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ABSTRACT
The heat of hydration of pozzolana blended concrete is low. However, it is revealed that the
rate of increase in concrete strength decreased relative to its maturity according to the same
standard that applies to specimens of typically cured concrete and blended cement concretes
do not adhere to this rule. Numerous opposing variables such as accelerating curing at
ideal temperatures are very quick in improving the early strength. The paper reviews and
outlines the conclusions drawn from research on the fundamentals behind various traditional
methods of assessment of compressive strength of concrete as a function of maturity
concrete. Various models for the prediction of early-age compressive strength of concrete
from past research are also presented. The discovered correlation between the strength and
maturity index that previously existed allows for the prediction of the in-situ concrete's
strength. Analysis and comparison of the strength prediction models with concrete that had
additional cementitious systems added is also presented. This paper also summarises the
literature and discusses the use of in situ strength of concrete by maturity techniques.

Keywords: Maturity index, maturity-strength relation, early-age concrete strength, assessing

techniques, Benefits and limitations.

1. INTRODUCTION

Concrete, as a construction material, has been the backbone of infrastructure development for
decades as it offers several benefits over other construction materials like steel, timber etc.
When good concrete is not developed, it becomes extremely difficult to ensure durability.

Concrete has evolved to encompass a wide range of specialist varieties tailor made for tailor-
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made applications that include Fiber-Reinforced Concrete (FRC), Self-Compacting /
Consolidating Concrete (SCC), Geo-Polymer Concrete (GPC) and High-Performance
Concrete. Numerous studies have been carried out to date on the circumstances surrounding
the manufacture of durable special concretes by using different types of blended cements, and
by replacement of aggregate with industrial and agricultural waste by-products. Various
methodology of identifying suitable ingredients, mix design for the required concrete strength
and durability, casting and microstructural analysis of the concrete proportions are areas of
research that generate a lot of data. There is a dearth of information and suggestions on how
to increase the early age strength of concrete. Only a few articles have demonstrated early
temperature function-based concrete strength prediction.

In general, the age of the cement mix determines the amount of time that each batch of
concrete needs to be cured. In studies on concrete maturity, a forecast of improvement in
concrete's strength was made at several suitable temperatures. Under typical laboratory
settings, the maturity function test predicts the compressive strength of concrete assuming a
constant temperature from the time poured to the time cured and tested.

It is a dependable test for monitoring the rate of gain of concrete strength. It can be
considered as Non-Destructive Testing (NDT) for determining the in-situ strength of
concrete. It is used to predict the Concrete maturity when its strength increases with the
temperature of the curing bath [1].

This method eliminates the need for field testing of the in-situ strength of conventional
concrete. The maturity test predicts the in-situ strength of concrete in field by tracking the
interior temperature of the concrete in the field. Each concrete mixture has a different
strength-time/temperature relationship, which forms the foundation of this test.

The properties of cementitious materials and the aggregates, the temperature of the water, and
the water-to-cement ratio are the factors affecting the temperature inside the concrete
measured by Data-loggers / Thermocouples [2]. The definition of maturity states that it is a
component of a forecast of the temperature over time. How maturity approach [3] can be
applied to evaluate how concrete strength changes over time in response to temperature.
England developed the idea of polymerization technology between the 1940s and the early
1950s [4]. This method allowed us to determine the appropriate time-period to remove

formwork further, to the concrete's development of strength [5].
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2. DEVELOPMENT OF MATURITY IN CONCRETE

The strength of the concrete is developed by hydration of the Portland cement's hydration
process. Many variables, including cement type, water-cement ratio, temperature for curing,
curing age, and type of materials employed in concrete production, can affect the level of
strength developed at a particular age. Concrete strength has been discovered to be negatively
impacted by curing circumstances, specifically the concrete curing temperature for a certain
concrete mix. In general, the development of high-temperature hardened Concrete with a high
rate of gain of strength is a significant breakthrough [6-13]. The development of strength
under the combined effects of temperature and time was attempted to be measured in the first
ten years of the 19th century [14]. During the 1950s, many scientists recommended
combining the impacts of both time and temperature into one factor [15, 16]. So, Maturity is
calculated as a component of time and temperature. The barrel's interior was 10°C when Saul
[16] described it. The maturity principle stipulates that, whether thermal setting is adopted or
not, concrete samples of a given mixture should have equivalent strength qualities at the same
maturity. This indicates that the relationship between strength and maturity function can be
extremely specific for any time and temperature combination. A numerical number that was
used to define maturity [16] could be computed from the polymerization time at the measured
temperature. The same concrete mix of similar maturity provided the same concrete strength
regardless of the weather, according to a maturity function rule that was also devised, with
the appropriate temperature being recorded in all maturity tests [17, 18].

