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ABSTRACT

ARTICLE INFO

The maturity method is used to predict the strength of concrete by monitoring its
temperature history. Accuracy of maturity method relies on the dependable determi-
nation of the datum temperature and the apparent activation energy. The current
study introduces a new approach, complementing those in ASTM C1074-11, for de-
termining the datum temperature and apparent activation energy. The experimental
study involved using two different mineral additives to portland cement at 6%, 20%,
and 35% replacement amounts. The mortars were then cured at temperatures of 5,
20, and 40 °C, and their strengths were determined. Subsequently, the datum tem-
peratures and apparent activation energies for these mixtures were calculated using
both the proposed approach and the alternatives from ASTM C1074-11. Strength es-
timations were conducted in conjunction with commonly used maturity functions.
The results indicate that the proposed approach determines the datum temperature
and apparent activation energy reliably for mineral admixture-incorporated mor-
tars. Furthermore, the predicted strengths, derived from the datum temperature and
apparent activation energy calculated through the proposed approach, show a closer
alignment with the experimental results when applying the Nurse-Saul and Hansen-
Pedersen equations, as opposed to the Rastrup and Weaver-Sadgrove models.
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1. Introduction

The maturity method is a technique that is used for
estimating the strength of concrete by taking tempera-
ture and time into account. Accuracy of the method relies
primarily on dependable determination of the datum
temperature and apparent activation energy. Maturity of
concrete is generally expressed in terms of a tempera-
ture-time relationship and its equivalent age. The most
well-known function for the temperature-time relation-
ship is the Nurse-Saul equation, as given in Eq. (1).

M =E5(T —To) - At (1)

where M (degree-days or degree-hours) is maturity in-
dex at age t, T (°C) is the average concrete temperature
during the time interval, At, To (°C) is datum temperature
and At (days or hours) is time interval.

The principal idea of Eq. (1) is that concretes of the
same mix and maturity tend to exhibit same strength.
However, due to its linear character, Nurse-Saul equa-
tion often fails to provide accurate strength estimates
outside the temperature range of 0-40 °C (Miller et al.
2022; Soutsos et al. 2018, 2021). To address this limita-
tion, several alternative equations have been proposed,
including those by Rastrup (Rastrup 1954), Weaver and
Sadgrove (Weaver and Sadgrove 1971), Hansen and
Pedersen (Hansen and Pedersen 1977). These equations
are given as Eq. (2) to Eq. (4), respectively.

te = X520/ At (2)
T+16

te = THGo)? - At 3)
—Eq, 1 1

te = 26 eT(T+273_Tr+273) <At (4)
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forT =20°C
for T <20°C

E,=33500 ]/mol
E,=33500+1470 (20-T) J/mol

where t. (days or hours) is equivalent age, Ea (J/mol) is
apparent activation energy, R (8.314 J/mol-°K) is gas
constant, T (°C) is the average concrete temperature dur-
ing the time interval, At, T: (°C) is reference temperature,
At (days or hours) is time interval.

Among these four equations, the Nurse-Saul equation
(Eg. (1)) requires a datum temperature, whereas the
Hansen-Pedersen equation (Eq. (4)) necessitates an ap-
parent activation energy. The datum temperature in
here refers to the minimum temperature at which con-
crete begins to gain strength (Nixon et al. 2008) and the
apparent activation energy is defined as the smallest
amount of energy required for concrete to start gaining
strength (Shukla and Mishra 2015). ASTM C1074-11
(2011) suggests that the datum temperature can be set
at 0 °C and the apparent activation energy of 41.5 k] /mol
is recommended for the concrete made without mineral
admixtures. The standard also provides three alterna-
tives to determine the datum temperature and apparent
activation energy of concrete. The primary difference be-
tween them lies in the assumed starting point for
strength development. According to ASTM C1074-11
(2011), Alternative I (A1.1.7) considers it to begin at the
final setting time, while Alternative I1 (A1.1.8.1) assumes
it starts after the final setting time during the hydration
acceleration period, provided that the concrete has a
reasonable ultimate strength. Alternative III (A1.1.8.2)
assumes that strength development begins immediately
after mixing (Atasever 2017). Among these alternatives,
the second one that is given by Eq. (5) is generally being
used for concretes without mineral admixtures:

S _S . kr(t—to) (5)

T kpe(t—to)

where, S (MPa) is compressive strength at age ¢, S, (MPa)
is ultimate strength, kr (1/days) is rate constant, to
(days) is age at start of strength development.

