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Abstract: The maturity method is deservedly considered one of the reliable indirect methods for
determining the strength at the early stages of concrete curing. The main parameter in the calculation
is the internal temperature of concrete that accumulates during the chemical reaction of concrete
curing, while external factors such as ambient temperature and relative humidity are fallaciously
omitted. In this work, the complex maturity method was developed based on ASTM C1074, account-
ing for the influence of ambient temperature and relative humidity and coefficients indicating their
influence weight. The laboratory testing to measure the concrete strength by compression method
and non-destructive sclerometer method were performed on concrete samples according to ASTM
C109, GOST 22690, and GOST 10180. According to the calibration dependence of the existing and
proposed methods results in comparison with the strength of cubic samples, the highest coefficient
of determination R2 = 0.976 was revealed for the complex method of maturity, which indicates its
reliability in contrast with sclerometer and traditional maturity methods. The determination of
complex maturity allows for an evaluation of the current state of concrete strength, but also reduces
the waiting time for concrete curing and increases the economic effect during construction.

Keywords: concrete strength; temperature-time factor; laboratory testing; compression strength;
complex maturity

1. Introduction

Achieving sufficient concrete strength during the curing time is essential for the
continuation of concrete and other construction work. Early estimation of concrete strength
reduces downtime while waiting for strengthening. Temperature and humidity are the
important factors affecting the curing time [1–4]. Early works on the maturity method used
to estimate the strength of the concrete date from the mid-1950s, by [1,5], who determined
the relationship between accumulation of datum temperature and the concrete strength
gain. In the 1970s, the authors of [2] proposed continuous monitoring of the current
calculation of maturity using a computer. According to [3], the maturity concept serves as
an effective way of predicting the early-stage strength, while the authors of [6] stated that
the standard cylinder strength underestimated the core strength by more than 40% when
concrete curing occurred in cold weather, although the maturity method overestimated
concrete strength by less than 10%. Ref. [7] also proved maturity method’s applicability for
mass concrete with large aggregate grain diameters, low cement dosage, and low hydration
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temperatures, although [8] specified that the core compressive strength from the mid-
section was within ±15% of the predicted values and core results from the bottom section
were generally higher than the predicted values. Ref. [9] has reviewed and studied the rate
of temperature increase during concrete curing in detail, but also predicted the strength
gain over the curing and tested a wide range of test settings for ambient temperature
and different concrete mixtures. Ref. [10] considered various curing conditions in the
laboratory and on-site, where he evaluated the strength–maturity relationship by Nurse–
Saul and Arrhenius maturity functions, and stated that the considered methods are only
accurate for the first 7 days of concrete curing. Refs. [11,12] carried out the experimental
and modelling study on the influence of curing temperature (T) and relative humidity
(RH) on the compressive strength gain of cement mortars and determined that both of
the parameters affect the strengthening rate, especially at the curing period. Despite the
fact that numerous attempts have been made to account for the influence of external
parameters such as ambient temperature and humidity, there is no unified method for
calculating the complex maturity to date, which would most accurately convey the state of
concrete strength during the curing. Thus, it turns out that ambient relative humidity and
ambient temperature significantly affect the maturity and strength relationship of concrete;
however, this process was overlooked in [13,14], and in other sources [15–19]. The main
parameter in the calculations is the internal temperature of the concrete that accumulates
during the chemical reaction of concrete maturation, while external factors such as ambient
temperature and relative humidity were wrongly ignored.

The purpose of this study is to develop a detailed methodology to calculate the
complex maturity, accounting for the external and internal parameters such as internal and
ambient temperature and ambient relative humidity, which would weigh the influence
ratio of each parameter and most accurately convey the relationship of gained strength
with the maturity of concrete over curing time. A complex maturity method was developed
based on ASTM C1074, accounting for the influence of ambient temperature and relative
humidity, as well as coefficients indicating their influence on weight.

2. Materials and Methods

The proposed method is based on [13], which evaluates the strength of the cement-
based concrete by the Nurse–Saul maturity method. The above method was previously
determined based only on the principle of temperature accumulation over time (see
Equation (1)).

