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High-strength concrete (HSC) has several well-known technical, aesthetic, and economic advantages over normal-strength
concrete (NSC), which explains the increasing popularity of the former material in the construction domain. As in the case of
NSC, however, high temperature adversely affects HSC mechanical properties even more than in NSC, as indicated by the many
studies performed so far on HSC at high temperature (hot properties) or past a thermal cycle at high temperature (residual
properties). Since many code provisions concerning concrete properties versus high temperature were developed for ordinary
concrete and the available models (in terms of stress-strain relationship) come mostly from the tests on NSC—as the tests on HSC
are less numerous—developing predictive relationships for HSC exposed to high temperature is still an open issue, especially with
reference to many parameters affecting concrete compressive strength, like temperature as such, heating rate, water-to-binder
ratio, and strength in compression, to cite the most relevant parameters. To this purpose, a large database (more than 600 tests) is
examined in this paper, which is focused on HSC residual properties and on the variables affecting its residual strength. Available
design models from various guidelines, standards, codes, and technical reports are tested against the database, and new regression-

based models and design formulae are proposed for HSC strength in compression, after the exposure to high temperature.

1. Introduction

High-strength concrete (HSC) is gaining popularity over
normal-strength concrete (NSC) in the design of various
structural components because of many advantages of such
concrete [1]. As per ACI 363R-10 [2], HSC is defined as
concrete having compressive strength greater than 41.4 MPa
(6000 psi). This criterion is followed in the current study to
identify the two concrete types. The advantages of HSC over
NSC include better mechanical properties such as improved
durability, higher stiffness, and strength. The economic
advantages are obtained as a result of reductions in section
dimensions of structural members thereby increasing the
usable space [3].

High-temperature exposure is known to adversely affect
the mechanical properties of concrete [4-15]. There exist
three steady-state temperature tests available in the literature

to determine the mechanical properties of concrete at ele-
vated temperature, as shown in Figure 1 [16]. In the first
type, i.e., the stressed tests, the specimen is preloaded before
heating and the preload is maintained during the heating
period. The preload may vary from 20 to 40% of the
compressive strength of concrete at ambient temperature.
The rate of increase in heat is usually kept constant till the
desired temperature is achieved, to guarantee quasi-steady
thermal conditions during the heating process. After a rest
period at the desired (i.e., nominal) temperature to make the
thermal field as uniform as possible, the load is increased
until the failure of the specimen in compression
(Figure 1(a)). In the second type test (i.e., unstressed test),
there is no preload and the specimen is directly heated to the
desired temperature usually at a constant rate. In this test
also, the peak temperature is sustained for prescribed period
for achieving the thermal steady state. Subsequently, the
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FIGURE 1: Schematic of temperature and loading histories for the three test methods [16]. (a) Stressed test. (b) Unstressed test. (c) Residual

property.

specimen is loaded up to failure (Figure 1(b)). In the third
type of test (i.e., unstressed residual test), no preload is
applied during the heating process and the specimen is
cooled down to room temperature (possibly under con-
trolled conditions, i.e., at a constant cooling rate) before
being loaded in compression until concrete crushing
(Figure 1(c)).

Because of research on the impact of high-temperature
exposure on concrete properties [17-26], it has been re-
ported that the performance of NSC at elevated temperature
is different from HSC at the same temperature. The review of
behavior of HSC in fire [27, 28] revealed two dominant
distinctions between NSC and HSC at high-temperature
exposure: (1) at temperatures ranging from 100°C to
400°C, there is a difference in relative strength loss, and (2) at
temperatures ranging from 200°C to 400°C, the explosive
spalling was noticed in HSC test specimens. The explosive
spalling in HSC, one of the major concerns, is mainly due to
its denser microstructure causing low permeability. This
makes it difficult for the water vapor to escape to the outside
environment and consequently increases the pore pressure
in cement paste which is mainly responsible for the explosive
spalling in HSC. Thus, there is a need for resolving the
questions about the performance of HSC exposed to elevated
temperature (or fire). Moreover, the available fire-design
guidelines—developed typically based on the test data of
NSC—cannot be simply extended to HSC.

There are several existing models for assessing the re-
sidual compressive strength of concrete after exposure to
elevated temperature [4-6, 29-34]. Nevertheless, these
available models were either developed for NSC or derived
from inadequate test data on HSC, which was not sufficient
to cover all affecting parameters. The goal of this study is to
come up with predictive relationships taking care of the

major parameters affecting concrete strength at high tem-
perature and the strength loss. It should be noted that de-
terministic prediction of concrete behavior may be difficult
due to its heterogeneous nature that leads to substantial
inconsistency in its properties. Theoretical developments are
not, therefore, the objective of this research, and the models
will be developed on the basis of statistical regression
analysis of the available experimental database.

Aslani and Bastami [31] developed predictive models for
both NSC and HSC subjected to high temperature. These
relationships were obtained for tensile and compressive
strengths, modulus of elasticity, and stress-strain (tensile
and compressive) behavior of unconfined concrete at ele-
vated temperatures. Nevertheless, the database employed to
generate the models for HSC is inadequate (less than 100 test
specimens were utilized), and it is also limited to siliceous-
aggregate concrete. A recommendation was given to add
more test results to the database in order to cover wider
range of affecting parameters.

As a result of the research carried out since the 1950s on
HSC exposed to high temperature, there exist extensive
database on the performance of HSC under high-
temperature exposure. An inclusive assessment of these
data is missing, however. The residual compressive strength
models developed in this research intend to bridge this gap
through employing a comprehensive database for increasing
the statistical sturdiness. A sufficiently large experimental
database (617 data points)—obtained from the accessible
literature pertaining to the tests on HSC exposed to elevated
temperature environments—was thoroughly examined to
assess the impact of various parameters on the residual
compressive strength of HSC with strength exceeding
100 MPa. The collected database was employed to assess the
applicability of the available models from guidelines,
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standards, codes, and researchers. New regression-based
models were also developed for the prediction of residual
compressive strength of HSC after being exposed to elevated
temperature. The test results were subsequently compared
with the predicted results of the regression-based models.
Finally, new residual concrete strength design equations for
HSC were developed in order to be utilized in fire design of
concrete structures.

2. Existing Models in Codes and
Research Publications

Table 1 shows the models for the assessment of the residual
concrete strength postexposure to elevated temperature that
are available in codes and standards such as Eurocode 2: EN
1992-1-2 [4] and ACI 216.1-07 [5] in addition to ASCE
Manual of practice [6]. These are one-variable models, which
depend only on the elevated temperature, T. The effect of all
other variables is ignored except the model of ACI 216.1-07
[5], which employs different curves for siliceous and cal-
careous aggregates. Table 1 also lists the models developed by
researchers [29-34] for predicting residual concrete
strength. The following distinguishing features are noted on
these models:

(i) Some of the collected data points demonstrate
enhancement in concrete strength when exposed to
moderately lower temperatures; however, this trend
is not shown in any of the available models. A
reduction in concrete strength for temperature
higher than 20°C is demonstrated in most of the
existing models [33]. Yet, the model of the ASCE
Manual of practice [6] reveals no change of com-
pressive strength for temperatures up to 450°C.

