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Abstract
The influence of time on the mechanical behavior of concrete after exposure to elevated temperatures has been studied.

Twenty-one self-compacting high-performance concrete mixtures with different incorporation amounts of coarse recycled

concrete aggregate (RCA) and three unprocessed waste powder materials have been tested at age of 270 days for residual

compressive and flexural strength after exposure to fire. The results have been compared to the results for the same

concrete, which have been studied at age of 90 days. A new parameter has been introduced for comparing the responses of

concrete to elevated temperatures at different ages; this parameter was the ‘‘heat resistance’’ which expresses the total area

under the curve of the relative residual strength (compressive or flexural) after exposing to six temperature degrees (20,

150, 300, 500, 600, and 800 �C). The results showed that the age of concrete has an influence on the response of concrete to
elevated temperatures. The heat resistance of compressive strength enhanced with age but the concrete behaved with a

tendency different to that at the age of 90 days. The heat resistance of flexural strength has not been affected or slightly

decreased but not with more than 10% to that at the age of 90 days. The used waste powder materials were unprocessed

waste fly ash, waste cellular concrete powder and waste perlite powder; they proved that using any of them up to 15% as a

replacement for cement with 0% or 25% of RCA enhanced the concrete resistance for the fire with time. The main two

reasons for changing of residual strength with the time were the changing of water content and the proceeding of hydration

of the binder. In general, long ages testing properties of concrete simulate the real behavior of concrete structures

accurately.
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Introduction

Fire is one of the major hazards to which concrete struc-

tures could be susceptible during their service life. Results

of long-term testing of the mechanical properties of con-

crete at elevated temperatures could be closer to reality

than those of short-term evaluation. This could be more

necessary during use of additives, many of which consume

a long time to complete the hydration process. Techno-

logical advances introduced new kinds of concrete like

self-compacting high-performance concrete (SCHPC)

incorporated with coarse recycled concrete aggregates

(RCA), where by utilizing the construction waste a sus-

tainable value can be added in addition to the technical

value. However, it was revealed that the behavior of the

new kinds of concrete after exposure to elevated temper-

atures is very different compared with traditional concretes

[1–3].

Self-compacting concrete (SCC) is that kind of concrete,

which has a high filling ability to all sections of the forms

without the need for a mechanical vibrator [4]. Recently its

using has been widely grown in the construction industry

and it is predicted to be in high demand in the near future

[5]. A limited number of researchers have been studied the
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residual mechanical properties of SCC after exposure to

elevated temperatures and concluded that SCC responses

with more deterioration of residual mechanical properties

and higher susceptibility to spalling especially at beyond

300 �C comparing with the normal vibrated concrete

[3, 6–10].

SCHPC produced by using RCA is not discussed in

details at the literature; however, it could be concluded that

the behavior of recycled aggregate concrete (RAC) after

exposure to elevated temperatures is that using RCA

decreases the possibility of explosive spalling and increa-

ses the residual mechanical properties compared to the

reference natural aggregate concretes [11–15]. This

behavior is related to the strong interface between new and

old adhered mortars and also the lower water-to-binder (w/

b) ratio which contributes to increase the residual strength

of RAC after exposing to elevated temperatures [16].

No available studies have discovered the long-term

response to elevated temperatures, but the study of long-

term residual strength at elevated temperatures could

simulate reality more accurately than could investigations

conducted only at short-term; moreover, there are no

studies investigated the effects of the unprocessed waste

powder materials on SCHPC incorporated with RCA sub-

jected to elevated temperatures. The present study aims at

studying the long-term residual strength for twenty-one

SCHPC mixtures with different replacement amounts of

coarse natural aggregate (NA) and cement by RCA and

unprocessed waste powder materials, respectively. Then a

comparison has been done between the results of this study,

which was conducted at age of 270 days of concrete, with

the results of the same concrete mixtures at age of 90 days.

Experimental

Applied materials

Portland cement (CEMI42.5N) and three different unpro-

cessed waste powder materials have been used to conduct

the present study. The waste powder materials that partially

replaced the cement by mass were

1. Unprocessed waste fly ash (UWFA) collected from

Visonta coal-fired thermal power station in Hungary

and delivered to the laboratory without any processing,

2. Waste cellular concrete powder (WCCP) which is a

waste material collected from a factory for cutting

cellular concrete masonry in Hungary,

3. Waste perlite powder (WPP) which is amorphous

volcanic silicate/alumina rock originating from raw

perlite resulting from cutting the raw perlite rock;

Hungary is considered one of the main countries for

producing perlite [17]. WPP has been imported with

two fractions of particles, WPP-c and WPP-s high and

low specific surface area, which were used in the

present study by 50% of each as WPP.