M(t) = ∑(Ta − T0)∆t (1)

where:

M(t)—the temperature-time factor at age t, degree-days or degree-hours;
∆t—a time interval, days or hours;
Ta—average concrete temperature during time interval ∆t, ◦C;
T0—datum temperature, ◦C.

The Nurse–Saul method for calculating the maturity of concrete has been improved
by including the parameter of ambient humidity and ambient temperature in the basic
formula of maturity. Here, the impact of internal humidity in a gaseous stage was not
considered as, according to the system equilibrium theory, the inner pores always tend to be
fully saturated. In addition, depending on changes in temperature and pressure, processes
of evaporation or condensation occur so that the moisture remains fully saturated in closed
pores [20]. Thereby, the maturity gains a complex sense and is referred to as complex
maturity Mc, which includes 3 parameters: internal temperature (IT), ambient temperature
(AT) and ambient relative humidity (ARH), which may be expressed by Equation (2).

Mc = ∑ Mi·γi = MIT ·γIT + MAT ·γAT + MARH ·γARH (2)

MIT = M(t); MAT = ∑(AT·∆t); MARH = ∑(ARH·∆t); (3)
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where: i—parameters affecting the concrete strength gain, such as IT, AT, and ARH; Mi—
maturity of i parameter, such as IT, AT, and ARH, expressed by Equation (3).

γi—average weight of i parameter for 28 days of curing that is calculated by
Equation (4) below.

γi =
1
28

28

∑
t=1

γi,t (4)

Regarding the aforementioned IT, AT, and ARH, Equation (4) may be extended in
Equation (5):

γIT =
1
28 ∑28

t=1 γIT,t; γAT =
1

28 ∑28
t=1 γAT,t; γARH =

1
28 ∑28

t=1 γARH,t; (5)

Here, the value of the weight of the i parameter (namely IT, AT, and ARH) at the age
of t (γi,t) is calculated by Equation (6) below.

γi,t =
|ri,t|

∑|ri,t|
(6)

where: ri,t—is a correlation coefficient between the i parameter (IT, AT, and ARH) and the
strength of the concrete at curing age of t (from 1 to 28 days).

It should be noted that the sum of the weights is always equal to 1 (Equation (7)).

∑ γi,t = ∑ γi = 1 (7)

By monitoring the internal and ambient temperature and relative humidity for 28 days
every 0.5 h and obtaining the compressive strength (CS) for certain types of concrete mixture
at each period of time (Table 1), it is possible to calculate the maturities corresponding to
each parameter (Table 2) and to determine the trend line for the complex maturity–strength
relationship.

To examine the proposed concept: a batch of cement-based concrete mixture of class
B25 and grade M350 was retrieved from an operating concrete mixture manufacturing
plant. The concrete mixture was used to prepare 17 vertical cylindrical samples with a
diameter of 15 cm and a height of 15 cm [21], 15 cubes with an edge size of 10 cm [14] and
2 boxes 50 × 50 × 50 cm in size [22] at once, depicting the real structures on the site. All
the samples and boxes were kept at the same temperature and humidity conditions. For
compression testing on the 1st, 3rd, 7th, 14th and 28th days, 15 cylindrical and 15 cubic
samples were prepared to be used in batches, three pieces at a time. The temperature
sensors were inserted in the middle of the 2 cylindrical samples and 2 boxes and logged
every 30 min for 28 days (Figure 1). Along with internal temperature, two more sensors
were recording the ambient temperature and ambient relative humidity at the same time,
by analogy with [23].

Table 1. Laboratory testing log template to retrieve the complex maturity–strength relationship.

Age, Hours i Parameters Compressive Strength in Cylinders, MPa

t IT AT ARH CS

0.5 21.44 23.9 29.7 0

1 21.56 23.4 30.6 0

1.5 21.94 23.3 33.8 0

. . . . . . . . . . . . . . .

672 11.88 13.8 40.9 30.38
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Table 2. Calculation of complex maturity-strength relationship for laboratory cylinders.

