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Abstract  
The Maturity Method is a non-destructive test used to evaluate concrete properties at early ages according to the mate-
rial temperature history. This paper presents the application of the Maturity Method concept to estimate compression 
strength values for precast concrete beams with I cross sections of 50 cm and 70 cm of height submitted to steam 
curing in a concrete precast factory. The temperature data were collected through thermocouples inserted inside of the 
concrete, distributed along the length and the height of the structural element. As a consequence of the thermal cycles 
used in the precast plant, it was noticed that the monitored beams suffered thermal gradients during the steam cur-
ing process.  It was observed that the Maturity Method was able to evaluate compression strength values at the end of 
thermal cycles with high accuracy.

Keywords: Maturity Method; Steam curing; Activation energy; Precast concrete; Temperature.

Resumo
O Método da Maturidade é um ensaio não destrutivo utilizado para estimar as propriedades do concreto nas idades ini-
ciais a partir do histórico de temperaturas do material. Este artigo apresenta uma aplicação dos conceitos do Método da 
Maturidade para estimar valores de resistência à compressão de vigas pré-moldadas com seções transversais em I de 
50 cm e 70 cm de altura submetidas a ciclos térmicos realizados junto a uma empresa de pré-moldados. As variações 
de temperatura tanto ao longo do comprimento quanto ao longo da altura do elemento estrutural foram observadas para 
os ciclos térmicos durante o dia e durante a noite.  Gradientes térmicos foram observados nas vigas durante a realização 
da cura térmica.  O Método da Maturidade permite estimar valores de resistência à compressão ao final do ciclo térmico 
com precisão elevada.

Palavras-chave: Método da Maturidade; Cura térmica; Energia de ativação; Pré-moldados; Temperatura.
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1 Introduction

The evolution of precast concrete allowed the design of 
projects involving various architectural forms, with ap-
plications in the construction of bridges, tunnels, hydro-
electric plants, control towers of airports, etc. In order to 
accelerate the development of compressive strength, pre-
cast plants often use early high strength cements as well 
as steam curing. 
The Maturity Method, from the time-temperature history 
of the concrete submitted to steam curing, can evaluate 
the evolution of concrete compression strength with time.  
This paper presents results obtained in a precast concrete 
factory in which the concrete temperatures of I-beams of 
50 cm and 70 cm of height were monitored during the cur-
ing thermal cycles, for application of the Maturity Method.  
Estimation of the development of the concrete compres-
sion strength in the precast elements submitted to steam 
curing at day and night periods was performed.

2 Steam curing

The application of steam curing in precast concrete plants 
allows the reduction of the curing time, providing fast re-
moval of forms and transport, as well as reduction of the 
storage area. This curing procedure applies higher tem-
peratures than the ambient ones, accelerating the hydra-
tion of cement reactions. The thermal cycle can be divided 
in four periods as illustrated by Figure 1.
The thermal cycle involves a delay period of usually be-
tween 2 to 5 hours, followed by a heating rate of 22 to 
44ºC/h until reaching a constant temperature between 

50oC and 82ºC, followed by a cooling period.  The total 
time should not surpass 18 hours (ACI [2]). During the 
initial stage of the hydration reactions, the temperature 
affects the characteristics and positioning of the products 
of these reactions. If the initial hydration velocity is high, 
there is not enough time for a proper diffusion of the prod-
ucts not allowing a uniform precipitation in the interstitial 
spaces, as in low temperatures (Verbeck e Helmuth [3]). 
Kanda et al. [4] state that at 7 days, higher strengths 
are obtained the higher is the temperature.  However, 
at 28 days, there is an inversion of values. Low curing 
temperature provides higher final strength if compared 
with concrete submitted to elevated curing temperatures, 
They concluded that initial temperature affects the final 
strength of material.    
In the precast plant where part of this work was accom-
plished, the steam curing was applied until concrete com-
pression strength reaches 21 MPa, as measured by con-
crete cylinder specimens positioned near the I-beams.