ASTM C-1074, 2019 [19] is a code of practice with guidelines by the American Society of
Testing Materials. Equivalent age and the temperature-time factor are two new alternatives
for forecasting the maturity function [19]. Numerous studies [17-23] have examined the
maturity index based on the recorded temperature history using this maturity function.

Concrete samples were used to evaluate the concrete's durability and development [24, 25].

3. MATURITY MODELS
3.1 Maturity Index Models
Maturity models are used to predict how concrete will harden over time and at different
temperatures. Numerous developmental functions have been considered since the early
1950s. The model suggested by Saul [16] is a way to gauge concrete maturity. The concrete
maturity function proposed was M(t, T), where M is maturity in °C-hours, T is mean

temperature over the time interval At and Ty = datum temperature, taken as -11 °C.
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M(t,T) = Z:(T — Ty)At

Here, Ty (usually considered as 20 °C) is the reference temperature at which the strength of
concrete does not deteriorate. It is crucial to compare the two functions of maturity being
evaluated to the proper reference and performance standard at the aforementioned
temperatures. Nurse-Saul maturity equation estimated the indicator of maturity [26]. This
model converts the temperature—curing history to an equivalent age of curing at a reference

temperature. The model is given by

_ Z(T B To)
° (Tr - To)

At

Here, T, is the reference temperature in degrees centigrade and t. is the equivalent age of the
concrete at the T,. In this case, and t20 the time needed for concrete to cure at 20°C. Polymer
concrete harden more quickly than Portland concretes which harden over time and hence
polymer concretes are a cost-effective alternative.

In several European nations, the thermal activation model is often based on the Arrhenius
principle. The model for Maturity M is developed by Hansen and Pedersen [27] as a function
of universal gas the constant, activation energy, concrete and temperature (°K). According to
this equation, the influence of temperature between -10 and 80 °C was considerable. Utilizing
a maturity measure was another method for measuring maturity traits. Sensors are positioned
inside a concrete sample to measure its internal temperature in a certain location. Automatic
waiting for integrated maturity data is made possible by the runtime counter-test method.

This Sad-Grove equation [29], which can be applied to analyze a particular kind of concrete
that may contain cementitious ingredients including powdered fuel ash, fumed blast furnace
slag, and ground silica, was advocated by Harrison [28]. It's advised to select the proper
strengthening law that is well suited to the various cement types and cementitious substances
with various additives. If no other data are provided, Calculations can be made using the
formula K = /20. the strength to normal concrete ratio. Consequently, the function, a linear
rise in resistance is feasible for temperatures between 0 and 20, but not for 0 degrees. The
aforementioned function is invalid at a temperature of 0°C as the hydration reaction of
concrete is exothermic, the activation force (E) rises with rise in temperature. The
characteristics of the individual binders and it’s micro-structure can have a big impact on the
activation energy. The baselinege function [14] was likely the earliest (1949) recognized
function that combined temperature and time regulation for predicting the maturity of

concrete. Temperature above 1.1° and multiplex time were used to ascertain the baseline age.