Age,
Days Maturity of i Parameter

Correlation Coefficients
between i Parameters and

Compressive Strength

Weights of Maturity of i
Parameters

Complex
Maturity,
◦C·Days

Compressive
Strength in

Cylinders, MPa

t MIT MAT MARH |rIT| |rAT| |rARH| γIT γAT γARH Mc CS

1 30.89 39.72 20.43 0.68 0.26 0.55 0.46 0.17 0.37 29.44 9.34

2 55.38 107.37 36.76 0.92 0.84 0.88 0.35 0.32 0.33 61.59 13.71

3 78.13 174.68 51.18 0.06 0.50 0.54 0.05 0.45 0.49 92.28 16.27

4 99.38 245.08 64.25 0.38 0.04 0.20 0.61 0.07 0.32 122.63 18.09

5 123.44 302.32 80.21 0.30 0.16 0.19 0.46 0.25 0.29 151.95 19.50

6 150.46 345.37 98.36 0.58 0.33 0.52 0.41 0.23 0.36 179.81 20.65

7 175.42 394.17 114.63 0.74 0.65 0.74 0.35 0.30 0.35 207.57 21.62

8 199.75 444.27 130.40 0.47 0.15 0.35 0.49 0.16 0.36 235.21 22.47

9 224.20 485.47 146.22 0.75 0.88 0.73 0.32 0.37 0.31 260.76 23.21

10 245.46 530.46 158.87 0.76 0.33 0.79 0.41 0.18 0.42 284.81 23.88

11 265.21 577.40 169.98 0.64 0.80 0.79 0.29 0.36 0.35 308.19 24.48

12 284.53 629.17 180.77 0.69 0.38 0.59 0.41 0.23 0.36 332.44 25.03

13 302.85 678.10 190.93 0.62 0.42 0.60 0.38 0.25 0.37 355.38 25.53

14 320.96 724.01 200.85 0.54 0.32 0.45 0.41 0.24 0.34 377.42 26.00

15 341.14 767.04 212.05 0.64 0.56 0.61 0.35 0.31 0.34 400.05 26.44

16 360.26 818.35 222.76 0.49 0.43 0.51 0.34 0.30 0.36 424.09 26.84

17 381.14 872.48 234.85 0.34 0.02 0.05 0.84 0.05 0.11 450.01 27.23

18 403.44 922.70 248.34 0.39 0.14 0.21 0.53 0.19 0.28 476.06 27.59

19 426.36 968.15 262.59 0.34 0.01 0.16 0.66 0.02 0.31 501.46 27.93

20 448.45 1017.85 275.83 0.96 0.74 0.97 0.36 0.28 0.36 527.20 28.25

21 461.33 1099.88 281.56 0.47 0.62 0.41 0.31 0.41 0.28 554.38 28.56

22 477.11 1156.03 289.34 0.20 0.11 0.23 0.36 0.21 0.43 577.20 28.85

23 495.61 1206.61 298.97 0.72 0.36 0.81 0.38 0.19 0.43 600.43 29.13

24 511.93 1267.34 306.79 0.61 0.51 0.60 0.35 0.30 0.35 624.59 29.40

25 527.83 1329.16 314.39 0.48 0.24 0.44 0.42 0.21 0.38 648.77 29.66

26 544.70 1385.29 323.04 0.14 0.06 0.07 0.51 0.21 0.28 672.33 29.91

27 562.47 1436.74 332.52 0.57 0.35 0.44 0.42 0.26 0.32 695.42 30.15

28 580.97 1489.62 342.92 0.49 0.30 0.42 0.41 0.25 0.34 719.47 30.38

Mean value 0.42 0.24 0.34
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Compression tests were conducted with a TMC-3224 hydraulic compression testing
machine, according to [13] for cylindrical and [14] for cubic samples, in order to determine
their average value of strength on the 1st, 3rd, 7th, 14th and 28th days (Figure 2). Interme-
diate values of the compressive strength of cylinders in Tables 1 and 2 are retrieved from
the trend line equation from the strength–age relationship in Figure 3.
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Correlation coefficients and weights for each of these parameters were calculated for
every day in Table 2, and the mean value of the weight for the 28-day period is used in
Equation (2). To determine the complex maturity–strength relationship, the trend line
with the most fitting equation was drawn between the compressive strength of cylindrical
samples and the complex maturity calculated by Equation (2). The resulting trend line
corresponds to the logarithmic dependence S = a·ln(M) + b in Figure 3, where S is strength,
and M is the maturity of the concrete. The obtained complex maturity–strength relationship
is used later to determine the current strength of the concrete by monitoring internal and
ambient temperature and ambient relative humidity.