(ii) The model of Eurocode 2 [4] is not valid for HSC
with strength exceeding 90 MPa. Although the effect
of type of aggregate (calcareous or siliceous) is
considered for concrete with f, <55.0 MPa, it is
not taken into account for HSC having
fer=55.0 MPa.

(iii) The curves given in ACI 216.1-07 [5] clarify that the
unstressed residual concrete strength is the lowest
amongst the three test procedures presented in
Figure 1. It should be noted that the peak tem-
perature reached in these curves is 871°C
(i.e., 1600°F). The trend of curves indicates better
high temperature resistance (unstressed residual)
for siliceous-aggregate concrete in comparison with
calcareous-aggregate concrete. The effect of type of
aggregate on the residual strength of HSC is un-
identified as these curves are generated only for
NSC; however, there is no limit in the code on the
concrete strength for the use of these curves.
Moreover, no other code or researchers’ models
consider difference between the aggregate types
(calcareous or siliceous) for HSC except Aslani and
Bastami [31]. Although ASCE Manual [6] also uses
the same curves as given in ACI 216.1-07 [5], a
simple linear model is suggested for assessment of

the residual concrete strength regardless of the
aggregate type. Even though the two codes do not
differentiate between NSC and HSC, it is apparent
that these models [5, 6] are only intended for NSC.

(iv) The models given by some researchers [29, 32, 33]
are piecewise linear for dissimilar ranges of T. Yet,
Choe et al. [32] considered 7 ranges of T thereby
providing five different formulae for assessing the
residual concrete strength.

(v) The models of both Nielsen et al. [30] and Hertz [34]
are the only ones that are applicable for whole
temperature range. The model developed by Nielsen
et al. [30] is a single quadratic equation in T.
However, the equation proposed by Hertz [34] has a
numerator of one and a 64-degree polynomial of T
as the denominator.

(vi) Aslani and Bastami [31] proposed several formulae
for various ranges of T and f.. The developed
formulae are linear and cubic in T.

3. Experimental Data Set

A significantly large data set of available experimental
results on the residual compressive strength of HSC after
being exposed to high temperature was compiled. The
experimental data were considered sufficient for deep in-
vestigation of different affecting parameters. These data
were compiled from published sources including confer-
ence proceedings, journal papers, student theses, and
technical reports. The data taken from the literature were
for those studies wherein most of the geometric dimensions
of specimens and material properties were available. The
database contains results of 617 specimens (including those
at room temperature), out of which 485 specimens were
exposed to high temperature. Summary of the collected
experimental database is given in Table 2. The data were
obtained from 54 studies reporting experiments performed
during the period from 1965 to 2017 [7, 10, 11, 24, 35-84].
The following criteria were used for achieving consistency
in the data set:

(i) Data are only for the HSC specimens with f >
41.4 MPa (following the limits of ACI 363R-10 [2]).

(ii) Data are for unreinforced concrete specimens such
as cylinders and cubes.

(iii) Concrete mix contains no fibers.

(iv) The concrete mix contains mineral additives (such
as fly ash and silica fume) not more than 15% of the
weight of cement.

(v) Ordinary Portland cement is utilized in the con-
crete mix.

(vi) The specimens are subjected to heating regimes at
rates between 0.5 and 20°C/min, and the elevated
temperature is sustained to guarantee quasi-steady
thermal state. Then, natural air cooling is used to
bring the temperature of specimens down to am-
bient temperature. Next, the specimens are



4 Advances in Materials Science and Engineering
TaBLE 1: Models for residual compressive strength of concrete after high-temperature exposure.
Code/researcher Compressive strength after high temperature exposure (fr)

Eurocode 2: EN 1992-1-2 [4]

ACI 216.1-07 [5]

ASCE Manual [6]

Kodur et al. [29]

Nielsen et al. [30]

Aslani and Bastami [31]

Choe et al. [32]

Phan and Carino [33]

Hertz [34]

(i) If 41.4 < f., < 55.0 MPa, use Table 3.1 of the code.

(ii) If f., > 55.0 MPa, use Table 6.1N of the code.

(i) For siliceous aggregate, use curve from Figure 2.12(a) of the code.

(ii) For calcareous (carbonate) aggregate, use curve from Figure 2.12(b) of the code.

few for 20°C < T <450°C,
fer= { frr[2.011-2.353((T - 20)/1000)], for 450°C < T <874°C,
0, for T >874°C.
fi:[1.0-0.003125(T - 20)], for T <100°C,
fer= { 0.75f ¢ for 100°C < T <400°C,
fi,(1.33-0.00145T), for T >400°C,
flr=fr,(1-0.0166°), 6= % 0<0<7.9.

For siliceous aggregate, if 41.4 < f.,. < 55.2 MPa,

fe,(1.012-0.00057T), for 20°C<T <100°C,
£ S, (0.985 + 0.0002T — 2.235 X 10°T% + 8 x 1071°T?), for 100°C < T <800°C,
T £.,(0.44-0.0004T), for 800°C < T <1000°C,
L O, for T'>1000°C.
If 55.2 < f., < 80 MPa,
[ f.,(1.01-0.00068T), for 20°C < T <200°C,

fr:(0.935 +0.00026T —2.13 x 10°T% + 8 x 107'°T?), for 200°C < T <400°C,
fer=14 fi.(0.90 +0.0002T —2.13 x 107°T% + 8 x 1071°T3),  for 400°C < T <800°C,

fer(0.44-0.0004T), for 800°C < T <1000°C,
L 0, for T'>1000°C.
If f., > 80 MPa,
[ fr(0.8-0.0005T) < 1.0, for 20°C<T <500°C,
¢ _ | £i,(0.96-0.0008T = 5.17 x 1077T2 + 4 x 1071°T?),  for 500°C < T <800°C,
Jer= £ (0.44-0.0004T), for 800°C < T <1000°C,
L O, for T'>1000°C.
For calcareous aggregate,
fer (1.01-0.0006T) < 1.0, for 20°C< T <200°C,
for= { fer (10565 + 0.0017T + 5 x 107°T% = 5 x 107°T%), for 200°C < T < 900°C,
0, for T'>900°C.
[ feo for T <20°C,
fe,(1.0375-0.0019T), for 20°C < T <100°C,
0.85f ¢ for 100°C < T <200°C,
fle=1 fi.(1.1-0.0013T),  for 200°C< T <700°C,
f1..(0.62-0.0006T),  for 700°C < T <900°C,
£..(0.32-0.0003T),  for 900°C < T < 1200°C,
L 0, for T >1200°C.
Sfor for T <50°C,
fe,(1.28-0.0056T), for 50°C < T <100°C,
fir=1q072f, for 100°C < T <350°C,
£ (1.31-0.00168T), for 350°C<T <778°C,
L 0, for T >778°C.