By chemical analytical methods, the oxidizing compo-

sition has been determined; although tested materials are

unprocessed waste materials, they contain mostly amor-

phous materials, and the differences have been identified

by X-ray diffraction. The X-ray diffraction profile is shown

in Fig. 1, where the chemical and physical properties of the

cement and the waste powder materials are shown in

(Table 1) which were tested in accordance with the EN

standards [18, 19]. In Fig. 1, the abbreviations are: A: Alite

(C3S). B: Belite (C2S). C: Brownmillerite (C4AF). D:

Gypsum (CSH2). E: Gypsum un-hydrated (CS). H:

Hematite. K: Kaolinite. P: Plagioclase (Lattice). Q: Quartz.

R: Phyllosilicates. S: Plagioclase (Anorthite). T: Tober-

morite. Figure 2 shows the sieve curves for both cement

and the waste powder materials. However, the crystalline

phases could be identified as:

1. Cement (CEM I): Ca3SiO5 (C3S, alite, hatrurite) as

main crystalline component; Ca2SiO4 (C3S, belite,

larnite) presence cannot be excluded; CaSO4�2H2O

(CSH2, gypsum); Ca4Al2Fe2O10 (C4AF,

brownmillerite),

2. UWFA: alpha-SiO2 (S, Alpha-quartz) as main crys-

talline component; Fe2O3 (F, hematite) also dominat-

ing crystalline component; CaSO4 (CS, anhydrite);

plagioclase (feldspar, most probable heat-treated

albite),

3. WPP: SiO2 (Ca, Al bearing cristobalite) as main

crystalline component; plagioclase (feldspar, most

probable anorthite); occurrence of various zeolitically

hydrated minerals cannot be excluded,

4. WCCP: alpha-SiO2 (S, alpha-quartz) as the main

crystalline component; CaSO4 (CS, anhydrite);

hydrated mineral, called tobermorite 11A, seems to

explain several diffraction peaks.

Natural aggregate and RCA have been used in the pre-

sent study; the natural aggregate was quartz sand with a

small fraction (0/4 mm) and NA with a coarse fraction (4/

16 mm). The RCA was just with a coarse fraction (4/

16 mm) produced by crushing and sieving of normal

strength concrete cubes at the laboratory after testing. The

densities for both NA and RCA are close; however, the Los

Angeles wear and water absorption of RCA are relatively

higher compared with NA, where there are 36.11% and

5.6% for RCA and 26.3% and 1.01% for NA. The particle

size distributions for the three aggregate mixtures are

shown in Fig. 3. The fractions of the aggregate were 45%

for the small fraction and 55% for the coarse fraction;
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however, the NA substitution ratios by RCA were 0%,

25%, and 50% by mass; meanwhile, aggregate blends

curves lie in the grading curve of EN standard [20].

Concrete mixtures

Twenty-one concrete mixtures have been produced through

three series, and the main difference between the three

series was the substitution ratios of NA by RCA; however,

for each series seven mixtures have been produced with

(0%, 15%, and 30%) replacement of cement by each

UWFA, WCCP, and WPP.

Table 2 shows the produced mixtures for the present

study, w/b ratio and binder amount were constant through

the present study, and they were 0.35 and 500 kg m-3,

respectively, the water absorption of RCA has been com-

pensated by adding extra water during mixing. Due to the

low w/b ratio, a considerable amount of superplasticizer

has been used to achieve the fresh properties of SCC, the

superplasticizer was Sika ViscoCrete-5 Neu which is a
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Fig. 1 X-ray diffraction profile

for cement and the waste

powder materials

Table 1 Chemical compositions and physical properties of cement and waste powder materials

Measured property CEM I UWFA WPP-c WPP-s WCCP

Density/g cm-3 3.02 2.15 2.33 2.33 1.96

Specific surface area/cm?2 g-1 3326 4323 843.3 4159 2513

Loss on ignition 3.0 1.95 2.8 1.21 9.25

SiO2 19.33 43.02 73.8 73.2 54.28

CaO 63.43 15.07 1.7 1.06 22.81

MgO 1.45 3.14 0.11 0.2 1.15

Fe2O3 3.42 14.17 2.57 2.6 2.16

Al2O3 4.67 15.6 13.8 16.6 5.09

SO3 2.6 3.56 – – 4.90

Chloride content 0.04 0.02 – – 0.02

Free CaO 0.71 0.37 – – –

K2O – – 4.01 3.5 –

Na2O – – 2.66 1.5 –

TiO2 – – 0.083 0.09 –

Insoluble part in dilute hydrochloric acid and sodium carbonate 0.26 49.72 92.07 86.19 33.02
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modified polycarboxylates aqueous solution, and the mix-

ing proportions for all mixtures are shown in Table 3.