As mentioned above, the internal and ambient temperature and ambient relative
humidity were also tracked for the 2 boxes (Table 3), representing the concrete structures
curing on the site. The recorded data made it possible to calculate their complex maturity by
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Equations (2)–(7) at each time interval of testing (Table 4). According to the equation defined
in Figure 3, corresponding to the trend line, it became possible to estimate the current
strength of concrete in the boxes for each period by establishing the complex maturity–
strength relationship for this particular type of concrete and to determine the stage of curing
matching to 70% of the designed concrete strength, allowing for further construction.

Table 3. Field-testing log.

Age, Hours i Parameters

t IT AT ARH

0.5 20.9 23.9 29.7

1 21.2 23.4 30.6

1.5 21.6 23.3 33.8

. . . . . . . . . . . .

672 8.3 13.8 40.9

Table 4. Calculation of complex maturity–strength relationship and the strength of boxes.

Age, Days Maturity of i Parameter Complex Maturity, ◦C·Days Estimated Strength in Boxes, MPa

t MIT MAT MARH Mc CS

1 41.76 39.72 20.43 33.96 9.65

2 73.31 107.37 36.76 69.03 14.44

3 97.01 174.68 51.18 100.12 16.96

4 119.46 245.08 64.25 130.96 18.77

5 143.02 302.32 80.21 160.08 20.13

6 169.33 345.37 98.36 187.64 21.20

7 195.51 394.17 114.63 215.91 22.15

8 220.34 444.27 130.40 243.75 22.97

9 245.35 485.47 146.22 269.53 23.65

10 268.13 530.46 158.87 294.22 24.24

11 288.72 577.40 169.98 317.94 24.77

12 308.81 629.17 180.77 342.52 25.27

13 327.90 678.10 190.93 365.78 25.71

14 346.39 724.01 200.85 387.97 26.11

15 366.25 767.04 212.05 410.47 26.49

16 385.93 818.35 222.76 434.74 26.88

17 406.45 872.48 234.85 460.52 27.27

18 428.39 922.70 248.34 486.41 27.64

19 451.14 968.15 262.59 511.74 27.98

20 474.30 1017.85 275.83 537.93 28.32

21 489.89 1099.88 281.56 566.23 28.67

22 504.88 1156.03 289.34 588.72 28.93

23 522.73 1206.61 298.97 611.68 29.19

24 539.95 1267.34 306.79 636.22 29.46

25 556.23 1329.16 314.39 660.55 29.71

26 572.76 1385.29 323.04 683.97 29.95

27 590.62 1436.74 332.52 707.10 30.17

28 608.83 1489.62 342.92 731.03 30.40
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To compare the estimated and actual compressive strengths, the strength of concrete
in boxes was measured by the IPS-MG 4.01 sclerometer (Figure 4). It has a nonvolatile
memory, a data transfer mode to a computer via a COM port and a function for entering
individual calibration dependencies into the software device, set by the user. Measuring
the strength of the concrete consists of applying a series of up to 15 blows to the controlled
area of the product. The electronic unit, according to the parameters of the shock impulse
coming from the sclerometer, evaluates the hardness and elastic properties of the test
material, converts the impulse parameter into strength and calculates the corresponding
class of concrete [22].
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The proposed method provides more accuracy for pre-determining the complex
maturity–strength relationship for each individual type of concrete. The relationship
between strength and maturity is further used to determine the strength of the concrete
structure while curing at the construction site, if temperature sensors were previously
installed in these concrete structures. Moreover, the proposed method additionally takes
accounts for the parameters of ambient temperature and relative humidity, and allows for
determination of the strength of concrete at an early stage of concrete production. This,
in turn, increases the possibility of reducing the waiting time for concrete curing and
increasing the economic effect during construction.

3. Results

Internal temperature monitoring of the concrete samples in vertical cylinder molds
and its average values are presented in Figure 5a for 28 days of curing.