The theory gained acceptance due to its hyperbolic
character and being more related with the hydration
characteristics of portland cement. The method suggests
strength development commences once concrete fully
sets (Knudsen 1984). Various researchers have com-
mented that Eq. (5) may not be as effective for blended
cements containing mineral admixtures (Atasever 2017;
Elci and Yilmaz 2009; Ferraro et al. 2016; Soutsos et al.
2018). The revision in ASTM C1074-19 (2019) further
reinforces this perspective. This viewpoint stems from
the observations that the hydration mechanism and ki-
netics of blended cements vary considerably throughout
the process. The differences are basically related with
the type, amount, and characteristics of the mineral ad-
mixtures in the cement. Mineral admixtures affect the
hydration process both physically and chemically. Phys-
ical effects are dilution, dispersion, alteration of particle
size distribution, and nucleation. Dilution effect gener-
ally retards hydration whereas the other effects usually
accelerate it. Chemically, their influence is seen in poz-
zolanic reactions, latent hydraulic reactions, and other
related processes (Lam et al. 2023; Lothenbach et al.

2011; Moula et al. 2023; Wang et al. 2018). Another lim-
itation of the function is its tendency to overestimate the
long-term strengths of samples due to the negative im-
pact of high curing temperatures (Miller et al. 2022;
Soutsos et al. 2017, 2018, 2021). In this context, number
of variables come into scene: the dissolution and stabil-
ity of components within the pore fluid, a high concen-
tration of hydroxyl ions, and the resulting chemical reac-
tion rates. These factors collectively influence both the
amount of hydration products and the early-age strength
development in blended cements containing mineral ad-
mixtures (Zhang et al. 2021; Zuo et al. 2019). Addition-
ally, the behavior of cementitious systems with incorpo-
rated mineral admixtures during the early-stages can be
clarified using the “through-solution process”. As high-
lighted by Tokyay (2016) and John and Lothenbach
(2023), when the formation of hydration products pri-
marily drives hydration, the water reaches saturation.
This leads to uneven precipitation throughout its entire
volume. Besides, in the later stages, adding mineral ad-
mixtures to portland cement leads to the formation of C-
S-H gels through secondary hydration with portlandite.
This process refines the pore structure and enhances the
microstructure of the cementitious material. However,
the distinct Ca/Si ratios in these cementitious systems
cause differences in the interfacial transition zone (ITZ),
affecting factors such as porosity, pore structure, and
pore size. This variability also impacts the distribution of
portland cement particles, which in turn influences the
nucleation and precipitation of C-S-H gels (Dadsetan and
Bai 2017; Liu et al. 2023; Lv et al. 2023).

This study describes a new methodology for deter-
mining the datum temperature and the apparent activa-
tion energy in cementitious systems with mineral admix-
tures. Employing a hyperbolic framework as explicated
in Eq. (5), the proposed approach computes the ultimate
strength and rate constant by considering early-age
strength data recorded up to 14 days. This may seem as
a contradiction for trass and blast furnace slag incorpo-
rated cementitious systems since pozzolanic and latent
hydraulic reactions are generally far more gradual than
hydration reactions. However, taking the early age data
makes it possible to predict the time when a critical (suf-
ficient) amount of calcium hydroxide is produced upon
hydration of the portland cement and thus pozzolanic or
latent hydraulic reactions start to contribute to the
strength. So, Eq. (5) is rewritten as:

kr-(t—tcr)
S = Su Toierte—ten) (6)
where, S (MPa) is compressive strength at age ¢, Sy (MPa)
is ultimate strength, kr (1/days) is rate constant, t.
(days) is the age when the mineral admixture starts to
contribute the strength.