5228
Eur. Chem. Bull. 2023, 12(issue 1), 5225 - 5241



Early age compressive strength of concrete using maturity models

Section: Research Paper
ISSN 2063-5346

The investigations made use the electrically hardened cubic samples. Based on the collected
data, it was noted that the maximum temperature has a substantial effect on the concrete's
strength in the studied samples. As the concrete expanded at a young age, the highest
temperature dropped, demonstrating its prevailing strength at a young age. Utilizing the time
and temperature mentioned above, the curing results were merged at 0 °C [15]. Prism
specimens were subjected to steam curing at atmospheric temperature in the experimental
investigations. The generated concrete with various aggregates and cementitious components
was assessed for compressive strength. The outcomes revealed that a nonlinear relationship
exists between the rate of temperature rise and the passage of time and the concrete's
corresponding compressive strength. This concrete was created using non-reactive aggregate.
Furthermore, this relationship was incorrect for concrete with reactive aggregates. The
equation has been calculated in the earliest study on concrete steam curing at atmospheric
pressure [16]. According to the equation for strength improvement with maturity, maturity
may develop in concrete using the same mixtures and gain strength, regardless of
temperature-time variations. It was claimed that when the strength of the concrete is raised
further, the regulation governing increasing strength is not properly adhered to quickly. The
strength develops very swiftly in the first few hours, it looked to be negatively impacted in
this experiment. The relationship is valid in a temperature range of 10 to 40 °C for up to 28
days. Table 1 is a list of the maturity index functions' correlations.

Table 1 Functions of maturity index models by various researchers

Maturity functions Parameters
M=Y(T-T,).At M is the maturity index (°C h or °C-days), T is the average concrete temperature during the time inter-
val Az (°C), T, is the datum temperature, ¢ is the elapsed time (°C), and At is the time interval
M= (T-T,).A" M is the maturity index (°C-h or °C-days). T is the average curing temperature during the time inter-
val At (°C). T, is the datum temperature (°C), t is elapsed time (h), and n is a constant
= { ¥ (T-To) } . At I,,.i:s l}lc equivalent age, T is the at'erugc curing temperature(°C), 7, is the reference temperature (°C).
(Tr=To) Iy is the datum temperature (°C)

Y c'-:_‘ Wi—5) A 1, is the equivalent age at the reference temperature, £ is the apparent activation energy, R is the

universal gas content, 7'is the average concrete temperature during the interval Ar, and 7, is the
absolute reference temperature

b

o 1416 ] A 1, is the equivalent age at reference temperature (days), 7'is the average concrete temperature (°C) and
=X I,+16 T, is the reference temperature (°C)
M, =Y txTxC" M,, is the weighted maturity (°C-h or °C-days). t is the age of concrete (h or days). T is the average

concrete temperature during time interval At (°C), n is a temperature dependent parameter, C is
a cement specific constant for which the strength maturity curves for isothermal strength tests at
20 °C and 65 °C coincide, C is cement specific value

L= ZCB‘T_T".AI

-~

, is the equivalent age at the reference temperature, B is the temperature sensitivity factor, 7'is the
average concrete temperature during the time interval At, and 7, is the reference temperature
- ie_%’( e ) At Lis elapsed time (h), Atis time interval (h), E, is the activation energy (J/mol) used in the estimation

LA - of t... R is the universal gas constant (J/mol/K) and T, is the temperature of concrete (°C)
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3.2 Strength-to-maturity relationships

The ratio of strength to maturity is a measure of concrete's compressive strength in relation
with its other strengths. Three models were developed [21] for prediction of epoxy resin
concrete's maturity level and they were rated as strongly adaptable to various forecasting
models.

3.2.1 The logarithmic function

Except for low or higher values of maturity indexes, the average maturity score is
comparatively dependable [21]. Formulations (mix proportions), binder composition, and
water-to-cement ratios and aggregate properties affect the maturity—strength relationship for
concrete specimens [4].

3.2.2 Logistic curve

Weinstein [35] used an analytical description model to link the strength of concrete and
maturity. Ploughman [34] made several attempts to improve it. The samples of concrete cubes
were initially exposed to 24 hours of conventional curing and then subjected to temperatures
between -11.5 and +18 °C. This method was created based on the idea that strength should be
expressed while moving in a straight line. The maturity model derived was in the form of
Nurse-Soul method [15]. In the formula, S stands for concrete strength, while a constant is
represented by b. M (t, T) a representation of the maturity function was employed [15, 16].
They were linearly related to one another. A, B and compressive strength are constants.
Despite S=a +b (4) logM(t,T)

being a well-known simple equation, it has some disadvantages.