I 1
fer=1 ”(1 + (T/10000) + (T/780)* + (T/490)% + (T/1ooooo)64>'

concentrically loaded up to failure to assess their ~ convert the compressive strength measured for cubes and

residual strength.

cylinders of different dimensions to that of the standard

(vii) Enough details for different geometric and material ~ 150 %300 mm cylinder as follows:

characteristics are available for achieving better r fey(hd) ()
confidence in the derivation of results. fe= (0.4//1 + (h—dJ/50) +0.8)’

It should be noted that the database shown in Table 2 is
for different sizes of the cylinder and cube specimens. The fl= feu(d) i 2)
formulae proposed by Yi et al. [85] were employed to C ((1.17/+/1 + (d/26) ) + 0.62)
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TaBLE 2: Summary of the experimental database used in this study’.

Type of Aggregate/ Water/ Heating Room Elevated )
. . . fer No. of
Reference coarse binder ratio, binder rate, H, temperature, temperature, (Mf’a) specimens®
aggregate a/b ratio, w/b  (°C/min) T, (°C) T (°C) P
. . 400, 500, 600,
Liu [35] Siliceous 2.53 0.35 10 20 700, 800 73.4 6 (5)
Caple [36] Calcareous 1.58 0.16 2.5 20 200, Aé(())(())’ >00, 51.0 15 (14)
1.98, 2.16, 0.21, 0.26, 52588, Zgg’ z;gg’ 56.8, 82.4,
Peng [37] Siliceous 2.38, 2.49, 0.32, 0.35, 1,2.5,5 25 80’0 1(’)00 > 94.6, 100.5, 59 (53)
2.6, 3.04 0.38, 0.5 1200 111.6
Xu et al. [38] Siliceous 2.17, 2.76 0.3, 0.5 1 25 250, A;%% 650, 46.1, 103.5 10 (8)
Arioz [39] Calcareous 1.32 0.32 1 20 200, 400, 600 71.6 4 (3)
Martins et al. [40] Calcareous 2.84 0.52 2.5 20 200, 400, 600 61.8 4 (3)
Yaqub and Bailey [41] Siliceous NA 0.55 2.5 20 200, zgg’ 450, 49.5 8 (6)
Biolzi et al. [42] Siliceous NA 0.22 1 20 250, 500, 750 93.3 4 (3)
. 100, 200, 300,
Tirkmen et al. [11] NA 3.25 0.35 15 23 400, 500 63.3 6 (5)
. Siliceous/ 200, 400, 600,
Al-Jabri et al. [43] calcareous 2.29 0.50 2 25 800, 1000 42.7 6 (5)
0.84, 1.28, 42.2, 47.8,
Kerr [44] Calcareous  2.19, 2.27, 0.202’5(6).3’ 5.0 25 105, 26%(2)’ 300, 72.3,76.6,79, 25 (17)
391 ’ 80, 83.5, 86.8
1.64, 1.68, 0.21, 0.22, 647'2’2657'%766’
1.77, 1.85, 0.23, 0.25, 77'5’ 78.5,
Bastami et al. [45] Siliceous 1.87, 1.88, 0.26, 0.27, 20 25 800 o 28 (14)
80.3, 81.4,
1.93, 1.97, 0.28, 0.29, 323, 85.7
2.0, 2.14, 2.35 0.3 90.1, 93.6
82.5, 84.1,
. . 85.1, 85.2,
Bastami et al. [46] Siliceous 2.09 0.25 20 20 400, 600, 800 35.8 874 32 (24)
87.6, 90.6
Sideris and Manita [47]  Siliceous 1.75 0.44 5 20 300, 600 45.4 3(2)
Tolentino et al. [48] Siliceous 2.57, 2.60 0.28, 0.42 0.83 25 600 50.4, 62.1 4 (2)
Felicetti et al. [49] Siliceous 2.77 0.29 1 20 105, 2650(()), 400, 98.1 5(4)
100, 200, 300,
Elsanadedy et al. [7] Calcareous 2.63 0.43 10 26 400, 500, 800 43.4 7 (6)
Siliceous, 2.42, 2.52, 200, 400, 600, 71.2, 71.6,
Hager et al. [50] calcareous  2.56, 2.82 0-30 0-5 20 800, 1000 732,801 2219
. 150, 300, 450,
Gupta et al. [10] Siliceous 3.09 0.45 5 27 600, 750 43.9, 44 18 (15)
. 100, 200, 300,
Lee et al. [51] Siliceous 2.78 0.45 13.33 20 400, 500, 600 57.4 7 (6)
Ahmad and .
Abdulkareem [52] Siliceous 3.07 0.54 5 20 200, 400, 600  44.5, 48.4 8 (6)
Chowdhury [53] NA 1.26, 1.94 0.23, 0.29 8.33 22 100, 200, 400 72.6, 91.4 16 (14)
Rao and Kumar [54] NA NA 0.32 NA 25 200, 400, 800 55.6 4(3)
105, 200, 300,
. 400, 600, 800,
Lau [55] Siliceous 3.07, 3.16 0.32, 0.56 3,4,5 25 1000, 1100, 46.0, 86.0 20 (18)
1200
. . 300, 400, 500,
Purkiss [56] Siliceous NA 0.45 2 20 600, 700, 800 55.1, 63.9 8 (6)
Netinger et al. [57] Calcareous 4.59 0.43 1 20 400, 800 70.4 3(2)
0.2, 0.3, 100, 200, 300, 49.1, 73.1,
Phan et al. [24] Calcareous  1.28, 2.27 0.57 5 25 450 853, 89.7 19 (15)
Toumi et al. [58] Calcareous 2.64 0.37 10 20 300, 500, 700 61.3 11 (10)
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TaBLE 2: Continued.
Type of Aggregate/ Water/ Heating Room Elevated )
. . . fer No. of
Reference coarse binder ratio, binder rate, H, temperature, temperature, (Mf’a) specimens®
aggregate a/b ratio, w/b  (°C/min) T, (°C) T (°C) P
62.2, 63.7,
Uysal and Tanyildizi [59] Calcareous 1.39, 1.40, 0.33 1 20 200, 400, 64.4, 65.9, 25 (20)
1.41 600, 800 66.2
Hachemi et al. [60] Calcareous 1.7, 2.18 0.27, 0.42 3 20 152’0%)509’011)00’ 42.9, 66.7 11 (9)
Noumowe and Galle [61]  Siliceous 2.29, 3.43 0.3, 0.43 1 20 200 48.7,70.3 4 (2)
. 400, 600, 800,
Chan et al. [62] Siliceous 2.14, 2.38 0.28, 0.35 3,4,5 20 1000, 1200 72.9, 102.5 12 (10)
Demirel and .
Kelestemur [63] Siliceous 1.40 0.50 2.5 20 400, 600, 800 432 4 (3)
Anagnostopoulos siliceous 2.55 0.50 10 20 300, 600 47.0 32)
et al. [64]
Siliceous 200, 300, 400,
Arioz [65] ’ 1.43, 1.64 0.4, 0.5 20 22 500, 600, 700, 42.3 14 (12)
calcareous
750, 900
Behnood and 2.34, 2.38, 0.3, 0.35, 100, 200, 60.1, 66.3,
Ghandehari [66] Calcareous 2.40 0.4 3 20 300, 600 71.9, 81.9 20 (16)
Bin Johari [67] NA 2.68 0.29 3.33 20 200 55.2 2 (1)
. = 1.96, 2.16, 0.27, 0.3, 50, 100, 150, 43.2, 78.2,
Ciilfik and Ozturan [68] Calcareous 5 86 0.55 1 20 200, 250 425 18 (15)
100, 200, 300,
Esen [69] NA 2.33 0.40 4 20 400, 500, 600 44.8 9 (8)
700, 800
Campbell-Allen et al. . 53.3, 55.5,
[70] Siliceous NA 0.44 0.83 20 200, 250, 300 59.4, 67.1 8 (4)
. 150, 350,
Hertz [71] Siliceous 1.80 0.13 1 20 450, 650 140.6 5 (4)
100, 200, 300,
Khan and Abbas [72] NA 2.79, 3.41 0.32, 0.45 8 22 400, 500, 434, 61.6 13 (11)
600, 700
Khandaker and Hossain 200, 400, 60.9, 69.2,
(73] Calcareous 2.03 0.30 2.5 25 600, 800 73.5. 74.9 20 (16)
Noumowe [74] Siliceous 2.57 0.34 0.5 20 200 61.3 2 (1)
Noumowé et al. [75] Calcareous 2.58 0.42 0.5 20 400 75.4 2 (1)
Poon et al. [76] Siliceous 2.15 0.29 2.5 20 600, 800 67.0, 80.3 6 (4)
. 42.8, 45.7,
Savva et al. [77] Siliceous, 5 47 3 65 0.60 25 20 100,300, 45 498, 24 (19)
calcareous 600, 750 511
Shaikh and . 200, 400,
Vimonsatit [78] Siliceous 2.20 0.45 8 20 600, 800 45.8, 52.3 10 (8)
100, 200, 300,
Xiao and Falkner [79] Calcareous 1.92 0.25 10 20 400, 500, 94.6 8 (7)
600, 700
Zega and Di Maio [80] Siliceous 2.28, 2.44 0.40 10 20 500 44, 45 4 (2)
Geng et al. [81] Calcareous 2.92 0.41 25 200 41.8 4 (2)
Morita et al. [82] NA NA NA 1 20 200, 350, 500 415 4(3)
Siliceous,
. calcareous, 0.82, 0.92, 71.1, 74.5,
Xing et al. [83] silico- 197 0.30 1 20 300, 600, 750 79.3 12 (9)
calcareous
. 200, 300,
Shang and Yi [84] NA 1.94, 2.06 0.31, 0.35 10 20 400. 500 47.9, 59.2 10 (8)
Total no. of specimens = 617 (485)

