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The effect of temperature on the development of concrete compressive strength can be modeled by the
maturity approach once the temperature sensitivity of the mixture, quantified by the activation energy (E,)
of its chemical reactions, is known. It is common in maturity applications to use a unique value of E, obtained
for the hardening period, even though the effect of temperature is different on the rate of setting and

f\(/[ey:/vo.rtds: thod hardening. E,-values presented in the literature suggest that the temperature sensitivity is lower before
Againugn(z)me © hardening. This paper proposes a new approach to the traditional maturity method unifying the distinctly

different temperature sensitivities before final setting and during hardening. Results of setting and
compressive strength of mixtures with different cementitious materials were analyzed with activation
energy values calculated for the periods before final setting and during hardening. For the investigated
mixtures, the new approach led to improved strength predictions, suggesting that it is useful to take into

Compressive strength (C)
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account setting behavior in the development of the strength-maturity relationship.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The maturity approach has been used to model temperature effects on
the development of concrete compressive strength since around 1950
when steam curing treatments were initially applied to accelerate
compressive strength gain [ 1]. Maturity accounts for the combined effects
of temperature and time on the development of compressive strength
(and other properties such as setting, degree of hydration, etc.), being
evaluated from the temperature history of the concrete investigated.

In maturity applications, a strength-maturity relationship is
established for a given mixture cured at known temperature
conditions. Several mathematical relationships for the strength-
maturity relationship have been proposed since Saul [2] defined the
term maturity, in 1951. An appropriate strength-maturity relationship
should take into account the dormant period of a concrete mixture, in
which the material is still in a plastic state. This is essential, as strength
development starts at final set, and inaccuracies in the estimated final
set time may affect the early-age predicted strength. The extent of this
period is related to the setting behavior of the concrete mixture which
depends on the curing history of the concrete [3].

The precise definition of the time when setting starts and ends is
somewhat subjective, since setting is caused by a gradual stiffening
process. Nevertheless, this transition period starts when concrete loses
its plasticity, and ends when measurable mechanical properties start to
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develop [4]. The hardening period follows in which concrete continu-
ously gains strength with time.

The setting and hardening processes are physical consequences of
the chemical activity in a mixture, and thus, are greatly affected by
temperature. Arrhenius-based maturity functions have been pro-
posed to the setting and to the hardening periods [3,5]. The
temperature sensitivity of a given mixture can be quantified by the
apparent activation energy (E,) of its chemical reactions [6].

Traditionally, when the maturity approach is used to estimate
strength, a single value of E, is used [7] for the periods preceding final
set and during hardening, even though the temperature sensitivity of
the cement hydration reactions decreases as they turn from
chemically controlled to diffusion controlled [8]. Researchers have
attempted to include variable E,-values during the hardening period
[9,10]; however, it is common practice to use a single E,-value to
estimate setting and strength development. Some values of activation
energy reported in the literature [11-21] for mixtures with Type I
cement and replacements of various supplementary cementitious
materials, obtained for the setting and hardening periods are
summarized in Table 1. While there is a wide range of values due to
the composition of the mixtures, the reported activation energies up
to final set are generally less than those reported for the hardening
period, suggesting that there may be differences in temperature
sensitivity during the setting and hardening periods. Thus, the
utilization of a fixed E,-value obtained for the hardening period may
lead to poor estimates of strengths at very early ages since the
temperature sensitivity of the mixture up to final set has not properly
been taken into account.
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Table 1
Some activation energy values reported in the literature (kJ/mol).

Reference Activation energy Activation energy
from setting for hardening
experiments — Es period — E,
Type I cement Lachemi et al. [11] 30.2%
mixtures Lei and Strubble [12] 22.0°
Turcry et al. [13] 29.0°
Pinto and Hover [14] 37.9%
Garcia et al. [15] 29.6°
Wade et al. [16] 27.1 to 33.4°¢
Barnett et al. [17] 329 to 35.1°
Carino and Tank [18] 43.6 to 63.6¢
Schindler and Folliard [19] 46.0
Voigt et al. [20] 38.0
Wirkin et al. [21] 35.6
Mixtures with Wade et al. [16] 23.3 to 25.754
fly ash 27.0 to 29.0¢¢
Carino and Tank [18] 30.0 to 36.6°

30.1 to 40.7¢
37.5 to 43.15¢

Schindler and Folliard [19]

Mixtures with Wade et al. [16] 26.7 to 35.2¢
GGBF slag  Barnett et al. [17] 35.2 to 62.1¢
Carino and Tank [18] 42.7 to 56.0°
Schindler and Folliard [19] 51.5 to 55.2¢

a
b

Up to initial set.