3.2.3 Dose-response curves

Dose-response curves help assess the interactions between potential reactive applications in
biological systems. In biological reactions, active ingredients or pharmaceutical chemicals
[36]. Create a soft sigmoidal by using a broad spectrum of frequencies to smooth the resulting
dataset. the capacity versus reaction time logarithm. This curve is viewed as a part of the
centre line-oriented straight line. Various strength prediction models by researchers are
displayed in Table 2. Verhuls put forth the idea in 1838, while David Cox came up with the
idea in 1958. They observe the curvature (S-shaped structure) with symmetry at the point of

refraction.
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Table 2 Strength-maturity functions by various researchers

Functions Maturity equations Parameters

Logarithmic function f. = a+ bin(M) f_ is the compressive strength (MPa)
M is the maturity index (°C-h or °C-days)
a, b are constants
Hyperbolic function S= S is the strength (MPa). M is the maturity (°C-h or °C-days). S, is the limit-
B ing strength (MPa) as maturity tends to infinity, and A is the initial slope
of the strength-maturity curve

i

Logarithmic function fo=a+ 'u.w f. is the compressive strength (MPa)
o M is the maturity index (°C-h or °C-days)
a, 0. 1, k are constants
Nonlinear regression function §— X K. a, and b are numerical constants, M is the maturity of concrete (°C-h
b+ Koflop (=301 or °C-days). 30 is the maturity below which the strength is effectively 0.
and § is the compressive strength of concrete (MPa)

Exponential function §=8,e e S, is the limiting strength, M is the maturity (°C-h or °C-days), 7 is a time
constant, and « is a shape parameter

Exponential function § =8, .exp(—a.e™".logM) S is the compressive strength, S, is the limiting compressive strength, M is
the maturity (°C-h or °C-days) and a, b are parameters

Semilogarithmic function S = a+ blog(M) S is the strength of the maturity index, M is the maturity index (°C-h or
°C-days), and a, b are regression coefficients

Bilateral symmetry S= m“—" S is compressive strength (MPa),

o

M is maturity index (°C-h or °C-days).
a, b, ¢ are constants
Linear hyperbolic function =g Sen) S is the strength (MPa) at age t,
" kie—1y) . FRRT
AR g g — S, is the limiting strength,
Parabolic hyperbolic function ¢ _ ¢ Vit k is rate constant (1/day).

i SV /TN 3 3
1y is age at start of strength development

The concrete's starting curing temperature is monitored using the Nursesoul method. This
method significantly the affected maturity connection between strength and maturity a [43—
46]. For large range of initial curing temperatures, investigations have demonstrated that the
predicted maturity is not simply dependent on the concrete's strength. The following theories,
which are consistent with the results, contribute to the validity of Ploughs strength-maturity
function [34].

1. The logarithmic Function of maturity and strength was discovered to have a linear
connection with the indicated ambient temperature during the first 3 of 28 days [34].

2. The range of temperatures during the initial curing period should only be 15.5-26.6°C.

3. Moisture loss can be nil while curing [44—46].

According to reports, the Ploughman equation for concrete's link between maturity and
strength is vulnerable to rapid overload. following the formation of the concrete tested and
cured. Curing cycles of time 6, 19, and 23 hours and 30 minutes. Most common sample shape
considered is of a cube [47].

When building structures, many construction enterprises employed the concept of maturity to
predict the potency of in-situ reinforcements in concrete. The concrete strength was assessed
using the maturity function principle (on-site) while the CN Tower in Toronto was being built
[48, 49].
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The right moment to take down the formwork by this method can be predicted. The maturity-
strength connection for every concrete mixture, are predetermined and compared to the
findings of the initial core sample test. The results of the core survey indicated very good
corroboration with the forecasts of maturity. The verification of increased building strength,
while it is being constructed, is part of the maturity approach. It was emphasized by
Mukherjee [50] that this relationship is derived. The Ploughman model can adequately depict
it. From experiments, Constants A and B were calculated. Data are defined through study to
determine the best temperature for concrete. The model's forecasts were identical to those
developed ages ago. Concrete's strength can be estimated using structural castings. In
addition, this test has successfully been applied to assess the strength of concrete slabs during
building work on the University of Waterloo building midway through the 1970s. This
approach is widely used to assess how strong lightweight concrete slabs become.