TNA = not available. * Values outside brackets are the total number of test specimens including those at room temperature, whereas values within brackets are

the number of specimens exposed to high temperature.
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where f! is the compressive strength of the standard
150 x 300 mm concrete cylinder, fcy(h, d) is the compres-
sive strength of the general cylinder of diameter d (in mm)
and height & (mm), and f, (d) is the compressive strength
of the general cube with size d (mm).

Table 3 provides the statistics of the data employed in
the analysis. The statistics include data range (maximum
and minimum values), mean value, standard deviation
(SD), coefticient of variation (CV), skewness, and kurtosis.
In order to check unevenness in the distribution of the data,
the skewness was estimated. For highly skewed data,
skewness is greater than 1. For determination of the shape
of data distribution, the kurtosis of the data, listed in
Table 3, was also estimated. The kurtosis of data should be 3
in order for the data to conform with the normal distri-
bution curve. Form Table 3, it is clear that data are spread
over a wide range due to the large values of coeflicient of
variation for all independent variables (varying from 28.2%
t0 99.4%). The aggregate-to-binder ratio varies from 0.82 to
4.59 thus covering a wide range. The same was also ob-
served for the water-to-binder ratio which varies from 0.13
to 0.6 due to concrete mixes that were designed with or
without superplasticizers. It is explicable from Table 3 that
the peak heating rate of 20°C/min is less than that reached
in standard fire tests [86-88]. Yet, the maximum tem-
perature reached in many experiments is 1200°C that agrees
with the peak fire temperature. It should be noted from
Table 3 that the skewness of heating rate (H,) is 1.507,
which indicates highly skewed data. It is worth mentioning
here that combining the test data for specimens with wide
range of heating rates varying from 0.5 to 20°C/min in
developing the residual strength models of HSC was similar
to other published work in the literature [31, 33, 89]. HSC
specimens of the compiled database used by Phan and
Carino [33] were exposed to high temperatures at wide
range of heating rates varying from 0.2 to 32°C/min. Aslani
and Bastami [31] developed models for NSC and HSC using
test data with heating rates varying from very low rates up
to standard fire curve as per the ASTM E119 [87]. Also,
Knaack et al. [89] developed compressive strength re-
lationships for both NSC and HSC under elevated tem-
peratures using published experimental data with heating
rates ranging from 2 to 93.33°C/min. The concrete com-
pressive strength at room temperature varies from the start
of the range of HSC and includes even the ultrahigh-
strength concrete.