The difference between Egs. (5) and (6) lies in the use
of tor instead of to. The calculation of t. involves two
stages. In the first stage, the ultimate strength and rate
constant are calculated. These two parameters, com-
puted for each curing temperature, were derived using
the test ages of 2, 7, and 14 days along with the corre-
sponding strengths. However, a constraint was applied
during the calculation of ultimate strength: the calcu-
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lated ultimate strength must exceed the measured
strength at 90 days. If not, the 90-day strength is taken
as the ultimate strength. In the second stage, a strength-
age graph is plotted for each curing temperature to de-
termine t., where a line is fitted. The age corresponding
to half of the ultimate strength on this line is defined as
the age when the mineral admixture starts to contribute
to the strength. The datum temperatures and apparent
activation energies for trass- and blast furnace slag-in-
corporated mortar mixes using the proposed approach
and the methods given in ASTM C1074-11 (2011). Sub-
sequently, the strength of these mixtures is evaluated via
the Nurse-Saul, Rastrup, Weaver and Sadgrove, and Han-
sen and Pedersen equations. Comparative analysis is
then conducted between the strength values derived
from each equation.

2. Materials and Method

A portland cement (CEM I 42.5 R) was combined with
two mineral admixtures: a volcanic tuff, trass (TRS) and
a ground granulated blast furnace slag (BFS). These were
used at replacement levels of 6%, 20%, and 35% by
mass, with the specified levels determined in accordance
with the guidelines outlined in TS EN 196-1 (2016).
Standard sand was used in all mortar mixtures. Table 1
details the chemical and physical properties of the mate-
rials utilized in the study.

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

Properties (%) PC cement* TRS BFS
Si0: 18.6 69.7 43.0

Al03 49 12.0 11.3
Fe203 2.5 1.7 0.9

Ca0 61.6 2.8 33.0

MgO 23 0.9 6.2

S03 33 0.1 1.2

Naz0 0.3 1.1 0.3

K20 0.8 1.8 0.7

TiO: - 0.3 0.6

LOI 5.1 7.3 0.3
Blaine fineness (m?/kg) 340 540 470
Density (g/cm3) 3.0 2.3 2.9

* The XRF result for PC cement was previously reported in the
study of Atasever and Tokyay (2018).

The mixing, compaction, and moulding of mixtures
were performed in accordance with TS EN 196-1
(2016), while maintaining a constant flow value
(110+5%) as stipulated by ASTM C1437-20 (2020). All
mortar samples were cast in moulds of 40x40x160 mm
dimensions. Subsequently, the specimens were sub-
jected to curing temperatures of 5, 20, and 40 °C until
the designated test ages of 2, 7, 14, 28, and 90 days. The

selection of test ages is based on the incorporation of
mineral admixtures in the study. According to the pro-
posed approach presented in Eq. (6), the ultimate
strength must exceed the 90-day strength, consistent
with the hydration mechanism of cementitious systems.
The 2-day test was chosen based on the assumption that
strength development in blends containing mineral ad-
mixtures does not begin before 2 days, as indicated in
Eq. (6). On the other hand, the curing temperatures
were chosen to encapsulate the spectrum of environ-
mental conditions that concrete is likely to encounter
across various regions of Tiirkiye, as documented in the
study (Dombayci 2009). Although regional temperature
variations exist, the selected temperatures are repre-
sentative of the thermal fluctuations experienced on a
national scale, thereby facilitating a thorough evalua-
tion of concrete performance under realistic and appli-
cable conditions. The compressive strength obtained
are the average of six specimens. The mixture propor-
tions of the mortars are given in Table 2.

Table 2. Proportions of mortar mixtures (wt. %).