Up to final set.
Various w/cm ratio.
d (Class F fly ash.

€ Class C fly ash.

c

This paper proposes a new approach to the traditional maturity
method to unify the distinctly different temperature sensitivities
before setting and during the hardening period to improve the overall
strength prediction of concrete at all ages. The effect of using different
activation energies on the development of a strength-maturity
relationship is assessed. Setting and compressive strength results of
mortar and concrete mixtures incorporating different cementitious
materials under various curing temperatures were analyzed with an
activation energy value calculated for the period up to final set and
another for the hardening period. For the somewhat limited mixtures
investigated here, the proposed new approach led to improved
strength predictions than the traditional maturity method. This result
suggests that that strength predictions could be improved when the
setting behavior is taken into account in the development of the
strength-maturity relationship.

2. Review of the maturity approach to estimate
compressive strength

According to the maturity rule proposed by Saul [2], a concrete
mixture at a certain level of maturity attains the same strength
regardless of the combination of time and temperature history to
arrive at such maturity. The equivalent age maturity approach
modifies the time-axis of the strength-age relationship by calculating
a maturity index according to Eq. (1).

t

MT.0 = [ fTod M)
0

where,

M(T,t) = maturity index,

f(Te) = a function of temperature,

T, = concrete temperature, and

t = concrete age.

However, for most concrete mixtures, the level of ultimate
strength development is affected by the early concrete tempera-

tures [1]. Lower early curing temperatures often lead to higher
ultimate strength, and vice versa. This effect is called the crossover
effect and has been reported by various investigators [9,22]. It
should be noted that the crossover effect does not occur in all types
of mixtures [23]. If a concrete mixture is subjected to the crossover
effect, the maturity rule as stated above will not be able to correctly
estimate later-age strength, as a unique strength-maturity rela-
tionship does not exist. On the other hand, it can be shown that for a
particular concrete mixture, there is a unique relationship between
degree of hydration and maturity [24]. Considering that the degree
of hydration can be assessed by the degree of strength development,
i.e., the ratio between the strength at any time and the long-term
strength, also called ultimate strength (which produces a relative
strength), the maturity rule could thus be modified, and a unique
relative strength-maturity relationship established. Carino [1]
showed that a unique relationship between the relative strength
ratio and maturity exists, even for mixtures that exhibit the
crossover effect.

In 1956, Benhardt [25] proposed that the rate of strength gain at
any age should be a function of the current strength and the
temperature, as mathematically expressed in Eq. (2). According to
the data analyzed in his paper, Benhardt believed that the value of the
constant m in Eq. (2) is likely to be 2.

ds S\™

T Su <l — §> k(T,) (2)
where,

Su = ultimate strength,

S = compressive strength at age ¢,

k(Te) = rate constant, which is temperature dependent, and
m = constant.

Integration of Eq. (2), with the constant m being 2, can be
performed assuming as the boundary condition that concrete strength
starts to develop as soon as concrete is produced, resulting in the
following expression:

S kt

Se  1+kt 3
where,

kt =

t
the result of the internal / k(T¢)dt (unitless).
0

One can notice that this integral corresponds to the maturity index
as presented in Eq. (1). However, the assumption of the lower
boundary condition is not strictly correct, since up to final setting the
concrete is still a plastic material, and it is thus not able to develop any
mechanical properties. The utilization of an offset time (¢,) as a lower
boundary condition is then more appropriate, and Eq. (3) can thus be
modified to Eq. (4). This function is commonly referred to as the
“hyperbolic function” and is the preferred strength-age function in
North American practice [7].

S k(t—t,)
Se  THk(t—t) “)

Maturity is often expressed in terms of equivalent age (t.), which
represents the curing age at a fixed reference temperature necessary
to achieve the same level of maturity when cured at a different
temperature history [5]. In this case, the chronological curing age of
a concrete cured at any temperature is converted to an equivalent
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curing age for a specimen cured at a reference temperature (T).
Eq. (5) expresses such a conversion.

t

Lk = / K(T.)dt
0
where, 5)

t. = equivalent age at areference temperature T, and
k. = rate constant at the reference temperature .