Figure 2 shows the breakup of the data with respect to
the type of the test specimen, the type of coarse aggregate,
and the concrete strength at room temperature (f,). It
should be noted from Figure 2(c) that the breakup of the
data for f, is based on the limits given in Eurocode 2: EN
1992-1-2 [4] (for the 55MPa limit), and the model of
Aslani and Bastami [31] (for both 55 and 80 MPa limits).
The limit of 100 MPa was selected as an onset for ultrahigh-
strength concrete. The data cover cubes of 70, 100, and
150mm and cylinders of 75x150, 100x200, and
150 x 300 mm. It is observed from Figure 2(a) that data for
cubes (57.5%) are slightly more than that of cylinders.
Maximum data are for cubes of 100 mm size (41.5%). It

should be noted that even though the strength loss at high
temperatures measured on cylinders may be greater than
that measured on cubes as reported by Bamonte and
Gambarova [90] (based on the data obtained from di
Prisco et al. [91]) for temperatures beyond 400°C, equa-
tions (1) and (2) are assumed to be valid for all range of
elevated temperatures. This is due to the big variance in the
sizes of cylinders and cubes used in this study which were
not all covered by the data of di Prisco et al. [91]. Therefore,
data of cubes and cylinders of different sizes were mixed in
this study while developing residual strength models for
HSC exposed to elevated temperatures. This was similar to
other work published in the literature [31, 33, 89]. For
example, Phan and Carino [33] compiled test data for HSC
cylinders of height/diameter ratio less than 2 (28 x 52 mm
and 57 x 100 mm) with HSC cylinders of the aspect ratio
at least 2 (51 x 102 mm, 60 x180 mm, 75 x 150 mm, 80 x
300 mm, 100x200mm, and 150 x 300 mm) along with
HSC cubes of 100mm size. The study of Aslani and
Bastami [31] even combined the data of HSC cubes and
cylinders of different sizes and aspect ratios with standard
fire tests on large-scale reinforced HSC columns of di-
mensions 305x305x3810mm. Also, in the work of
Knaack et al. [89], data of concrete cylinders and prisms
with different sizes and aspect ratios were mixed to come
up with compressive strength relationships for both NSC
and HSC under elevated temperatures. As seen in
Figure 2(b), the data of concrete having siliceous aggre-
gates (52%) more than that of calcareous aggregates (36%).
Even though a wide range of concrete compressive
strength is included in the data (from 41.5 to 140.6 MPa),
the data for the concrete strength greater than 100 MPa are
tairly low (5.7%). As seen in Figure 2(c), about 40.0% of the
data of concrete strength ranges from 55.1 to 80.0 MPa
with 32.12% data for lower strength ranging from 41.5 to
55 MPa, which is also clear from the positive skewness of
0.646 as seen in Table 3.

Figure 3 shows the surface plot of normalized concrete
strength (i.e., the ratio of the residual strength of concrete
after high-temperature exposure to the concrete strength
at room temperature) against two variables. One of
the variables is the elevated temperature, T, and the
remaining variables are taken in turn for the second.
The use of siliceous or calcareous aggregates does
not indicate any definite trend, as seen in Figure 3(a). The
plots show the occurrence of random waves in the surface
profiles especially in the low-temperature range for
most of the variable combinations (Figures 3(b) to 3(e)).
These waves are maximum in water-to-binder ratio, which
may be owing to the hostile effects of superplasticizers.
It is thus explicable that there is no definite trend of
variation for different variables other than the exposure
temperature, 7.

Although there are some other variables such as mois-
ture content, type of superplasticizer, and cooling regime
that may affect the concrete strength, they were not taken
into account due to the nonavailability of their values. It is
worth noting that these variables are also omitted in the
models available in the literature.
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TaBLE 3: Statistics of input parameters (485 data points).

L. Aggregate/binder Water/binder Heating rate, Elevated temperature, Concrete strength at room
Statistical parameter ggregate/bi / ng v peratu g

ratio, a/b ratio, w/b H, ("C/min) T (°C) temperature, f’Cr (MPa)
Min. value 0.82 0.13 0.50 50 41.5
Max. value 4.59 0.60 20.0 1200 140.6
Mean 2.29 0.36 5.78 479 67.3
Standard deviation (SD) 0.65 0.11 5.74 261 19.7
Coefficient of variation (CV) (%) 28.2 31.2 99.4 54.5 29.2
Skewness 0.232 0.564 1.507 0.529 0.646
Kurtosis —0.042 —0.569 1.235 -0.255 0.263

O 100mm cubes (41.5%) O Siliceous (52.0%) O 41.5-55MPa (32.1%)
[ 100 x 200 mm cylinders (22.5%) [0 Calcareous (36.0%) [ 55.1-80 MPa (40.0%)
O 150 x 300mm cylinders (14.7%) [0 Not available (10.4%) [0 80.1-100 MPa (22.2%)
W 150mm cubes (13.1%) M Silico-calcareous (1.6%) W >100MPa (5.7%)

M 75 x 150mm cylinders (4.1%)
B 70mm cubes (2.9%)
J 242 x 900 mm columns (1.1%)

(a) (b) (c)

FiGure 2: Distribution of all 617 HSC data points with respect to (a) type of the test specimen, (b) type of the coarse aggregate, and
(c) compressive strength of concrete at room temperature (fr,).
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FiGgure 3: Continued.
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F1GURE 3: Normalized concrete strength as functions of exposure temperature and (a) type of coarse aggregate, (b) aggregate-to-binder ratio,
(c) water-to-binder ratio, (d) heating rate, and (e) concrete strength at room temperature.

4. Sensitivity Analysis

The models based on the artificial neural network (ANN)
have been detailed in several studies [92-99]. The main idea
of ANN models originates from forming a mathematical
relation between the dependent and independent variables
by training the models using available data [94-96].
Sensitivity tests were performed using artificial neural
networks (ANN) to assess the relative importance of the
variables in the estimation of residual strength of HSC after
being exposed to elevated temperature. In the ANN
modeling, the input independent variables were aggregate-
to-binder ratio, a/b; water-to-binder ratio, w/b; heating
rate in °‘C/min, H,; exposure temperature in ‘C, T; and
concrete strength at room temperature in MPa, f.,. The
output dependent variable is the ratio of residual strength
of HSC after high temperature exposure, f_r, to f.. The

network architecture of ANN contains twelve neurons and
one hidden layer. The tansig transfer function was
employed along with the back propagation (BP) formu-
lation [92-94].

Tan-sigmoid transfer function:

2

1+ e 2 (ZWisivt;)

yi=f Zwijxi+bj = -1, (3

where x and y are the independent and dependent variables,
respectively, whereas W and b are the weight and biases.
Subscripts i and j represent number of independent variables
and the number of neurons, respectively. The values of W and
b, of the above equation, were estimated in such a way that the
energy function is minimized. The architecture of the neural
network employed in the study is given in Figure 4. The data
were processed through three phases of ANN modeling,
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Hidden layer

FIGURE 4: Neural network model involving single hidden layer employed for sensitivity analysis (r; = number of neuros = 12 in this study).

namely, training, validation, and testing, and a discrete data set
was used for each phase. It is worth mentioning here that ideal
distribution of data between testing/validation and training
does not exist. However, a review of literature shows that the
percentage of data used for training varies from 67% to 90%,
and the remaining data are used for validation and testing
[89-95]. In the present study, the training was done using 2/3rd
of the data, whereas the validation and testing were performed
using the remaining 33% data [92, 93]. The data for the three
phases were selected randomly.