Testing and heating procedure

The testing and heating procedure has been conducted as

the following:
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Fig. 3 Grading curves of

different types of aggregates

Table 2 Series mixtures matrix

Series # Replacement of

cement

0% RCA replacement of coarse

aggregate

25% RCA replacement of coarse

aggregate

50% RCA replacement of coarse

aggregate

Series I 0% RA0 RA25 RA50

Series II 15% UWFA F15RA0 F15RA25 F15RA50

Series

III

30% UWFA F30RA0 F30RA25 F30RA50

Series

IV

15% WCCP C15RA0 C15RA25 C15RA50

Series

V

30% WCCP C30RA0 C30RA25 C30RA50

Series

VI

15% WPP P15RA0 P15RA25 P15RA50

Series

VII

30% WPP P30RA0 P30RA25 P30RA50
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1. Casting the specimens with the standard molds for

testing the compressive and flexural strengths, the

number of specimens through the present study is

shown in Table 4,

Table 3 Concrete mixing proportioning

Name of mixture Proportions in/kg m-3

CEM I

42.5 N

Waste powder material Fine aggregate Coarse aggregate Superplasticizer Water

N. Sand NA RCA

0/4 4/16

Series I

RA0 500 0 783 939 0 1.5 175

RA25 500 0 783 704 230 1.5 175

RA50 500 0 783 470 460 1.5 175

Series II

F15RA0 425 75 767 920 0 2 175

F15RA25 425 75 767 690 226 2 175

F15RA50 425 75 767 460 251 2 175

Series III

F30RA0 350 150 751 901 0 3 175

F30RA25 350 150 751 475 221 3 175

F30RA50 350 150 751 451 442 3 175

Series IV

C15RA0 425 75 766 919 0 1.7 175

C15RA25 425 75 766 690 225 1.7 175

C15RA50 425 75 766 459 451 1.7 175

Series V

C30RA0 350 150 750 899 0 3.25 175

C30RA25 350 150 750 674 220 3.25 175

C30RA50 350 150 750 451 442 3.25 175

Series VI

P15RA0 425 75 774 928 0 3 175

P15RA25 425 75 774 697 228 3 175

P15RA50 425 75 774 464 455 3 175

Series VII

P30RA0 350 150 766 918 0 3.75 175

P30RA25 350 150 766 688 225 3.75 175

P30RA50 350 150 766 459 450 3.75 175

Table 4 The number and shape of the test specimens

Test Specimen # of

specimens

# of maximum

temperatures

# of testing

ages

# of

mixtures

Total number of

specimens

Compressive

strength

Cube

(150 9 150 9 150/

mm)

3 6 2 21 756

Flexural strength Prism (70 9 70 9 250/

mm)

3 6 2 21 756

Total 1512 specimens
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2. After 24 ± 2 h of casting, the specimens have been de-

molded and emerged in water,

3. After 7 days for water curing, the specimens have been

got out from the water and stored in lab conditions at

20 ± 2 �C and 35% relative humidity until the day of

tests,

4. At age of 90 ± 5 days (3 months), the testing program

has been conducted, and at age of 270 ± 5 days

(9 months) the testing program has been repeated,

5. The heating system has been applied for each specimen

by heating up the specimens up to the maximum

temperature for two hours, and the maximum temper-

atures were: 20, 150, 300, 500, 600 and 800 �C,
6. Then, the specimens have been left in the laboratory

condition for the purpose of cooling them down.

The temperature range from 20 to 800 �C is the same of

the temperature range, which could occur for 1 h in a real

fire situation [21]. The heating curve was similar to the

standard fire ISO 834 curve for buildings up to 800 �C,
where the standard fire ISO 834 curve is shown in Fig. 4.

Results

The residual mechanical properties (compressive strength

and flexural strength) after temperature elevation are pre-

sented in this section. The residual mechanical properties

after temperature elevation were tested at two ages, namely

90 and 270 days, the first of which is recommended by

RELIM and the second of which was proposed in the

current work in an attempt to reflect the behavior of real

structures at elevated temperatures. Relative residual

strength, as a function of temperature, is presented in this

section; it was calculated by division of the residual

strength after each single temperature degree by the

strength of the same mixture at the ambient temperature.