3 Maturity Method

The Maturity Method was developed in England due to the 
need of a procedure to evaluate the effects of the tem-
perature on strength development at different conditions 
of steam curing (McIntosh [5], Nurse [6], Saul [7]).
Nurse [6] suggested that the product of time and tem-
perature values was able to assess the effects of steam 
curing on concrete compression strength development. 
Saul [7] relates the maturity concept with the compres-
sion strength, in what he called the law of gain of strength 
with maturity: 
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“Concrete of the same mix at the same maturity (reck-
oned in temperature-time) has approximately the same 
strength, whatever combination of temperature and time 
go to make that maturity”.
Rastrup [8] introduced the equivalent age term - te, 
assuming that concrete reaches the same maturity in-
dex if maintained at a reference temperature until the 
age te.   
Freiesleben-Hansen and Pedersen (apud Carino [9]), 
based on the Arrhenius model for the kinetics of chem-
ical reactions (Atkins [10]), defined a mathematical 
function to express the maturity index in terms of 
equivalent ages at a reference temperature Tr, accord-
ing to the Equation 1.  This maturity function intro-
duces a parameter denominated apparent activation 
energy (Ea), related to the thermal sensibility of the 
mixture.  

where:
te(n) = equivalent age at reference temperature Tr (h);
Ea = apparent activation energy (J/mol);
R = universal gás constant (8.314 J/K mol);
Ta = average temperature in the time interval ∆t (K);
Tr = reference temperature (K);
∆ti = time interval (h);

3.1	 Apparent	activation	energy

Activation energy is the difference between the energy re-
quired to trigger the reaction and the energy levels of the 
reactants. The term apparent is used to represent an av-
erage value of the activation energy of cement hydration 
since there are different chemical reactions happening si-
multaneously. Freiesleben-Hansen and Pedersen [11] sug-
gested values of apparent  activation energy related to the 
temperature of the concrete (Tc), in an interval of -10 ºC 
to 80 ºC:
• Tc > 20 ºC: Ea (Tc) = 33.50 kJ/mol
• Tc < 20 ºC: Ea (Tc) = 33.50 + 1.47 (20-Tc) kJ/mol
Carino [9] observed that most of the values is between 41 
kJ/mol and 67 kJ/mol, varying according to the cementi-
tious materials used in the concrete mixture, while ASTM 
C 1074-98 [12] recommends, for Type I cement, values 
of apparent activation energy between 40 and 45 kJ/mol, 
without mineral additions.
Barbosa et al. [13] evaluated the values of apparent ac-
tivation energy for some cements manufactured in Bra-
zil, obtaining of Ea values among 20.4 kJ/mol (CP-III-S) 
and 43.9 kJ/mol (CP-V-ARI), using the procedure ASTM C 
1074-98 [12].  Pinto [14] presents a discussion of several 
experimental methods that can be used to estimate Ea in 
concrete mixtures.

4 Materials and experimental program

The work presented in this article was accomplished in 
two stages.  The first one involved extensive labora-
tory tests necessary to determine the maturity curve 
and the apparent activation energy (Ea) of the con-
crete mixtures investigated. The second stage was 
performed in a precast plant where the temperature 
of structural elements was monitored over time dur-
ing the steam curing procedure.   These two stages 
allowed the application of the Maturity Method to es-
timate compression strength values of the structural 
elements investigated.

4.1	 Elaboration	of	Maturity	curve

The maturity curve was determined in the laboratory, for 
the concrete composition used by precast plant.  The mix-
ture proportions are presented in Table 1. Tables 2 and 
3 show cement and aggregates characterization, respec-
tively. The average curing temperature was 60 ºC, similar 
to the thermal conditions used during the cycles in the 
precast plant.
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Several 10 x 20 cm cylinder specimens were cast and sub-
mitted to steam curing inside a designed equipment.  Such 
equipment allowed a homogeneous distribution of the va-
por produced by a boiler located close to the steam cur-
ing equipment. Heating was accomplished through electric 
resistances.  In three specimens, evenly disposed inside 
the equipment, thermocouples were inserted.  These ther-
mocouples were then connected to digital multimeters for 

acquisition of temperature values in 5 minutes intervals 
during the entire thermal cycle. Type K thermocouples 
were used, with reading accuracy of ± 1,1 ºC. Figure 2 
shows the steam curing equipment.
The specimens were submitted to steam curing only after 
initial set time. During the thermal cycle, concrete com-
pressive strength tests were performed at every hour. The 
calculation of the apparent activation energy (Ea) was de-

* satured surface dry
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termined according to procedure ASTM C 1074-98 [12], 
with 5 x 5 x 5 cm mortar cubes submitted to three differ-
ent curing temperatures, 30 ºC, 55 ºC and 80 ºC.

4.2	 Monitoring	precast	elements

In the precast plant, during casting of the structural ele-
ments, copper tubes were inserted in the concrete to facili-
tate the positioning of thermocouples along the height and 
length of the element. The thermocouples were connected 
to multimeters for acquisition of temperature values at ev-
ery 5 minutes. The structural elements were submitted 
to steam curing with vapor from a boiler provisioned with 
wood combustion, being distributed in the inferior part of 
the elements. Figure 3 shows the cross sections dimen-
sions of the monitored beams.