Mixture ID PC cement TRS BFS (w/b)
PC Control™ 100 - - 0.56
PC-TRS6 94 6 - 0.59
PC-TRS20 80 20 - 0.67
PC-TRS35 65 35 - 0.71
PC-BFS6 94 - 6 0.56
PC-BFS20 80 - 20 0.56
PC-BFS35 65 - 35 0.56

** The mix proportion for PC Control was previously em-
ployed in the study of Atasever and Tokyay (2018).

The normal consistency of pastes-having the same
mixture proportions as specified in Table 2-was first de-
termined according to ASTM C187-16 (2016). Subse-
quently, the final setting time of these mixtures was as-
certained using ASTM C191-21 (2021). The results are
presented in Fig. 1.

Blnitial Setting Time @Final Setting Time

Setting time (min.)

X7
%

*** The setting time results for PC Control was previously reported in
the study of Atasever and Tokyay (2018).

Fig. 1. Results of setting time of mixtures.
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3. Results and Discussion

The strength development curves for all mixes cured
at 5, 20 and 40 °C was plotted in Fig. 2 after 2, 7, 14, 28
and 90 days of curing.

The relationships between PC Control and the strength
of mortar with mineral admixture over time (measured in
days) show a striking similarity for the first 28 days. How-
ever, beyond 28 days, a notable difference emerges in the
PC Control, PC-TRS20, and PC-BS6 mixtures. Mixtures

60

PC Control 10 22 (a)
‘ — s

46.9

=
5
2
=
wl
10 141 —a—20 °C
—e—40 °C
0
0 20 40 60 80 100
Age (days)
50
PC-TRS20 (©
40.3
40 1] 3
)
Ay
2
=
B
o
2
@
0 20 40 60 80 100
Age (days)
0 pC-BFS6 ©
60 57.4
526
«
Ay
2
=
B0
=]
4
a —e—5°C
—e—20°C
134 ——40°C
0
0 20 40 60 80 100
Age (days)
0 pC-BFS35

50.7
50

Strength (MPa)

0 20 40
Age (days)

cured at 20 °C displayed a reduced strength in comparison
to those cured at 40 °C, indicating a temperature-depend-
ent variation in the strength development of the mortar
mixtures with mineral admixtures. This might be related
to crossover effect, where high curing temperatures accel-
erate hydration and cause uneven distribution of hydra-
tion products, resulting in reduced porosity and higher
early-age strength, but increased porosity and diminished
strength at later ages (Escalante-Garcia and Sharp 2001;
Kim et al. 2002; Soutsos and Kanavaris 2020).
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Fig. 2. Strength development curves at different curing temperature for:
(a) PC Control; (b) PC-TRS6; (c) PC-TRS20; (d) PC-TRS35; (e) PC-BFS6; (f) PC-BFS20; (g) PC-BFS35.
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In low-heat concretes, strength development is
slower, complicating late-age strength predictions. Ad-
justing the thermal curing parameters, such as heating
rate, peak temperature, and curing duration, becomes
crucial in addressing this challenge. Properly consider-
ing the crossover effect ensures accurate strength pre-
diction and may necessitate modifications to the ma-
turity equation to achieve precise forecasting of com-
pressive strength (Klausen et al. 2018; Wang et al. 2023).
Conversely, in the case of PC-TRS6 and PC-TRS35, the
90-day strengths exhibit minimal difference between
samples cured at 20 and 40 °C. The observed consistency
in 90-day strength at both 20 and 40 °C curing tempera-
tures can be attributed to the eventual completion of hy-
dration reactions that initially progress at a slower rate.
This gradual completion may counterbalance the re-
duced speed of chemical reactions at room tempera-
tures, leading to similar strengths across both tempera-
ture conditions.