The relative residual strength was calculated separately for

compressive and flexural strengths, i.e., relative residual

compressive strength and relative residual flexural strength.

Given the large numbers of the curves and the complexity

of comparing the results on days 90 and 270, the effect of

temperature elevation with the different ages of the con-

crete was determined through calculation of the total area

under the curve of the relative residual strength

(20–800 �C). This area was then expressed by a new

parameter called heat resistance, which was calculated

separately for the compressive and flexural strengths, i.e.,

heat resistance of compressive strength and heat resistance

of flexural strength.

Results at laboratory temperature

The consistency of the fresh concrete mixtures has been

tested by slump flow (slump diameter in cm) and V-Funnel

(flow time in s) to verify the achievement of SCC prop-

erties. All mixtures have satisfied the European guideline

for SCC [22]. The hardened mechanical properties have

been tested as well at ambient temperature at 90 and

270 days, where the rate of gain of strength in RAC was

higher after 1 month as compared to that of NA concrete

[23–25]. Figure 5 shows the compressive and flexural

strength results after 3 months for all the twenty-one

mixtures; by increasing the RCA dosage up to 50%, the

compressive and flexural strength increase and this

behavior could be related to many reasons as concluded in

the literature:

1. The adhered mortar on RCA could contain un-hydrated

cement, which contributes to strength gains by age

[26],

2. The increased roughness, porosity and specific surface

of the RCA contribute to enhancing interconnection

between the RCA and the new mortar than for the NA

concrete and enables a better mechanical bonding

between the cement matrix and the RCA [27–29],

3. The good control of RCA grading as well as the high

grade of the concrete [30, 31].

However, using up to 15% replacement of cement by

unprocessed waste powder materials does not change the

mechanical properties significantly of RAC or even

enhance them like in case of using WPP, where they

contribute to improving the interfacial transition zone

(ITZ).

Results after elevated temperatures

Impact of RCA and/or waste powder materials replacement
(compressive strength)

Figure 6 shows the development of relative residual com-

pressive strength as a function of temperature and age of
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concrete; three replacement percentages of NA by RCA are

depicted (RA0, RA25 and RA50). According to Fig. 6, a

drop in residual compressive strength at 150 �C remained

visible on day 270 but was less than the drop in value on

day 90. The decrease in moisture content and hydration of

the concrete with age could explain this phenomenon.

However, in the case of using RCA, SCHPC could save its

moisture for a prolonged time and behaved with a simple

tendency during the 90-day test. On day 270, neither NA

nor RCA exhibited spalling.

Figure 7 shows the development of relative residual

compressive strength as a function of temperature and age

of concrete with waste powder materials replacement for

the three optimal SCHPCs. Adoption of 15% of any of the

used waste powder materials with 25% RCA could enhance

the resistance of SCHPC against high temperatures and

make its positive effect more significant on day 270.

UWFA did not remarkably affect the fire resistance at the

age of 270 days compared with the age of 90 days, when it

behaved similarly as did the cement binder in the RA25
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mixture. The UWFA composition was close to the cement

composition, but it enhanced the residual compressive

strength after considerable temperature elevation due to the

excessive hydration of UWFA with age.

WPP had the best influence on resisting high tempera-

tures on day 90 or 270 compared with UWFA and WCCP.

Furthermore, WPP enhanced the residual compressive

strength of SCHPC up to 600 �C. This condition could be

related to its composition, which featured a small amount

of CaO and contained other minerals, such as TiO2 and

Na2O, which enhanced the fire resistance at high

temperatures.

Lublóy et al. [32] concluded that the low CaO/SiO2 ratio

of the binder means higher relative residual compressive

strength concrete after the thermal load of 800 �C, and the

ratios of the three main oxides (SiO2, CaO, Al2O3) of the

three waste powder materials are shown in Fig. 8, which

shows that CaO in the three waste powder material is rel-

atively low, but in case of WPP it is very low compared to

the amount of SiO2. With age, the water content decreased,

thereby enhancing fire resistance at 300 �C. WCCP did not

show a noticeable positive effect on day 90, but its

behavior improved on day 270 due to its hydration with

age. In general, use of any of the waste powder materials

by up to 15% is good from the perspective of environ-

mental sustainability in addition to their capability to

enhance fire resistance.