4.2.1	 Track	of	the	I	50	beams	

Concrete temperature of I-50 beams was monitored in 
several sections at a 25 cm depth. At each point, a ther-
mocouple was placed for the acquisition of temperature 
values. Along the track, nine sections were analyzed, ac-
cording to Figure 4. Concrete specimens were also cast 
for compressive strength tests to be performed at every 
hour of the cycle.  These specimens were disposed close 
to the track during the thermal cycle, in the points A, B 

and C. The elapsed time between thecasting and the be-
ginning of the steam curing was of 2 h.
For the track of the I 50 beams, steam curing tests  were 
accomplished during day and night time, with the goal of 
evaluating the influence of the ambient temperatures on 
the curing processes.  The same dimensions and monitor-
ing points of temperature values were used.

4.2.2	 Track	of	the	I	70	beams	

The cross section dimensions of the I 70 beams are illus-
trated by Figure 3.  The monitoring points of temperature 
are disposed in Figure 5.
As well as in the track of the I 50 beams, cylindrical spec-
imens were cast and disposed close to the track in points 
A, B and C.  Concrete compressive strength tests were 
performed at every hour of the thermal cycle. The time 
elapsed between casting of the structural element and 
the beginning of the steam curing was of 3 h.
Figures 6 shows the cylinder specimens disposed close to 
the track of beams. Figure 7 shows a digital multimeter 
with thermocouple for acquisition of temperature values.
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5 Results and discussions

5.1	 Maturity	Curve	

Figure 8 presents the development of concrete tempera-
ture inside the specimens during the thermal cycle in the 
laboratory, as well as the vapor temperature.
The relationship between compression strength and equiv-
alent ages at 20 ºC is represented in Figure 9 for the labo-
ratory specimens. An apparent activation energy value of 

39.4 kJ/mol was determined from the ASTM C 1074-98 

[12] procedure, and therefore used in Equation 1 to calcu-
late the equivalent ages at every strength test. 

5.2	 Track	of	the	I	50	beams	monitoring		
	 (day	period)

Figure 10 illustrates the evolution of concrete tempera-
tures along the track, as well as the average tempera-
ture of the vapor during heating. Casting procedures 
started at 3 p.m., with the application of steam curing 
performed at 5 p.m., with a delay period of 2 h. The 
ambient temperature at the beginning of the steam 
curing was 31 ºC, decreasing until 24 ºC at the end of 
the cycle.
Figure 10 presents all the thermal cycle stages with dis-
tinction of the delay, the heating, the constant tempera-
ture, and the cooling periods. The observed thermal gradi-
ents were of the order of 8 ºC, with temperatures between 
60 ºC and 68 ºC. 
Figure 11 shows the evolution of the temperatures in the 
cylinder specimens disposed along the track at the points 
A, B and C, as indicated previously by Figure 4. The maxi-
mum temperature was around 65oC at point A, while the 
minimum temperature was around 58oC at point B. Such 
temperature range of the specimens was similar to the 
one observed in the beam.
 
5.3	 Track	of	the	I	50	beams	monitoring		
	 (night	period)

Figure 12 illustrates the evolution of concrete tempera-
tures along the track during the night period. Casting pro-
cedures started at 9 p.m., with the application of steam 
curing at 11 p.m., with a delay period of 2 h. The ambient 
temperature varied from 21.8 ºC at the beginning to 18.2 
ºC at the end of the thermal cycle.
The thermal gradients for the I 50 beams with steam cur-
ing during the night reached values of up to 10 ºC, larger 
than obtained values with application of the steam curing 
during the day. The temperature curves had a more ir-
regular behavior when compared with the ones obtained 
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during the day period.  Point 1 (at left end of the track) 
presented the largest temperature values, while points 8 
and 9 (at right end of the track) presented the smallest 
temperatures. 
Figure 13 illustrates the behavior of the temperature in 
the cylinder specimens. Temperature values were be-
tween 50 ºC and 58 ºC, slightly inferior to concrete 
temperatures in the track (55ºC to 65ºC). The largest 
temperature values were observed close to the speci-
mens located in the extremities of the track (points A 
and C).