Since hardening of concrete is a consequence of the extent of
cement hydration, Freiesleben Hansen and Pedersen [5] suggested the
equivalent age maturity function presented in Eq. (6) based on the
Arrhenius theory for the temperature influence on the rate of
chemical reactions.

fe = Z;exp {_TEa ((Tc +l 73) [T, +1273)>}At (©)

where,

E, = activation energy (J/mol),
R = universal gas constant (8.314]/mol/K),and
T, = reference temperature (C).

After substituting Eq. (6) into Eq. (4), the following relative strength-
equivalent age expression is obtained in terms of equivalent age.

i — kr(te — tor)
5\u 1+ kr(te - tor)

where,

t,r = offset time at the reference temperature, T,.

2.1. The offset time and its influence on the strength-maturity relationship

The offset time, t,, defines the starting age for the maturity-
strength relationship. The exact t, time for a particular mixture is hard
to determine experimentally. Several experimental methods, ranging
from mechanical, electrical, calorimetrical and others can be used to
determine t,. However, as discussed by Weiss [26], research is still
needed to relate these experimental methods to each other, and to
determine how the properties measured by each test relate to the
concrete's ability to transfer stresses.

Carino [27] recommended that the offset time should lie between
the initial and final set as given by the penetration resistance method
[28]. Mindess et al. [4] state that the final set given by ASTM C 403 [28]
corresponds to a concrete strength of around 0.7 MPa. As a result, t, is
related to the setting behavior of the concrete mixture, and thus is
temperature dependent.

There is no reason to assume that the period up to the offset time,
t, would have the same temperature sensitivity as the hardening
phase. This means that a single activation energy value should not be
used in maturity applications. The chemical activity during this early
stage is not the same as the one during hardening. Moreover, it is
common to incorporate chemical admixtures and also supplementary
cementitious materials in the concrete mixture which may cause
variations in setting times. Chemical admixtures were specifically
developed to modify the early behavior of a concrete mixture.

One should thus explore the option of having different activation
energies before and after the offset time, t,, and how that difference
would affect the development of a strength-maturity expression, as
given by Eq. (7). Initially, it is necessary to make an assumption
regarding the offset time. In the following discussion and throughout

this study t, was assumed to be given by the final set time. While a
different assumption could also be made, it would not result in any
significant modification in the equations nor in the discussion and
conclusions presented in this paper.

In the development of the relative strength-maturity relationship,
given by Eq. (7), the dependence of t,, with temperature is given by:

for = LoeXp {_TEa ((TC +1 273) (T, +1 273))} ®

A similar expression, Eq. (9), gives the dependence of the final set
time with temperature, but with the activation energy determined
from setting experiments, Es, instead of E..

t, = texp| s 1 — L
w = P R\ 7 273) ~ @, + 273)
where,

t, = final set time at temperature T,
t,, = final set time at reference temperature T,, and

E, = activation energy to define the temperature sensitivity
until final set.

Assuming that t; is equal to t,, and substituting Eq. (9) in Eq. (8),
the following equation is obtained.

= ; =) ((Tc +]273) T +1273)>}' (10)

Therefore, only when the activation energies until final set (Es) and
during hardening (E,) are the same, the assumption of final set as the
offset time for the strength-maturity relationship will hold true, and
as a consequence, there will be a unique relative strength-maturity
relationship regardless of the curing temperature.

For instance, according to Eq. (10), when E; is smaller than E,, for a
concrete cured at a curing temperature (T.) greater than the reference
temperature (T;), the offset time (in equivalent ages, t,;) will be
greater than the final set at the reference temperature (ts). If the
concrete is cured at temperatures below the reference temperature,
the opposite occurs, i.e. t,, is smaller than ts.. The consequence of such
a difference between Es and E, is schematically presented in Fig. 1
which shows that the relative strength-maturity relationship
depends on the curing temperature.

lor = t5€XP

3. Unified model to account for different temperature sensitivities
before and after final set

In order to obtain a unique strength-maturity relationship when
E; is different from E,, the equivalent age maturity, presented in
Eq. (6), should be calculated considering different activation energy
values before and after the final set. Fig. 2 schematically shows this

SIS,

Fig. 1. Strength-maturity relationship — E;<E..
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Fig. 2. Proposed method to calculate equivalent ages.
approach, which requires Eg and E,-values to be known. The new

proposed equivalent age maturity function to account for this
behavior is presented in Eq. (11).

e = z:ie"p {_TES ((Tc +1273) T +1273)>}At (In

+ i exp {_TEA ((TC +1273) (T +1273)>}At

where, t¥ = modified equivalent age at a reference temperature T,.