Daily fluctuations in daytime and nighttime represent a spiky graph within certain
limits; nevertheless, it is possible to trace the exothermic reaction that takes place during
the curing of the concrete. The ambient temperature was positive during the concrete
curing and varied between 3 and 25 ◦C within 8–18 ◦C prevailing fluctuation. The ambient
relative humidity generally showed a rather dry environment of 40–60%, with two time
jumps over four weeks of curing (Figure 5b).

The strength gain of concrete after the seventh day for specimens in cylindrical molds
slows down a little, but then resumes a gradual growth, while the concrete in the boxes
stabilizes and forms a gently sloping curve. The results for strength on the 1st, 3rd, 7th, 14th
and 28th days are presented in Figure 6a. Since compression tests were only carried out on
certain days, for the remaining days, the compressive strength was determined using the
trend line shown in Figure 6a. The most fitting trend line and the corresponding formula,
expressing the dependence of compressive strength on age for the concrete cylinders, is
presented in natural logarithmic approximation. Further, Figure 6b shows the maturity–
strength relationship according to the [13] standard in accordance with Equation (1), based
on only one parameter—internal temperature.
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Figure 5. Temperature and humidity monitoring for concrete cylindrical samples over time: (a) Internal temperature
fluctuation (average value); (b) Ambient temperature and ambient relative humidity.
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Figure 6. Concrete strength gained over time: (a) Compressive strength on the 1st, 3rd, 7th, 14th and 28th days; (b)
Maturity–strength relationship according to [13].

In Figure 7, the complex maturity values calculated by Equations (2)–(7), and including
the impact of IT, AT and ARH parameters, were presented in relation to the compressive
strength cylinders, determined in Figure 6a. The corresponding trend line in natural
logarithm approximation and a coefficient of determination R2 = 0.9987 confirm the high
convergence. Knowledge of the relationship between the compressive strength and the
complex maturity, determined for a given concrete mixture, enables estimation of the
strength at any value of complex maturity on the site. For the concrete class B25, the
necessary value to continue the construction is 22.4 MPa, which corresponds to 70% of
standard strength of 32.0 MPa on the 28th day.

The internal temperature history of concrete boxes chases a similar pattern of internal
temperature in cylindrical samples, due to the simultaneous testing and identical ambient
environment, although with less influence of daily fluctuation due to the higher volume of
heat capacity of large concrete samples in the boxes (Figure 8).
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Figure 8. Internal temperature in the boxes (average value).

Using the maturity–strength relationships from Figures 6b and 7, the internal tem-
perature history from Figure 8, ambient temperature and relative humidity history from
Figure 5b, and Equations (1)–(4), the current strength values in boxes were estimated for the
Nurse–Saul and the proposed methods. The maturity values at each period were calculated
using the average values of internal temperature in boxes.

Figure 9 shows the values of concrete strength measured by non-destructive testing
with IPS-MG 4.01 sclerometer in both boxes and their average.

The results obtained by various strength methods on the 1st, 3rd, 7th, 14th and 28th
days of concrete curing are presented in Table 5, where strength in boxes, representing the
construction on the site was measured by the IPS-MG 4.01 sclerometer, as well as estimated
by [13] and the proposed method of complex maturity.
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Figure 9. Strength of concrete in boxes measured by IPS-MG 4.01 sclerometer.

Table 5. Results of strength tests determined by various methods.

Age, Day

Results of Strength Tests, MPa Estimated Strength, MPa

ASTM C192 GOST 10180 GOST 22690
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C1074

ProposedCylinders
(
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15 × 15 cm)
Cubes

(10 × 10 × 10 cm)
Box 1

(50 × 50 × 50 cm)
Box 2

(50 × 50 × 50 cm)
Average in

Boxes

1 9.67 12.2 13.15 14.35 13.75 12.25 9.65

3 16.06 20.45 24.25 21.65 22.95 17.92 16.96

7 22.17 24.25 27.75 28.45 28.1 22.63 22.15

14 23.99 26.75 30.3 29.95 30.125 26.48 26.11

28 31.72 34.2 31.3 31.35 31.325 30.27 30.40

4. Discussion

Combining all the obtained results with the general parameters in Figure 10, the
following test methods were compared in order to determine the strength gain over time:

- The compression testing of the cubes with an edge size of 10 cm by [14] represented
by square markers;

- The non-destructive testing of the boxes using the IPS-MG 4.01 sclerometer [22]
represented by triangle markers;

- The maturity–strength method by [13] represented by a dashed line;
- The proposed complex maturity method, based on [13] and modified, accounting

for additional influencing parameters, such as the ambient temperature and relative
humidity represented by the circle markers on the graph.