A testing framework was identified by Edgar and Hulshizer [51], and it includes the
following: Participate in field and laboratory experiments to evaluate yield; develop rules for
judging the performance quality of concrete; It is asserted that a mature approach will employ
appropriate techniques to gauge the effectiveness of the controlled system for curing. This
technique was used for evaluation. obtaining enough time to remove the formwork for the
tunnel arch. The study introduces using maturity for gain. Sept Influenced and Hosted Cold-
Cure Period Approximately 25-30% less than comparable conventional items needed for
hardening in cold areas. additional financial advantages of labour costs, oversight, Schedule
windows, and reduced oversights.

3.3 Cementitious strength prediction

The strength estimating methods were contrasted to enhance the prediction model for
compressive strength. Three various concretes with different cementitious materials were
applied in the investigation to identify the most effective forecasting model. Completely
Portland cement combination was regarded as the PC mixture. Cement can also contain
replacements as replacement. The application of furnace slag (GGBS) occurs at 30% and
50%, respectively. The use of fly ash (FA) in concrete resulted in one additional type of
cement. Replacement of Cement by FA is between 30 and 50% by weight thereby reducing
carbon dioxide emission by 5%. Table 3 [53] includes a list of SCMs and their chemical
composition. Control concretes constructed with a blend of PC, GGBS, and 30% mix were
expected to produce higher compressive strengths from these combinations. To compare the

strength-predicting model, three mixers concerning to PC Mix, the majority of strength
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estimation models were found to overestimate after the first 24 hours. For 50% GGBS blends,
up to 24 hours is needed for strength prediction. The Nurse's Soul model may overstate it.

Table 3 SCM's chemical composition [53]

Chemical composition (%  PC GGBS FA
by weight)

Si0, 20.11 35.35 48.00
ALO3 5.16 14.00 27.00
Fe,0, 3.14 0.36 9.00
CaO 6549 4141 3.30
MgO 0.80 7.45 2.00
SO, 322 0.10 0.6
K,0 0.59 - 3.80
Na,0, 0.13 - 1.2
CaCO, 447 - -
LOI 2.80 0.31 4.90

The strength function might be precisely utilizing the Dutch weighted maturity function to
predict. Nurse single function is used for mixes that contain 30% FA. The importance of
Rastrup functions is underestimated for FA concrete strength when mixed with FA. Correct
compression strength is predicted by a Dutch and Arrhenius weighted ageing fun ageing [54].
3.4. Evaluation method — maturity function

The relationship between the development and compressive strength of concrete can be
established using mixture-specific calibration curves, The maturity function principle has
helped in the correlation of field estimates. The field's specific maturity targets are then laid
forth [4]. The following actions are a part of this strategy:

An estimate in terms of the maturity function results in a precise value. Concrete is explicitly
utilized in construction. This can assess different relationships between concretes - a sign that
the concrete is mature and strong.

The Maturity tester with a thermocouple (Fig. 1) can determine the maturity index, which can
give the development of strength over the past period. Methods and recommendations by
ASTM were used. C-11074 [19]. A wireless sensor is inserted inside a four-concrete cube
enclosed in a cement mortar shell for security. A data collection system (DAQ) that can
capture and digitize analogue requires careful design and production. This method was
developed to determine the starting temperature of a concrete cube sample [55].

Most of the concrete's current compression capacity develops early on [56]. A method was
suggested by connecting concrete with Wi-Fi Microcontrollers and an integrated temperature
sensor to a network system built on the cloud Utilising receivers. The system was employed

to analyse juvenile temperature, maturity function, and the power of a concrete cube. The
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sensor sends a signal to the Wi-Fi microprocessor, and the outcome is displayed. The data is
recorded using the built-in internet framework in a laptop with internet framework. Based on
Applicable standards [19], a maturity function was developed. Systems were created that
produced low-cost automatic interpreters, etc. This maturity-based strategy can result in
consolidation.