5.4	 Track	of	the	I	70	beams	monitoring		

Casting of I 70 beams was accomplished at 3:30 p.m., 
with beginning of steam curing at 6:30 p.m., with a delay 
period equal to 3 h. The average ambient temperature was 
24ºC. Cylinder specimens were submitted to steam curing 
during 10 h until their compression strength reached 21 
MPa. Figure 14 presents the temperature curves for each 
point analyzed during the steam curing process.
According to the Figure 14, the inferior points of the sec-
tions presented the larger temperatures due to their prox-
imity with to the vapor exit. Temperature differences were 
observed along the track.  Section 1 (points 1A, 1B and 
1C), located in the left end, presented the smallest tem-
peratures if compared to the ones observed in section 5 
(points 5A, 5B and 5C), located in the right end of the 
track. Thermal gradients of the order of 20ºC were ob-
served, with temperatures between 57ºC and 76ºC (points 
1A and 2, respectively).
The evolution of the temperature curves for the cylinder 
specimens is illustrated in Figure 15. The cylinders located 
at point C presented the largest temperatures, with maxi-
mum temperature of the order of 70ºC.

5.5	 Application	of	the	Maturity	Method

Compression strength values for cylinder specimens ob-
tained during the thermal cycles in the precast plant 
are presented in the Table 4, as well as the theoreti-
cal values of compression strength obtained through 
the maturity curve elaborated in laboratory, presented 
in Figure 9. For the track of the I 50 beams with steam 
curing during the day, 10 hours of thermal cycle were 
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needed for the compression strength of cylinders reach 
21 MPa, while for the cycle in the night period, 14 hours 
were necessary.  This difference clearly indicates the in-
fluence of the ambient temperatures on the extent of 
the thermal cycles periods.
The error on the compression strength values of the cylin-
der specimens tested at the end of the thermal cycles by 
the maturity method was on the range of 1,1% to 11,5%.  
However, at the beginning of the thermal cycles, such 
errors were much larger, which can be explained by the 
small absolute values of strength at those ages.
The occurrence of thermal gradients along the track of 
the beams was responsible for areas with different be-
havior of compressive strength development.  The warm-
est areas presented the larger strength values than the 
less warm areas.
Based on the obtained results, the estimation of compres-
sive strength of the precast beams by the strength of cyl-
inders positioned along the length of the beam is question-
able.  There were observed differences in strength between 
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the beams and the cylinder specimens, as well as, thermal 
gradients within the beams themselves. Therefore, cylinder 
strength cannot represent the beam strength accurately. 
Moreover, the cylinder testing can hardly describe the ob-
served thermal gradient along the track of the beams. 
The use of the maturity method, however, was able to estimate 
concrete compression strength values based on the tempera-
ture history of points subject to the largest solicitations or de-
formations, representing with better accuracy the mechanical 
behavior of the material when exposed to high temperatures.
According to the data presented on Table 4, the maturity 
method estimated concrete compression strength values 
at the end of the thermal cycle with errors between 1.9% 
and 10.4% (track of the beams I 50, period of the day); 
1.1% and 9.2% (track of the beams I 50, night period) 
and 2.9% and 11.5% (track of the beams I 70).

6 Conclusions

• For the analyzed structural elements, the application  
 of steam curing was responsible for the appearance of  
 temperature gradients along the length as well as in  
 the height of the section of the beam tracks.
• Thermal differences during the curing processes  
 resulted in strength gradients in the structure, with  
 larger values of strength in the heated areas of the  
 structure (extremity of the tracks).
• The ambient temperature affected the steam curing  
 process. Considering the same acquired strength,  
 in hot days the thermal cycles were shorter (more  
 efficient) than in cooler days. In a cool day, there was  
 an elevated loss of heat for the atmosphere, delaying  
 the development of the concrete compression strength.
• In the steam curing, the vapor distribution should  
 be accomplished in such a way to minimize thermal  
 differences along the length and the height of the  
 structural element, avoiding the appearance of thermal
 gradients in different points.  As a consequence  
 of such thermal gradients, there would be a
 non-homogeneous distribution of compressive strength
 along the length of the beam.
• Compression strength values estimated by the   
 maturity method at the end of the thermal cycles  
 were in the order 1.1% to 11.5% different than the  
 actual compressive strength of cylinders.  Such a small  
 difference indicates that this non-destructive method  
 is an important tool to be used in precast plants. 
• The use of the maturity method allows the estimation  
 of compression strength values of structural elements,  
 being an interesting alternative in the places where  
 it is not possible to estimate actual strength by core  
 testing, and also where the necessary equipments to  
 perform strength tests are not available.
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