The offset time included in the strength-maturity relationship
should represent the final set of the concrete mixture at the reference
temperature, according to Eq. (12). This method will account for the
effect of temperature on each mixture's specific setting and strength
behavior when cured at various temperatures.

S kr(ték — tsr)
= = __rie s/ 12
Su 14 k(tF —t,) (12)

4. Experimental verification

In order to verify the influence of using the proposed unified model
to estimate compressive strength, setting and strength development
data collected at different curing temperatures for various concrete
mixtures are required. Data from the following two studies are
analyzed in this paper: 1) mortar results from a NBSIR study reported
by Carino [27], and 2) concrete results from an Auburn University
study [16,29] that evaluated the behavior of Portland cement with
several supplementary cementitious materials.

4.1. NBSIR study

Carino [27] studied a mortar mixture with a water-cement ratio
(w/c) of 0.43, and Type I cement cured at different isothermal
temperatures. The setting behavior was evaluated by the penetration
resistance method [28] with specimens cured at 5 and 32 °C. Final set
times were 21.4 and 5.3 h for these temperatures, respectively.
Compressive strength development was monitored using 50-mm
cubes cured at 5,12, 23, 32, and 45 °C tested in accordance with ASTM
C 109 [30]. The compressive strength results determined at each
curing condition are presented in Table 2.

4.2. Auburn University study

Wade [29] studied the application of the maturity approach to
estimate the compressive strength of nine different concrete
mixtures. Additionally the setting behavior of these mixtures was
also determined and are reported by Wade et al. [16]. Concrete
mixture proportions for this study are as presented in Table 3. A
reference mixture with Type I cement and a w/c of 0.41 was used. Two

Table 2
Compressive strength results [13].

Curing temperatures

5°C 12 °C 23 °C 32°C 43 °C

Age [ Age  fe Age [ Age  fe Age [
(days) (MPa) (days) (MPa) (days) (MPa) (days) (MPa) (days) (MPa)
13 2.2 1.0 4.5 0.5 3.0 0.4 43 0.2 3.1

34 15.6 20 145 1.1 13.6 0.8 13.8 06 17.6
6.9 282 45 278 24 255 1.8 270 14 315
133 446 9.0 435 50 403 4.1 403 3.1 413
270 563 190 544 100 495 89 482 6.0 440
470 621 319 544 210 57.1 160 526 129 512
67.1 646 459 626 339 591 258 531 200 547

other mixtures were studied with w/c of 0.44 and 0.48. Six more
mixtures were produced by replacing part of the cement mass present
in the reference mixture by different levels of Class F fly ash (20% and
30%), Class C fly ash (20% and 30%), and ground-granulated blast-
furnace (GGBF) slag (30% and 50%). Crushed limestone was used as
fine and coarse aggregates.

All nine concrete mixtures were cured under three different
temperature histories. One batch of each mixture was cured at a
constant “control” temperature (between 20 °C to 23 °C); another batch
was cured under a representative “hot” temperature history to simulate
summer conditions; while the last batch was cured under a represen-
tative “cold” temperature history to simulate winter conditions. Both
the “hot” and “cold” batches were cured under fluctuating tempera-
tures. The curing temperature cycle for the “hot” mixtures was 32 °C to
41 °C and back to 32 °Cin 24 h. The curing temperature cycle for the
“cold” mixtures was from 4 °C to 13 °C and back to 4 °Cin 24 h. In order
to produce concrete with different fresh temperatures, the raw
materials for the hot and cold mixtures were placed in an environmental
chamber set at 46 °C and 4 °C, respectively, for at least 2 days prior to
batching. This yielded fresh concrete temperatures of approximately
40°Cand 14 °C for hot and cold batches, respectively. The fresh concrete
temperature of the control batch was between 20 and 24 °C.

The setting behavior was evaluated by the penetration resistance
method in mortar samples sieved from the concrete mixture [28].
Initial and final set times are reported in [16] for all mixtures in the
three curing regimes. The compressive strength development of the
concrete was monitored by testing 150 x 300-mm cylinders tested at
various ages in accordance with ASTM C 192 [31]. The compressive
strength data obtained from this study are presented in Table 4.