R

1 &(Ry—R
MPE = = Z(‘hpx 100),
n 1 exp
th_R
exp

R
(—expx 100)‘,
R

1 n
MAPE = - ;

CC=

The sensitivity analysis was carried out via removing
each input at a time from the model. The effect of elim-
ination of a variable from the model on the calculation of
residual concrete strength after high-temperature expo-
sure was determined in terms of the error estimate pa-
rameters listed in Table 4. These parameters include mean
percent error (MPE), mean absolute percent error
(MAPE), root mean square error (RMSE), and correlation
coefficient (CC). They are defined in the following
formulae:

(4)

1 ZT(Rexp _(ZTRexp/n)) (Rth - (Z?Rth/n))

(R (3R )))° 1 01 1) (SR = (iR 1= D)

where 7 is the number of test specimens; R, is the mea-
sured normalized concrete strength, which is the ratio of the
measured residual concrete strength after high temperature
exposure in MPa (f1)exp to the measured concrete strength
at room temperature in MPa (f,)exps and Ry, is the pre-
dicted normalized concrete strength. The positive value of
MPE means overestimation, whereas its negative value
shows underestimation. However, the desired value of MPE
is zero. For the best predictive model, the error parameters
MPE, MAPE, and RMSE should be zero, while CC should be
unity. The value of epochs was input as 100.

The output results reported in Table 4 were reached after
100 successful runs of ANN for all cases. Although T is
clearly the most sensitive variable, the remaining variables

>

show low level of sensitivity which is almost the same for all.
The removal of temperature, T, being the most sensitive
parameter, brings the value of CC down from 0.95 to 0.51.
As observed from Table 1, most of the models of codes and
researchers for the assessment of residual concrete
strength only incorporate T except Eurocode 2 [4] and
Aslani and Bastami [31] where separate equations are
suggested for different ranges of concrete strength, f.,.
Nevertheless, the effect of its removal has almost no effect
on error estimated with RMSE increasing from 0.10 to 0.11
and CC reducing from 0.95 to 0.94. Keeping only T depicts
small reduction in CC from 0.95 to 0.90. Moreover, the
effect of individual elimination of rest of the variables on
error estimates is almost insignificant. Therefore, the
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TABLE 4: Sensitivity analysis with feedforward back propagation for
different sets of input variables.

Input variables MPE MAPE RMSE CC
All 1.36 14.92 0.10 0.95
No a/b 2.21 15.05 0.10 0.95
No w/b 3.26 15.96 0.12 0.93
No H, 2.12 16.77 0.11 0.93
No T 27.63 53.42 0.27 0.51
No f!, 410 15.63 0.11 0.94
Only T 6.83 19.47 0.14 0.90

MPE, mean percent error; MAPE, mean absolute percent error; RMSE, root
mean square error; CC, correlation coefficient.

establishment of the predictive model using T'alone may be
acceptable.

5. Regression Models

As regression-based models are usually in the form of
equations relating the independent variable with one or
more of dependent variables, they are most favored by codes,
standards, and design guidelines. These models are also
simple to be used by practicing engineers. The goal of this
research is to devise simple regression-based models to be
included in fire-design codes and guidelines for the as-
sessment of residual compressive strength of HSC after its
exposure to high temperature or fire. Accordingly, the ANN
models discussed in the previous section were not assessed
further and thus were not compared with existing models
available in the literature, as the focus will be on regression-
based models.

As reported in the models available in the literature,
for NSC, the siliceous-aggregate concrete has better re-
sistance to high temperature (unstressed residual) as
compared to the calcareous-aggregate concrete [5].
However, for HSC, only the model proposed by Aslani
and Bastami [31] differentiates between the aggregate
types. However, the effect of type of aggregate on HSC is
not evidently identified in other models. In fact, as
mentioned previously, the effect of type of aggregate
(calcareous or siliceous) is considered in the model of
Eurocode 2 [4] for concrete having f.. < 55.0 MPa;
however, it is not taken into account for HSC having f . >
55.0 MPa. As seen from Figure 2(b), 52% and 36% of the
compiled data were for HSC with siliceous and calcareous
aggregates, respectively; however, the remaining data
were for either unknown type of aggregate or HSC with
silico-calcareous aggregate. Therefore, in the develop-
ment of regression-based models in this study, the
compiled data were not separated based on the type of
aggregate as the use of siliceous or calcareous aggregates
did not indicate any definite trend, as seen from the
surface plot in Figure 3(a) and also for the models to be
applicable for the data for which type of aggregate is
unidentified.

A regression model (Model 1) of the following form was
used by employing all variables for assessing the residual
compressive strength of HSC:

11
L, for T<50°C,

_ _ 2 _ 3

1+ a(w) . CZ(T 50) . C3(T 50)

R =+ 100 100 100
C4 C5 1 \C7

X(g) X(%) x (Hr)C6 X (;{f;) , for T >50°C,
(5)

where R is the normalized concrete strength, which is the ratio
of the residual concrete strength after being exposed to the
elevated temperature in MPa (f_ 1) to the concrete strength at
room temperature in MPa (f.,); Tis the elevated temperature
in °C; a/b is the aggregate-to-binder ratio; w/b is the water-to-
binder ratio; and H, is the heating rate in “C/min.

The regression analysis was used to obtain the model
parameters C1 to C7, which were found as 0.018, —0.027,
0.002, —0.036, —0.168, —0.006, and -0.092, respectively
(Table 5). The scatter in the prediction by this model is
shown in Figure 5(a). It is worth mentioning here that the
values of all parameters were not available for all data points,
thus the above model was developed based on 460 data
points for which the values of all parameters were available.

The above model was simplified by replacing the cubic
polynomial of elevated temperature, T, by the power
function. The revised model (Model 2) is given by

1 for T <50°C,
T—50\“% /a\C3 /w\C*
-a(e) <) #(3)
w0 ) o) *\b
R =4
fr C6
x(H,)C x| =) for 50°C < T <1100°C,
414
0, for T>1100°C.

(6)

The values of the model parameters C1 to C6 are given in
Table 5, and the scatter in the prediction using this model is
plotted in Figure 5(b).

A comparison of the predictive models, in terms of the
error estimates, is given in Table 6. The error estimates used
for the evaluation of different models are MPE, MAPE,
RMSE, percent data for error within 15%, and percentage
error enveloping 80% of the data. It is observed from the
table that there is marginal deterioration in the error esti-
mates when polynomial function of T used in Model 1 is
replaced by power function in Model 2 with the MAPE,
RMSE, and percentage error enveloping 80% data increasing
from 20.04 to 26.68, from 0.14 to 0.15, and from 31.8 to 34.4,
respectively. On the contrary, there is small reduction in the
MPE and percent data for error within 15% from 6.70 to 5.88
and from 54 to 45, respectively. Thus the overall effect of this
replacement is almost negligible.