3.1. Determining datum temperature and apparent
activation energy: ASTM C1074-11 methods and the
proposed approach

Three alternatives, detailed in ASTM (C1074-11
(2011), along with proposed approach, were employed
to determine apparent activation energy and datum tem-
perature based on the strength data. Alternative 1 stands
out among the three options in ASTM C1074-11 (2011),
as it designates the final setting time as the age to begin
strength development in cementitious materials. In con-
trast, other two alternatives predominantly utilize com-

pressive strength results. Notably, Alternative 3 assumes
that strength development in cementitious materials
starts at the moment the cement-water reaction begins.
Alternative 2, leveraging a hyperbolic equation, proves
particularly pertinent for cements without mineral addi-
tives, unveiling a correlation absent in other variants.
Therefore, a novel approach has been proposed, aiming
to harmonize these discrepancies. This approach refines
Eq. (5), ensuring that the ultimate strength reliably ex-
ceeds the 90-day benchmark. It further identifies the age
to that the mineral admixture starts to contribute the
strength by pozzolanic or latent hydraulic reactions. Af-
ter completing the determination of rate constants and
ultimate strengths by both ASTM C1074-11 (2011) pro-
cedures and the proposed approach, datum tempera-
tures and apparent activation energies were computed,
and results are given in Table 3. The activation energies,
calculated from strengths, showed variations according
to ASTM C1074-11 (2011) methods, ranging between
3.9 and 45.4 kJ/mol. In contrast, in the proposed ap-
proach, these values ranged from 20.5 to 33.8 k] /mol. In
the proposed approach, it was observed that as the
amount of mineral additive increased, regardless of the
type of mineral additive, the apparent activation ener-
gies of the blends increased compared to the PC Control.
The only exception to this situation belongs to the PC-
TRS6. Trass, which was 6 % by weight in this mixture, may
have caused the dispersion of cement particles, allowing
more space for the hydration of portland cement. This
phenomenon has been observed in numerous studies in-
volving the use of small quantities of mineral additives
(Wang et al. 2024; Zhang et al. 2023; Jiang et al. 2023).

Table 3. Datum temperature and apparent activation energy of cementitious systems,
calculated using different alternatives.

Datum temperature (°C)

Mixture ID ASTM C1074-11 (2011) Proposed
Alternative 1~ Alternative 2  Alternative 3 approach
PC Control™* -15.9 -7.0 1.6 -10.9
PC-TRS6 -26.6 -15.9 49 -9.2
PC-TRS20 -24.6 -7.5 4.1 -4.6
PC-TRS35 -104.9 -39 -0.5 1.2
PC-BFS6 -24.8 -6.9 -27.8 -9.0
PC-BFS20 -154.7 -10.2 -0.5 -9.6
PC-BFS35 -122.7 -1.4 -0.1 -7.2
Apparent activation energy (kJ/mol)
PC Control™ 19.3 24.7 37.9 22.5
PC-TRS6 14.4 21.2 45.3 20.5
PC-TRS20 15.2 34.2 39.7 29.6
PC-TRS35 5.8 34.2 31.0 33.8
PC-BFS6 15.8 26.6 15.5 22.7
PC-BFS20 39 23.6 26.1 23.6
PC-BFS35 5.0 26.9 32.7 25.3

***+* The datum temperatures and apparent activation energies for PC Control, calculated ac-
cording to the methods specified in ASTM C1074-11 (2011), were previously reported in the

study of Atasever and Tokyay (2018).
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The datum temperature for each mixture was deter-
mined through three different methods, as detailed in
ASTM C1074-11 (2011) and the proposed approach. The
differences in datum temperatures are primarily at-
tributed to the differing approaches of each method in
considering the time to begin strength development in
the mixtures. In the case of the PC Control, datum tem-
peratures exhibit relative consistency across these alter-
natives. Conversely, mixtures containing mineral addi-
tives show a tendency to produce illogical datum temper-
ature results, especially with Alternative 1, as the amount
of mineral additives increases. While the datum tempera-
tures for each mixture, calculated using Alternatives 2 and
3, range from -27.8 to 4.9 °C, the range for the proposed
approach varies between -11.2 and 1.2 °C. Although ASTM
C1074-11 (2011) recommends a datum temperature of 0
°C for Type I cement without mineral admixtures, there is
no universally applicable datum temperature for blends
containing minerals as reported in the literature.