5. Analysis

For each mixture described above, actual times for each compres-
sive strength test were transformed into equivalent ages, and then the

Table 3
Concrete mixture proportions (kg/m>) [16].
Constituent Type I cement ClassFfly ClassCfly  GGBF slag
ash ash

1-041 1-044 1-048 20% 30% 20% 30% 30% 50%

Water 158 162 177 158 158 158 158 158 158
Cement 390 368 368 312 274 312 274 274 195
Class F ash - - - 78 117 - - - -
Class C ash - - - - - 78 117 - -
GGBF slag - - - - - - - 117 195
Coarse 1082 1165 1140 1082 1082 1082 1082 1082 1082
aggregate
Fine aggregate 718 675 662 705 698 693 680 710 704
Water-reducer 762 360 - 762 762 762 762 762 762
(mL/m?)

Air-entraining 116 77 58 116 116 116 116 116 116
(mL/m?)
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Table 4

Compressive strength results versus age [17].
Cold Room Hot Cold Room Hot Cold Room Hot
Age fe Age fe Age fe Age fe Age fe Age fe Age fe Age fe Age fe
(Day) (MPa) (Day) (MPa) (Day) (MPa) (Day) (MPa) (Day) (MPa) (Day) (MPa) (Day) (MPa) (Day) (MPa) (Day) (MPa)
1-0.41 1-0.44 1-0.48
0.8 3.8 0.5 71 0.4 14.8 0.9 29 0.5 5.7 0.3 8.8 0.9 29 0.5 44 03 5.9
1.8 19.6 1.0 18.7 0.8 253 1.9 14.2 1.0 13.7 0.9 17.8 1.9 11.1 1.0 11.8 0.8 15.1
34 279 2.0 28.0 14 27.7 35 213 2.0 19.6 1.5 234 3.6 21.0 2.0 17.7 14 19.2
121 37.8 71 338 5.0 345 124 31.6 73 29.1 5.0 30.2 12.0 31.8 74 28.5 5.1 27.7
24.8 41.2 14.0 39.2 10.2 373 25.0 39.1 14.2 343 121 35.1 25.1 42.0 14.3 324 9.8 323
49.0 45.7 28.1 42.6 20.1 39.6 49.2 44.2 28.0 39.8 20.1 372 49.1 49.8 283 394 19.8 35.0
20% Fly ash F 30% Fly ash F 20% Fly ash C
09 5.0 0.6 10.5 0.4 13.7 0.9 4.7 0.6 8.2 0.4 9.4 1.2 7.2 0.6 8.4 0.5 133
1.8 174 1.0 184 0.8 22.7 1.9 13.7 1.1 15.2 0.8 19.7 1.8 12.2 1.0 153 0.8 249
34 23.1 2.0 234 14 284 35 214 2.0 19.8 1.5 25.0 34 21.7 2.0 25.8 14 26.9
12.2 37.7 7.0 35.4 4.9 373 12.2 344 7.0 31.0 5.0 342 12.0 374 7.0 36.8 5.0 37.0
249 421 14.1 40.9 10.0 42.7 25.0 37.8 14.1 374 10.1 42.7 259 40.5 14.1 40.7 10.3 40.4
49.0 453 282 48.0 19.8 48.7 49.0 43.8 282 44.7 20.0 48.0 49.0 44.6 28.0 45.7 20.0 444
30% Fly ash C 30% GGBF slag 50% GGBEF slag
13 4.0 0.6 4.7 0.4 7.3 0.9 4.2 0.6 9.9 0.4 104 0.9 2.3 0.5 52 03 4.2
1.9 11.6 1.0 134 0.8 18.7 1.9 14.2 1.0 18.8 0.8 21.6 1.9 9.3 1.0 11.6 0.8 16.1
3.5 18.1 2.0 21.1 14 26.9 3.6 23.5 2.0 25.2 2.9 345 34 16.9 2.1 21.2 14 224
12.1 32.1 7.2 36.2 5.0 40.5 12.2 35.1 7.1 399 49 36.1 123 343 7.2 39.8 5.0 41.8
25.0 439 14.1 40.2 gio 419 25.1 45.8 14.1 44.5 10.8 41.1 249 46.5 14.2 49.0 10.1 44.8
49.2 45.6 28.1 48.1 19.9 51.8 494 53.5 28.0 49.6 19.8 419 49.0 59.1 28.1 54.1 19.8 45.2

hyperbolic strength-maturity relationship was used to estimate the
measured strength [as defined in Eq. (7) or Eq. (12)], according to
three following approaches:

» Approach 1: A single value of activation energy obtained from
setting experiments (Es) was used. Equivalent ages were calculated
according to Eq. (6), and used in Eq. (7);

Approach 2: A single value of activation energy obtained from
compressive strength experiments (E,) was used. Equivalent ages
were calculated according to Eq. (6), and used in Eq. (7);
Approach 3: The activation energy values, Es and E,, as determined
from Approach 1 and 2 were used. Equivalent ages were calculated
according to Eq. (11), and used in Eq. (12). The offset time (t,,) was
assumed as the final set time at the reference temperature (t;).

The activation energy up to final set, Es, for the mortar mixture was
calculated from the data presented in [27] according to the method
proposed by Pinto and Hover [3]. For the concrete mixtures, the Es-
values presented in [16] were used. The final set times for the mortar
mixture were obtained following the procedure in ASTM C 403 [28],
while for the concrete mixtures, these values had been already
calculated and presented in [16].

As far as E,-values are concerned, the ASTM C 1074 [7] procedure
was followed for the mortar mixture. However, since the concrete
mixtures were not cured isothermally, a different method had to be
applied to obtain E,-values from compressive strength results. Thus,
an iterative method was used to search for the best-fit E;-value that
yielded the least sum of the square errors between the relative
strength (S/S,) at the reference temperature and at the cold and hot
temperatures. The activation energies for each mixture, as well as the
final set times at the reference temperature used in this analysis are
presented in Table 5. The reference temperature was set to 23 °C.

The three approaches previously outlined were evaluated for all ten
mixtures. Using the apparent activation energies given in Table 5,
equivalent ages at each testing time were calculated following one of the
three approaches outlined earlier. Initially, the best-fit hyperbolic
strength-maturity relationship, as presented in Eq. (4) was obtained
from the strength data cured at the reference temperature. For the other
curing regimes, an estimate of the ultimate strength (S,) was also
obtained, allowing the calculation of the relative strength at each

equivalent age. The ultimate strengths obtained for each mixture are
summarized in Table 6. As an example, the best-fit hyperbolic strength-
maturity relationship at the reference temperature, and the data from
the other two curing regimes for Mixture 1-0.48 are shown in Figs. 3-5.

In order to compare the accuracy provided by these three
approaches, the absolute error of the predicted strength to the
measured strength was calculated for each strength testing age. The
calculated errors for all mixtures at the various equivalent ages for all
three approaches are shown in Fig. 6. It can be seen that the use of
Approach 3 produced smaller absolute errors of the predicted
strength than the other two approaches at early ages.

A statistical evaluation of the absolute error was performed. For a
given mixture, the unbiased estimate of the standard deviation of the
absolute error [32] for each approach was calculated by Eq. (13). The
results are presented in Table 7.

5= )Ly a2
P\ n— 12 i
1
where, (13)
S; = unbiased estimate of the standard deviation (MPa)

n = number of data points (unitless), and
A; = absolute error (MPa).

An evaluation of the unbiased estimate of the standard deviation
results reveals that when using an apparent activation energy given

Table 5
Activation energy values and final set times for the mixtures investigated.

Mixture Es (kJ/mol) E, (kJ/mol) to=ts (hours at 23 °C)
Mortar 36.3 413 83
1-0.41 27.1 37.7 6.1
1-0.44 31.6 392 5.7
1-0.48 334 44.7 6.1
20% Fly ash F 25.7 32.7 6.9
30% Fly ash F 233 272 7.2
20% Fly ash C 27.0 393 8.5
30% Fly ash C 29.3 382 104
30% GGBF slag 26.7 54.6 5.7
50% GGBF slag 35.2 52.6 5.8
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Ultimate strength obtained from each approach (MPa).