As the sensitivity analysis highlighted the significance of
models containing the elevated temperature, T, alone, an-
other regression model (Model 3) was developed as a
tunction of T, thus eliminating all other variables:
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TaBLE 5: Values of constants C1 to C7 for the proposed regression models.
Model
Constant Model 1 Model 2 Model 3 Model 4 5 Model 6
C1l 0.018 0.041 0.021 0.053 -0.2074 0.234
C2 -0.027 1.331 -0.030 1.254 0.0150 0.644
C3 0.002 -0.120 0.002 — -0.0005 —
C4 -0.036 -0.267 — — — —
C5 —-0.168 0.021 — — — —
C6 -0.006 -0.239 — — — —
C7 —-0.092 — — — — —
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FIGURE 5: Percentage error in the prediction of normalized strength of HSC for individual data points using (a) regression Model 1, (b)
regression Model 2, (c) regression Model 3, and (d) regression Model 4.

TaBLE 6: Error estimates for different predictive models.

Normalized concrete strength (R= f{r/fr,)

Parameter for error estimate . . . .
Regression Model 1~ Regression Model 2 Regression Model 3~ Regression Model 4

Mean percent error (MPE) 6.70 5.88 6.71 5.66
Mean absolute percent error (MAPE) 20.04 26.68 19.95 28.20
Root mean square error (RMSE) 0.14 0.15 0.14 0.15
Percent data for error within 15% 54 45 55 46
Percentage error enveloping 80% data 31.8 34.4 30.8 38.4
1, for T <50°C, The above model is a cubic polynomial for whole range
R- of the exposure temperature with the model parameters
- 2 3 . . . .
1+C1(T_50> +C2(T_50) N C3(T_50) . forT>50°C,  given in TabI.e 5. Figure 5(c) shows t.he scatter in tbe pre-
100 100 100 diction of residual concrete compressive strength using this

model.

(7)
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Another simplified form of the above model was tried
(Model 4) in which the cubic polynomial of T was replaced
by the power function:

(1, for T <50°C,
T - 50\“?
R =1 1—C1<—> , for 50°C < T<1100°C, (8)
100
| 0, for T>1100°C.

The model parameters C1 and C2 obtained by re-
gression analysis are given in Table 5. The scatter in the
assessment of residual compressive strength of concrete
using this model is plotted in Figure 5(d). The effect of
model simplification involving the replacement of cubic
polynomial of T by the power function on error estimates is
marginal with some parameters such as MAPE, RMSE, and
percent error enveloping 80% data showing small de-
terioration, whereas the remaining two error estimates
(i.e., MPE and percent data for error within 15%) show
nominal improvement.

Figure 6 shows the T versus R plots along with the
prediction models given by using equations (7) and (8)
(i.e., Model 3 and Model 4). It is discernable from the figure
that there is no definite trend for different percentage ranges
of temperature and thus the development of above models
for the whole range of temperature is justified.

Figure 7 shows a comparison between the normalized
strength of HSC assessed by proposed predictive models
with experiments. The histogram of error for the four
predictive models is shown in Figure 8. It is indicated that
the errors in prediction of the normalized strength of
HSC by Model 1 is almost the same as those predicted
using Model 3 and errors estimated using predictive
Model 2 are almost identical to those predicted using
Model 4. The values of the statistical indicators such as
mean, SD, CV, CC, and R’ for the proposed predictive
models are listed in Table 7, which shows good corre-
lation for all the four models with marginal difference. It
is observed from the error estimates given in Table 6 and
the statistical indicators listed in Table 7 that the models
developed based on the temperature T'alone (i.e., Model 3
and Model 4) are equally good as the remaining two
models. Thus the incorporation of the variables other
than temperature, T, has almost negligible effect on the
prediction of R, which was also evident in the sensitivity
analysis. It is due to this reason that Model 3 and Model 4
will be used for the development of the proposed design
models.

6. New Proposed Design Models

For making conservative estimates of the residual com-
pressive strength of concrete after high-temperature expo-
sure, the regression models given by using equations (7) and
(8) (i.e., Model 3 and Model 4) are transformed to the
empirical design models such that 95% of the data lies above
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the proposed equations. The proposed design models are
therefore given by Model 5:

1, for T <50°C,
T- T- 2
1+C1( 50>+C2( 50)
100 100
R =4
T— 3
+ C3(—50) N for 50 < T <1000°C,
100
0, for T'>1000°C,
9
and Model 6:
(1, for T <50°C,
T —50\%?
R= 1—C1<W> , for 50°C<T <1000°C,  (10)
| 0, for T'>1000°C.

The T versus R plots of the two proposed design models
(i.e., Model 5 and Model 6) are shown in Figure 6, which
shows that most of the data points lie above the curves given
by the two models. For temperatures of 1000°C and above,
the values of R are taken as zero for the two models, which is
a conservative estimate for some of the experimental results.
Figure 9 depicts a comparison between the normalized
strength of HSC assessed by proposed design models with
experiments. As seen from the ﬁgure, nonconservative
predictions of 5.6% and 4.7% were calculated for Model 5
and Model 6, respectively. Figures 10 and 11 show a
comparison between the normalized strength of HSC
assessed by models of codes and researchers with experi-
ments, respectively.

Figure 12 presents the spread of quartiles of the de-
viations in the assessment of residual concrete strength. A
global view of the scatter in the assessment of residual
concrete strength using different models is provided by this
plot. In this figure, nonconservative assessment (with pre-
dicted values being greater than the experimental ones) is
given by the positive deviation. The upper and lower bounds
of the deviations are represented, respectively, by the top and
bottom ends of the bars. This plot will help in identifying the
best performing model for which the full height of deviation
bar should be under the line of zero deviation, and the 2"
and 3" quartiles as well as the total height of vertical bar are
minimum. The proposed design models (Model 5 and Model
6) are the ones to meet all these favorite ideal features as
evident from Figure 12.

The design models were evaluated on the basis of the
mean, SD, CV, CC, and R’. Table 7 provides the values of
these parameters. The table also enlists 5™ percentile value
and the percentage of nonconservative data. For the best
design model, SD and CV should be small, whereas CC and
R’ should be close to unity. Moreover, the mean value should
be more than 1; however, it should be close to unity. Also,
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FIGURE 6: Performance of the proposed models in comparison with experiments: (a) Model 3 and Model 5 and (b) Model 4 and Model 6.

the nonconservative data points should be negligible and the
5" percentile should be at least 1.0.