3.2. Assessment of the proposed approach

The maturities of the seven distinct mixtures were de-
termined employing the equations given by Nurse-Saul
(Eq. (1)), Rastrup (Eg. (2)), Weaver and Sadgrove (Eq.
(3)), Hansen, and Pedersen (Eq. (4)). The datum tempera-
ture and apparent activation energy parameters utilized
in these equations were derived by the proposed ap-
proach. Assuming a logarithmic relationship between the
maturity index and strength for each equation, the com-
pressive strengths at 2, 7, 14, 28, and 90 days for each mix-
ture cured at 5, 20, and 40 °C were estimated. These theo-
retical values were then compared with the correspond-
ing experimental results obtained. The comparative anal-
ysis is illustrated in Fig. 3.

In the context of these methodologies, the Nurse-Saul
mandates the incorporation of datum temperature,
whereas the Hansen-Pedersen is predicated upon the reg-
uisite of an apparent activation energy. In contrast, the
Rastrup and Weaver-Sadgrove methods function exclu-
sively based on the temperature history of the blends. Em-
pirical analysis has demonstrated that, in terms of accu-
racy in strength predictions, the Nurse-Saul and Hansen-
Pedersen equations outperform those of Rastrup and
Weaver-Sadgrove, maintaining a margin of error confined
to within 10 %. The observed discrepancy can be ascribed
to the underlying assumptions of the Nurse-Saul equation,
which asserts a linear correlation between strength devel-
opment and temperature. Conversely, the Hansen-Peder-
sen function hypothesizes an exponential increase in
strength gain rate with temperature (Soutsos et al. 2021).
The linear model of the Nurse-Saul equation often results
in an overestimation of the effects of lower early-age cur-
ing temperatures on the strength. In contrast, the expo-
nential model of the Hansen-Pedersen function tends to
underestimate the strength of blends in the early ages. Ad-
ditionally, the Rastrup function proposes that the rate of
reaction doubles with a 10 °C increment in reaction tem-
perature, a principle that is paralleled in the Weaver-Sad-
grove equation (Soutsos et al. 2018; Kanavaris et al.
2023). Nevertheless, such exponential strength gain
rates are not commonly observed in trass and blast fur-
nace slag incorporated blends, leading to deviations in
strength estimates exceeding the 10 % margin of error.

4. Conclusions

This study investigated the determination of datum
temperature and apparent activation energy values in
trass and slag incorporated mortars, comparing tradi-
tional methods with a new approach. Furthermore, the
datum temperatures and apparent activation energies
determined through the proposed approach were em-
ployed in the maturity approaches of Nurse-Saul,
Rastrup, Weaver-Sadgrove, and Hansen-Pedersen to es-
timate strength under various curing conditions and
ages. Subsequently, these estimated strength values
were compared with the experimental strength results.
The following conclusions can be drawn:
¢ Excluding PC-TRS20, and PC-BFS6, the observed

strength indicates a general trend where higher cur-

ing temperatures are associated with an increase in
strength, while lower curing temperatures corre-
spond to a decrease in strength.

¢ Datum temperature values, calculated using the pro-
posed approach, range from -11 to 1 °C, while appar-
ent activation energy values range between 20.5
kJ/mol and 33.8 k] /mol. An observed trend indicates
that as the mineral contribution increases in the ce-
mentitious system, the apparent activation energy
value also increases.

o The strength estimation results, based on data tem-
peratures and apparent activation energies derived
through the proposed approach, indicated that the
Nurse-Saul and Hansen-Pedersen equations pro-
vide predicted strengths much closer to the experi-
mental results than the Rastrup and Weaver-Sad-
grove models for the mineral admixture-incorpo-
rated mortars.

e The approach proposed in this investigation re-
sulted in a reasonable determination of datum tem-
peratures and apparent activation energies for trass-
and slag-incorporated cement mortars.

¢ Similar research with other types of mineral admix-
tures would further refine the approach.
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