.80 and 50.77 MPa; therefore, the relative error of the measured and estimated 
strength was equal to 0.5, 1.9 and 1.2%. The similar calculation was conducted for cubes 
stored at 53 °C. In this case, the relative errors between measured and estimated strength 
varies from 0.5 to 3.5% (Table 7). 

Table 6. Comparison of strength of mortar cured at 23 °C. 

Mortar Mix. 
Strength after 7 Days (MPa) Strength after 14 Days (MPa) 

Measured 
(MPa) 

Calculated for R2 = 
0.9950 (MPa) 

Relative Er-
ror (%) 

Measured 
(MPa) 

Calculated for R2 = 
0.9591 (MPa) 

Relative Er-
ror (%) 

OPC 57.73 57.83 0.2 59.65 59.97 0.5 
OPC + 10% FA 48.44 47.74 1.4 55.80 54.76 1.9 
OPC + 20% FA 40.80 41.14 0.8 50.77 51.36 1.2 

Table 7. Comparison of strength of mortar cured at 53 °C. 

Mortar Mix. 
Strength after 7 days (MPa) Strength after 14 days (MPa) 

Measured 
(MPa) 

Calculated for R2 = 
0.9553 (MPa) 

Relative Er-
ror (%) 

Measured 
(MPa) 

Calculated for R2 = 
0.8204 (MPa) 

Relative Er-
ror (%) 

OPC 39.54 39.36 0.5 42.03 41.64 0.9 
OPC + 10% FA 43.82 44.71 2.0 44.38 45.92 3.5 
OPC + 20% FA 47.31 46.69 1.3 48.65 47.50 2.4 

4. Conclusions 
Precise measurements of released heat are a proper method to identify the thermal 

parameters of the hydration process of cement composites. The conducted research 
proved that it is possible to use isothermal calorimetry to estimate the early-age strength 
of cement mortars without and with the addition of siliceous fly ash. 

In the case of samples cured at 23 and 53 °C, a clear linear relationship between the 
monitored parameters was observed. The coefficients of determination of the approxi-
mated lines were close to one. The high value of the R2 factor allows one to estimate the 
mortar compressive strength after 7 and 14 days based on heat measurements conducted 
at standard temperature (23 °C) after just 24 h. The relative error of the strength estimated 
and determined in destructive tests varies from 0.2% to 1.9%. It is much more difficult to 
predict mortar strength for samples cured at 33 and 43 °C. At 33 °C and 43 °C, two factors 
(high curing temperature and FA addition) are influencing the results; hence, no obvious 
correlations are seen. In these cases, no linear relationships were achieved between the 
amount of heat released and the compressive strength. On the other hand, for the highest 
considered temperature, i.e., 53 °C, there is a linear correlation between the strength and 
the heat of hydration, and the R2 coefficients are close to one in the case of approximation 
of data obtained after 24 h. In two analysed curing temperatures, i.e., 23 and 53 °C, the 
predictions of mortar compressive strength based on measured heat of hydration are gen-
erally within ±3.5% of the experimentally measured strength values. 

The potential of the current measurement methods, with emphasis on the high pre-
cision of colorimetric tests, can successfully contribute to reducing the number of destruc-
tive tests with significant savings in resources. The monitoring of the heat evolution of 
cement mortar using isothermal calorimetry provides an alternative to estimating early-
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age strengths when standards do not require typical compression tests of mortar samples, 
or can be used to increase the frequency of measurements to improve cement quality. 
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