Since all the standards used in this work, or rather, the results obtained by assessing
the strength of concrete, are compared with the results from an assessment of the strength
of cubic samples, Figure 11 shows the calibration dependence of the above methods in
relation to the direct method of the compression testing of cubic samples along the x-axis.
The corresponding trend lines were supported by the coefficients of determination for
each method.

The results for the coefficients of determination characterize the degree of convergence
or reliability of the presented methods, in comparison with those from the compression
testing of cubic samples. Thereby, the highest coefficient of determination R2 = 0.976
was revealed for the proposed method of complex maturity. The lowest R2 = 0.8929 was
revealed for [22], representing the non-destructive measurement method of strength in
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boxes by sclerometer. The Nurse–Saul maturity method [13] for estimating the current
strength of concrete, which considers only internal temperature, was found to be reliable
enough, although it is worth noting that the ambient parameters are also important for the
concrete curing process.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 12 of 14 
 

strength of concrete, which considers only internal temperature, was found to be reliable 
enough, although it is worth noting that the ambient parameters are also important for 
the concrete curing process. 

 
Figure 10. Summary results of concrete strength determined by various methods. 

 
Figure 11. Calibration dependence of the above methods in relation to the compressive strength of 
cubic samples. 

5. Conclusions 
Summarizing the results of the experimental work on the development of a method 

for assessing the strength of concrete by complex maturity, the following conclusions have 
been made: 
1. The laboratory tests for measuring the concrete strength by compression method and 

non-destructive sclerometer method were performed on concrete samples according 
to ASTM C109, GOST 10180 and GOST 22690. The estimated current strength values 
of concrete were obtained by ASTM C1074 (Nurse–Saul) and the proposed complex 
maturity methods. 

0

5

10

15

20

25

30

35

0 7 14 21 28

St
re

ng
th

, M
Pa

Age, days

Cubes

Boxes

ASTM
C1074
Proposed
method

R² = 0.8929

R² = 0.9715

R² = 0.976

5

10

15

20

25

30

35

10 15 20 25 30 35

V
ar

io
us

 st
re

ng
th

s, 
M

Pa

Strength in cubes, MPa

Boxes

ASTM C1074

Proposed
method

Figure 10. Summary results of concrete strength determined by various methods.
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5. Conclusions

Summarizing the results of the experimental work on the development of a method
for assessing the strength of concrete by complex maturity, the following conclusions have
been made:

1. The laboratory tests for measuring the concrete strength by compression method and
non-destructive sclerometer method were performed on concrete samples according
to ASTM C109, GOST 10180 and GOST 22690. The estimated current strength values
of concrete were obtained by ASTM C1074 (Nurse–Saul) and the proposed complex
maturity methods.
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2. Assessment of concrete strength by the proposed method was based on ASTM C1074
and developed by taking the influence of ambient temperature and relative humidity
into account when calculating the complex maturity.

3. The estimated and measured by various methods strength were analyzed on the
1st, 3rd, 7th, 14th and 28th days of concrete curing and compared with the strength
obtained from the results of compression tests of cubes with an edge size of 10 cm,
according to GOST 10180.

4. According to the calibration dependence of the existing and proposed methods in re-
lation to the strength gained in cubic samples, the highest coefficient of determination
R2 = 0.976 was revealed for the proposed method of strength estimation by complex
maturity, which indicates the reliability of the latter.

Determination of the complex maturity of concrete makes it possible to assess the
current state of its strength and, above all, to reduce the waiting time for concrete matura-
tion and increase the economic effect during construction. The proposed method accounts
for the influence of internal and ambient temperature and ambient relative humidity on
the strength gain of concrete and provides with the most reliable data at an early stage of
concrete curing.
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