Mixture Approach Curing temperatures

5°C 12 °C 23 °C 32 °C 43 °C

Mortar 1 73.5 67.6 64.8 57.5 54.9

2 73.5 67.6 64.8 57.5 54.9

3 74.2 67.7 64.8 57.8 55.1

Cold Room Hot
1-0.41 1 454 424 39.7
2 45.6 42.6 39.8
3 474 43.0 39.2
1-0.44 1 46.2 46.4 47.6
2 41.6 41.8 411
3 38.8 389 38.0
1-0.48 1 55.0 55.3 55.8
2 41.8 420 40.6
3 36.7 37.0 36.2
20% Fly ash F 1 47.7 47.8 484
2 51.6 51.6 47.5
3 49.6 49.7 474
30% Fly ash F 1 45.1 45.1 45.7
2 50.1 50.1 44.7
3 50.7 50.8 47.7
20% Fly ash C 1 47.2 473 479
2 47.3 47.5 46.7
3 444 445 438
30% Fly ash C 1 51.1 50.8 50.4
2 50.3 50.4 49.7
3 51.2 51.3 50.8
30% GGBF slag 1 58.6 59.4 59.2
2 52.6 53.3 52.5
3 43.2 43.5 43.8
50% GGBF slag 1 71.7 70.5 70.0
2 62.1 62.7 62.9
3 50.6 50.7 51.3

by the setting experiments, as in Approach 1, the standard deviation
of the absolute errors were always greater than the other approaches.
However, when comparing Approaches 2 and 3 the results contained
in Table 7 are not conclusive, as Approaches 2 and 3 yielded smaller,
larger, or similar Sj-values for various mixtures.

Due to the time-dependant behavior of the strength data, the
normalized error as given by Eq. (14) is a more appropriate parameter
to compare approaches, as suggested by Bazant and Panula [33]. This
approach equally weights the effect of differing strengths at early ages
versus those at later ages.

7 = Oi/Suprea —(Si/Sulovs
l (si/su>ob5

(14)

where, A; = normalized error at test age i (unitless),
(Si/Su)prea = valueof the predicted relative strength at test age i (unitless),

(Si/Su)ops = observed value of relative strength at test age i.
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1.0
0.8 /’
0.6 /
‘-.Uzz
“ 04
N s
0.2 — T.=T,
/ ¢ T.<T,
00 T T T
1 10 100 1000
t.* (hrs at 23°C)

Fig. 4. Strength-maturity relationship for Mixture [-0.48 — Approach 2.

In order to compare approaches using the normalized errors, it is
necessary to verify the homoscedasticity assumption, i.e., that the
variance of errors remain constant with time [32]. Therefore, the
normalized errors versus equivalent age for all mixtures are presented
in Fig. 7. It can be seen that the normalized errors seem to be
heteroscedastic, since the scatter band diminishes over equivalent
age. However, at early ages, up to 36 equivalent hours, the plot seems
much less heteroscedastic. Thus, standard deviation of the normalized
error for each approach for all mixtures was calculated for the early-
age data, as presented in Table 8. It can be seen that for the mixtures
investigated here, the standard deviation of the normalized error
given by Approach 3 is less than those obtained for the other two
approaches. This indicates that the utilization of Approach 3, in which
the setting behavior of the mixture is taken into account in the
development of the strength-maturity relationship will yield im-
proved early-age strength estimates when concrete is cured under
various temperatures.

6. Discussion of results

The fundamental idea suggested earlier in this paper was that the
periods up to final set and during hardening of concrete mixtures have
different temperature sensitivities, and thus may affect the estimation
of early compressive strength by the maturity approach. This was
supported by the reported activation energy values in the literature
for the periods up to final set and hardening, as presented in Table 1,
which consistently shows greater values of activation energy for the
hardening period.

This behavior was confirmed by the results presented in this paper.
Activation energies from setting and compressive strength were both
calculated from the same mortar or concrete mixtures made with
various cementitious materials, as presented in Table 5. The activation
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Fig. 5. Strength-maturity relationship for Mixture 1-0.48 — Approach 3.
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Fig. 6. Absolute errors for all mixtures.

energies obtained from the setting experiments were always lower
than those obtained from compressive strength results for all these
mixtures.

In fact, since the hydration of Portland cement is a heterogeneous
process with more than one phase involved, the E,-values calculated
here can be seen as “average” values for the various hydration
reactions occurring simultaneously. The lower E,-values calculated
for the period up to final set suggest that as an “average”, the rate-
limiting process may be diffusion controlled during this period. Lei
and Scrivener [12] found a lower E,-value of 22 kJ/mol for their
mixture during the induction period, a value often encountered in
diffusion controlled reactions [8].