Among the three different code models, ACI 216.1-07
[5] is better than others. Moreover, all the three code
models are nonconservative; however, the nonconservative
data for the model developed by ACI 216.1-07 [5] are low
which is 17.9%. The model of the ASCE Manual [6] is the
most nonconservative with 66.0% nonconservative data.
Among the researchers’ design models, the model of Phan
and Carino [33] is the best with the nonconservative data of
7.6%, whereas the nonconservative data of other models
vary from 12.4% to 41.4%. Although the nonconservative
data for Phan and Carino [33] model are close to the

proposed models, the error estimates of the model are
significantly higher. It is explicable from Table 7 that the
proposed regression-based design models (i.e., Model 5
and Model 6) are better than other models. The value of the
5 percentile for both of the proposed design models is
1.00, thus satisfying the target.

As only 6.2% of the data is for f_, greater than 100 MPa,
the proposed design formulae should be applicable only to
HSC of compressive strength not exceeding 100 MPa.
Moreover, the maximum heating rate of the experimental
data (20 °C/min) is quite less than that of standard fire
[86-88]. Although the effect of the heating rate is found to be
insignificant, this conclusion is based on the data of low
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FiGure 7: Comparison of normalized strength of HSC predicted by the proposed predictive models with experiment: (a) regression Model 1,
(b) regression Model 2, (c) regression Model 3, and (d) regression Model 4.
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TABLE 7: Statistical parameters for the assessment of models (485 data points).

Model

Statistical parameters for experimental to predicted ratio
Mean SD CV (%) 5" percentile value Min. value Max. value CC R?

Nonconservative data (%)

Predictive models

Regression Model 1 1.00 0.24 239 0.63 0.24 1.93 0.89 0.80 —
Regression Model 2 099 028 287 0.59 0.21 3.61 0.87 0.76 —
Regression Model 3 1.00 024 236 0.62 0.23 1.97 0.89 0.80 —
Regression Model 4 098 025 253 0.57 0.22 1.69 0.87 0.75 —
Design models

Regression Model 5 1.77 059 335 1.00 0.49 4.33 0.84 0.70 5.6
Regression Model 6 1.60 044 276 1.00 0.41 3.48 0.85 0.72 4.7
Eurocode 2: EN 1992-1-2 [4] 1.31 0.80 60.7 0.68 0.27 15.09 0.83 0.69 25.8
ACI 216.1-07 [5] 144 110 764 0.81 0.36 14.54 0.87 0.76 17.9
ASCE Manual [6] 094 0.31 32.6 0.50 0.19 2.50 0.87 0.75 66.0
Kodur et al. [29] 1.23 042 34.0 0.71 0.26 6.42 0.88 0.78 19.4
Nielsen et al. [30] 1.67 199 119.8 0.68 0.26 9.71 0.89 0.79 31.1
Aslani and Bastami [31] 1.08 0.60 554 0.15 0.07 3.60 0.17 0.03 414
Choe et al. [32] 1.58 096 609 0.90 0.38 9.05 0.88 0.77 124
Phan and Carino [33] 1.57 090 57.5 0.91 0.40 10.37 0.89 0.79 7.6
Hertz [34] 215 195 90.7 0.80 0.63 10.00 0.87 0.75 18.6

SD, standard deviation; CV, coeflicient of variation; CC, coefficient of correlation; R?, coefficient of determination.
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Figure 10: Comparison of normalized strength of HSC predicted by the models of different codes with experiment: (a) Eurocode 2: EN

1992-1-2 [4], (b) ACI 216.1-07 [5], and (c¢) ASCE Manual [6].
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FIGURE 12: Spread of error percentiles for different models.
heating rate. In future, these models may however be (i) As expected, the maximum temperature plays by far
reviewed and revised once more data for higher concrete the major role in controlling residual compressive
strength and higher heating rate become available. strength of HSC. The remaining parameters show
almost the same level of sensitivity and the effect of
. these parameters is quite small as compared to the
7. Conclusions b q P
elevated temperature.
The following conclusions can be derived from the current (ii) Among the formulae of different codes, ACI 216.1-
study about the effect of high temperatures on the residual 07 [5] is better with least nonconservative data,

compressive strength of HSC: whereas the model of the ASCE Manual [6] is the
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most nonconservative with 66.0% nonconservative
data. Among the researchers’ design models, the
model of Phan and Carino [33] is the best with the
nonconservative data of 7.6%.

(iii) Four regression-based models have been developed
for the assessment of the residual compressive
strength of HSC. These models propose single
formula for whole range of elevated temperature.
Two of the models incorporate all identified pa-
rameters, whereas the remaining two are a function
of the elevated temperature alone. The models show
small errors and acceptable correlation coefficients.
Based on the models that are a function of the el-
evated temperature alone, two new design models
are proposed. These models are cubic polynomial
and power function of temperature, respectively.
The proposed design models show low error esti-
mates, and the nonconservative data points do not
exceed 6%.

(iv) The proposed models are applicable for high-
strength plain concrete produced using OPC and
mineral additives such as fly ash or silica fume not
exceeding 15% by weight of the cement. The use of
the proposed models should be restricted to HSC of
compressive strength up to 100 MPa.

(v) Although there is marginal effect of rate of heating
on the residual compressive strength of concrete,
the future research should focus on higher heating
rate corresponding to the fire because the current
data are only for the maximum heating rate of 20 “C/
min.

(vi) The test data used in this study were obtained from
different test programs by testing HSC specimens
of different size and geometry using different
heating rates and curing conditions. These differ-
ences may lead to inconsistent test results.
Therefore, there is a necessity for a standardized
test protocol, especially for HSC as the moisture
escape path and the rate of pore pressure buildup
have a major effect on the behavior of the test
specimen. For the sake of comparison of data
obtained from different sources, it is highly rec-
ommended to create a set of standard test methods.
Also, the effects of previous load histories in ad-
dition to specimen size and geometry on measured
properties should deeply be investigated. More-
over, other material characteristics such as mois-
ture transport properties, pore pressure buildup,
and water release during the dehydration process
have to be measured as the functions of temper-
ature and heating rate to give input data for the-
oretical models.

Nomenclature
a/b: aggregate-to-binder ratio
BP: back propagation

CI to C7: model parameters
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d: diameter of the concrete cylinder or size of the
concrete cube in mm
fi: compressive strength of the standard

150 x 300 mm concrete cylinder

compressive strength of concrete at room
temperature

residual compressive strength of concrete after
exposure to temperature

fea(d): compressive strength of the general cube with
size d in mm

foy(h,d): compressive strength of the general cylinder of
diameter d in mm and height & in mm

h: height of the concrete cylinder in mm

H.: heating rate

n: number of specimens

ny: number of neurons

T: elevated temperature in °C

w/b: water-to-binder ratio

R: normalized concrete strength (ratio of residual
compressive strength to the compressive strength
of concrete at room temperature)

Rexp: measured normalized concrete strength

Ry predicted normalized concrete strength

R%: coeflicient of determination

CC: coefficient of correlation

CV: coeflicient of variation

MAPE:  mean absolute percent error

MPE: mean percent error

RMSE:  root mean square error

SD: standard deviation.
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