Figure 9 shows that the heat resistance of compressive

strength of all the concrete mixtures generally improved

with age, and this outcome was due to the increase in

strength and reduction in water content with age. The

decrease in the moisture content of concrete with age

causes a change in the tendencies of residual compressive

strength at elevated temperatures. Using 15% cement

replacement by any of the waste powder materials is

preferable with up to 25% RCA. The increase in heat

resistance of compressive strength with age did not exceed

7% Meanwhile, the decrease in did not exceed 1.5% and

was thus negligible. Therefore, using 30% cement

replacement by any of the waste powder materials is not

preferable; an excessive dosage of waste powder materials

with RCA could be ineffective in resisting elevated tem-

peratures over long terms, especially with the expansion

behavior of adhered mortar on RCA and the completely

different appearance of the new mortar.

Impact of RCA and/or waste powder materials replacement
(flexural strength)

Figure 10 shows the development of relative residual

flexural strength as a function of temperature and age of

concrete; three replacement percentages of NA by RCA are

presented (RA0, RA25 and RA50). As shown in Fig. 10,

the flexural strength behavior of SCHPC after temperature

elevation decreased with age, but it behaved in the same

tendency at 90 days. Meanwhile, the water content in the

ITZs played an important role in enhancing the flexural

strength. The values of residual flexural strength generally

decreased slightly or were not affected by the progression

of concrete age; any such decrease was only small and

therefore negligible.
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The optimal mixtures with any of the three waste

powder materials with RCA are shown in Fig. 11, where

the optimal replacement of cement by any waste powder

material was up to 15%. However, at the age of 270 days,

the concrete behaved with a tendency similar to that at the

age of 90 days, when the decrease in water content at the

ITZs caused a small reduction in fire resistance.

Age negatively affected the heat resistance of flexural

strength, which decreased by 10% at most at the age of

270 days, compared with 90 days’ heat resistance. Fig-

ure 12 shows the heat resistance of concrete on days 90 and

270 and depicts the total loss of heat resistance by the

hatched area. As illustrated in Fig. 12, the loss of flexural

strength heat resistance increased with the amount of RCA

replacement. However, with use of WPP, the loss of heat

resistance could be neglected, especially in case of RAC,

due to its small fraction particles’ enhancement of the

ITZs.

In case of non-use of any waste powder materials or

with use of UWFA, the tendency of the residual flexural

strength after fire did not change significantly. At 270 days,

the residual flexural strength decreased significantly at
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800 �C; they were between 3 and 6% of the flexural

strength at ambient temperature in all cases. However, the

maximum decrease heat resistance of flexural strength for

all mixtures did not exceed 10%.

Conclusions

The main objective of the present study is to investigate the

effect of age and elevated temperatures on the residual both

compressive and flexural strengths of concrete produced by

incorporating recycled concrete aggregate (RCA) and

unprocessed waste powder materials. The effect of waste

powder materials in case of elevated temperatures is not

covered in the literature likewise the self-compacting high-

performance concrete. The present study was experimen-

tally examined at age of 270 days of the specimens

regarding the following parameters: (a) The amount of

RCA replacement (0, 25 and 50%). (b) The type of waste

powder materials (unprocessed waste fly ash (UWFA),

waste cellular concrete powder (WCCP), waste perlite

powder (WPP)). (c) The amount of waste powder materials

replacement (0, 15 and 30%). (d) The maximal temperature

(20, 150, 300, 500, 600, and 800 �C). (e) The age of

specimens (90 days and 270 days). However, the following

conclusions could be drown:

Compressive strength

1. A drop in residual compressive strength at 150 �C
remained visible on day 270 but was less than the drop

in value on day 90. The decrease in moisture content

and hydration of the concrete with age could explain

this phenomenon. However, in the case of using RCA,

SCHPC could save its moisture for a prolonged time

and behaved with a simple tendency during the 90-day

test.

2. The heat resistance of compressive strength in SCHPC

generally improved with age, and this outcome was

due to the increase in strength and reduction in water

content with age.

3. Replacing of cement up to 15% by any of the proposed

waste powder materials is preferable, but replacing of

cement up to 30% is not preferable, where replacing

WPP up to 15% enhances the fire resistance

significantly.

4. For all concrete types, no spalling was exhibited on day

270 test, regardless if the used coarse aggregate was

NA or RCA.

Flexural strength

1. The values of residual flexural strength decrease

slightly with time, and this decrease is only small and

therefore negligible. However, the residual flexural

strength at 270 days test behaves in the same tendency

of 90-day test,

2. The loss of heat resistance of flexural strength

increased by increasing the amount of RCA; however,

using WPP or WCCP up to 15% decreases the loss of

heat resistance of flexural strength compared to

UWFA,

3. At 270 day, the residual flexural strength decreased

significantly at 800 �C, which was in all cases between

3 and 6% of the flexural strength at ambient

temperature.
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