Nonetheless, the difference in activation energies presented in
Table 5 indicates that curing temperatures have a somewhat greater
effect on the compressive strength development than on final set
times. This difference was much more pronounced in the mixtures
with GGBF slag. Moreover, the addition of supplementary cementi-
tious materials modified the temperature sensitivity of the reference
concrete mixture, as can be seen from the values presented in Table 5.
The calculated activation energy from setting experiments, Es, for
Mixture 1-0.41 was 27.1 kJ/mol, while in general greater values were
observed when Class C fly ash and GGBF slag were added to the
mixture. On the other hand, smaller activation energies were
observed when Class F fly ash was incorporated. The same trend can
be observed for the activation energies from compressive strength
experiments. While the addition of GGBF slag and Class C fly ash
increased the activation energy of the reference mixture, the addition
of Class F fly ash decreased E,-values.

This observed difference between E; and E, also explains the
greater variability of the absolute errors of predicted strength
obtained from Approach 1 when compared to Approaches 2 and 3,

Table 7

Estimate of standard deviation of the absolute error (MPa).
Mixture Approach 1 Approach 2 Approach 3

E (kJ/mol) Sa E, (kJ/mol) Sa E (kJ/mol) Sa

Mortar 36.3 1.8 413 1.6 36.3/41.3 14
1-0.41 27.1 2.8 37.7 2.1 27.1/37.7 24
1-0.44 31.6 1.9 392 1.5 31.6/39.2 1.5
1-0.48 334 2.6 44.7 1.6 33.4/44.7 2.1
20% F 25.7 2.9 32.7 2.6 25.7/32.7 2.1
30% F 233 3.0 27.2 3.0 23.3/27.2 2.3
20% C 27.0 2.9 393 1.5 27.0/39.3 1.7
30% C 293 33 382 2.7 29.3/38.2 2.8
30% slag 26.7 5.6 54.6 2.3 26.7/54.6 2.5

50% slag 352 oAl 52.6 5] 35.2/52.6 23
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Fig. 7. Normalized error with equivalent ages for all mixtures.

as depicted in Table 7. The utilization of activation energy from setting
experiments in maturity calculations to predict compressive strength
will under-estimate the temperature sensitivity, which will cause a
loss of accuracy compared to when the activation energy is
determined from compressive strength results.

The proposed model (Approach 3) produced improved early-age
strength estimates for all mixtures, as can be graphically seen in Fig. 7.
The standard deviations of the normalized errors when Approach 3 is
used are smaller when compared to the ones given by traditional
maturity calculations (Approach 2), as displayed in Table 8.

The proposed model takes into account the effect of temperature
on the setting behavior of the concrete mixture in the equivalent age
maturity calculation by considering a different temperature sensitiv-
ity up to final set versus the period of strength development. Before
setting, the proposed method adjusts the t,-value in the hyperbolic
maturity-strength relationship to account for effect of temperature on
the t,-value.

It is suggested that the fundamental idea of applying different
activation energy values for the periods up to final set and during
hardening should be explored to other maturity functions.

7. Conclusions

Based on the work documented in this paper, the following
conclusions are offered:

The activation energy values given by compressive strength
measurements were always greater than the ones given by setting
experiments, the difference was on the order of 10 kj/mol for most
mixtures, whereas the difference was approximately 28 kJ/mol for
those that contained GGBF slag. Concrete mixtures with GGBF slag
experienced a much greater increase in activation energy from
setting to hardening phases.

The proposed model takes into account the effect of temperature on
the setting behavior of the concrete mixture in the equivalent age
maturity calculation by considering a different temperature sensi-
tivity factor up to final setting versus the period of strength
development. For the limited number of mixtures investigated here,

Table 8
Estimate of standard deviation of the normalized error up to 36 equivalent hours.
Approach Sa
1 0.60
0.41
3 0.37
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the prediction of compressive strength was improved when the
setting behavior was considered in the formulation of equivalent
age. Before setting, the proposed method adjusted the t,-value in
the hyperbolic maturity-strength relationship to account for the
effect of temperature on the t,-value.

 The proposed model, as defined in Eq. (11), to calculate equivalent
ages considering the setting behavior of the concrete mixture
yielded improved strength estimates at early ages as compared to
the traditional equivalent age formulation as defined in Eq. (6).
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