3.5 Filling within the concrete

Monitoring the voids in concrete efficiently optimizes the selection of the release time and
condition for healing. Wireless technology, with permanent sensors to track temperature

changes, advances ageing methodologies are avail in the recent times.

Figure 1 Maturity testing equipment with thermos couple [1]

The key maturity the concrete in the construction sector is quantified based on the maturity
model. Using outdoor curing circumstances, a revised new approach known as the "water-
adjusted rat constant model" and "water-adjusted equivalent age" was devised [57]. Another
method was created utilizing an artificial neural network and a smart technology that
forecasts the strength of concrete [58]. Concrete's compressive strength consists of Relative
humidity and temperature that has an impact on cementitious systems. Experimental studies
prompted the conclusion that higher strength would be feasible at an early age with extreme
heat and a steady humidity level [59].

4. RECOMMENDATIONS FOR FURTHER STUDY

Integrated Models of maturity are helpful for precisely forecasting the durability of concrete
at the beginning of a project. Ongoing observation of Concrete's internal temperature can be
used to evaluate its quality after it has been poured. Through this monitoring, it efficiently
optimizes the choice of the release time and the curing condition. To track temperature

changes, sensors are permanently implanted. The necessary maturity model is compatible
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with models for predicting maturity strength in cement-based systems with various varieties

of concrete.

4.1 Advantages in terms of maturity level method

Comparing the levels of maturity technique to typical quality assurance samples has several
additional benefits in testing one's strength [60]. The maturity technique demands that
strength evaluations be acted upon whenever and as frequently as necessary before the
desired strength has been attained [61]. It also gives a good indicator of how concrete's on-
site strength development is progressing. Better preparation may also be possible. It can also
be used with construction activities that depend on strength, like prestressing, decrease of the
formwork, and backfilling [62, 63]. Costs are decreased by the higher frequency and fewer

experiments. Samples must be used to make the function of maturity valid [64].

Figure 2 Continuous wireless temperature monitoring within a concrete

cube. [55]
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Figure 3 loT-enabled real-time monitoring system [56]

4.2 Limitations of the Maturity Level Approach

The following is a list of restrictions identified by ASTM C-1074 [19]:
Concrete hardens with time, so it should be properly cured to ensure secure storage. This
enables the cement to hydrate. It must be protected by maintaining sufficient humidity and
temperature.

* The effect of temperature right after the concrete is poured, on the mechanical properties of
hardened concrete shouldn't be considered by this method. The maturity framework's primary
drawback is that Medium is frequently combined with Portland cement.

» Several early measurements of the concrete's strength should be used to support this
method. Before removing the form work and loading, strength must be tested once.

 No assurances can be given that the concrete on the construction site was mixed in the right
proportions. The following is a description of the procedure for assessing the concrete's
strength.

* Several field tests are available to evaluate the power of new concrete; examine early-age
compressive characteristics by collecting concrete samples on-site; determination of

concrete's compressive strength may be from samples that accumulated from exposure.

5. CONCLUSION

From the research on the principles of the maturity-level approach and results of maturity-
level testing, the following conclusions can be drawn.

* Based on a larger number of independently verified study results, the relationship between

strength and maturity can be affected substantially by a wide range of variables. These
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requirements cover the type and supply of aggregate, the curing temperature, and chemical

the compositions of various binders. Different cementitious materials require different water

contents. There are numerous empirical formulations available. Focus on establishing and
strengthening connections between times and temperatures.

* Different tools and techniques are also frequently employed. As soon as you can, determine

the concrete's maturity. These measurement tools are perfect for evaluating the strength using

concrete in building projects.

* For assessment, a maturity method might be applied. Cast-in-place concrete durability and

increased construction efficiency have significant labour and energy cost benefits. This will

allow for an accurate estimation of goal completion. It is recommended to adopt a group of
models for assessment of the maturity and strength of concrete before using concrete. It is
also important to establish the anticipated curing circumstances and different additives.
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