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Abstract: With the steam curing technology, effective fast curing technique in prefabrication technology, the effect of 
atmospheric steam curing on the mechanical properties of variable types of self-compacting lightweight concretes and the 
combination of the properties of semi-lightweight self-compacting concrete are important engineering approaches, focused in 
this study, in terms of workable and lightweight concrete production that is easy to apply. The cement type (CEM I 42.5 and 
CEM II 32.5) and three types of aggregates (normal, pumice and raw perlite) were the parameters of the study, including three 
types of steam curing cycle. The manufactured concrete samples were not only tested for compressive strength and bending, 
but also for splitting tensile strength. The fresh and hardened unit weight, dimension check and ultrasonic pulse velocity 
observations were also obtained for all 108 concrete samples. The three steam curing cycles were about 36.5 hours for 65°C, 
70°C and 75°C. These steam-curing cycles were designed according to predesign tests and literature. As a result, the cement 
type and aggregate effect on the steam curing regimes were obtained. The decrease in the compressive strength of lightweight 
pumice concretes by the curing temperature rise and the negative effects of CEM II 32.5 on the strength values were the other 
striking results of the tests. 
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1. Introduction 

Self-compacting concretes (SCC) are made using an 
innovative world-renowned technology widely used in the 
vast field of construction. SCC a new kind of High-
Performance Concrete (HPC) with excellent deformability 
and segregation resistance was first developed in Japan in 
1986. It is a special kind concrete that can flow through and 
fill the gaps of reinforcement and corners of moulds without 
any need for vibration and compaction during the placing 
process [1, 2]. 

Lightweight concrete application has recently become 

conventional in different forms including lightweight 
aggregate concrete, fine aggregate concrete and bubbled air 
concrete that has been replaced with ordinary concrete. 
Lightening process of ordinary concretes has been done in 
different cases and with various shapes. Thus, self-
compacting concretes are the new generation of lightened 
concretes in concrete industry. Lightweight concrete is 
known for its advantage of reducing the self-weight of the 
structures, reducing the areas of sectional members as well as 
making the construction convenient [3, 4]. 

Structural lightweight aggregate concrete (SLWC) is 
usually produced by replacing the whole or a part of natural 
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normal-weight aggregate by artificial or natural lightweight 
aggregate (LWA). Such aggregates, natural or artificial, are 
available in various parts of the world. Pumice is a type of 
natural lightweight aggregates of volcanic origin, and it is 
found abundantly in the volcanic area, e.g. countries such as 
Chile, Ethiopia, Greece, Spain, Turkey, the United States and 
Iran [5]. 

In order to ensure high fluidity, self-compacting concrete 
is a widely used method, limiting the amount of coarse 
aggregate and mortar. In addition, the increasing proportion 
of fine material is required. Fine grains of fine material 
should be considered smaller than 0.125 mm. For this 
purpose, fly ash, stone dust (limestone powder), slag 
(ground) and silica fume can be used [6, 7]. 

Components of self-compacting concrete are generally thin 
materials, and because of their better compression by filling 
out the better, they have unit weight greater than normal 
concretes. Therefore, while the structures are aimed to be of 
high strength, its weight is increased. Lightweight aggregate 
concrete has been in use for many years to reduce the 
inherent burden [8]. 

A significant decrease in the total weight of concrete 
structures is achieved by the use of lightweight concrete. As 
the positive effects of this, reductions in the load-bearing 
element’s cross-sections become smaller. As a result, the cost 
structure is reduced. However, lightweight concretes are 
useful functions in terms of increasing earthquake resistance 
of the real reinforced concrete structures. In case of using 
lightweight concrete due to reduction of the entire weight of 
the building, smaller dynamic forces will occur during an 
earthquake. 

In particular, the production of prefabricated building 
components, speeding up the increase of concrete strength to 
take advantage of the maximum number of possible patterns, 
saves time and labour. Temperature and humidity are 
effective in the development of mechanical properties of the 
concrete over time. Keeping humidity high, even when 
environment has saturated humid, the strength gain speed can 
be increased by decreasing the ambient temperature of 70-90 
degrees. This process is named such as heat treatment, steam 
curing at atmospheric pressure and tunnel formwork system. 
In these methods, concrete reaches the desired strength in a 
short time of 1-2 days. These methods are used in the 
manufacturing of precast concrete structural elements. 

This method is applied with heat in order to accelerate the 
cement hydration reactions with saturated steam under 
atmospheric pressure. Application of steam curing, material 
properties, concrete composition (cement type, dose, 
water/cement ratio, additives, etc.), concrete placement and 
compression facilities, geometric features of the construction 
components, steam curing cycle (application time) and 
storage conditions (post-cure temperature and humidity) are 
effective factors. 

To evaluate more strength gain of concrete, the 
environment has to be saturated with enough moisture, and 
the temperature has to be increased, as well. Heat required to 
heat the media is achieved by steam curing. This process 

occurs under 100°C and at atmospheric pressure, it is 
considered as a special case of humidity curing [9]. 

In practice, steam-curing cycles are collected in three 
groups. These are called as fast (stiff) cycles, the total cycle 
time is 6-7 hours and heat treatment temperature is 80-90°C, 
moderate (modest) cycles, the total cycle time is 9-11 hours 
and heat treatment temperature around is 70°C, and slow 
(soft) cycles, the total cycle time is 20-22 hours and heat 
treatment temperature does not exceed 55-60°C [10]. 

Although maximum temperature limit values in curing 
locations should be within the range from 40 to 100°C, the 
temperature is applied between 65-80°C. While the 
maximum temperature applied to the circuit of steam curing 
increases, the compressive strength of the concrete will 
increase. 

The most effective and most important parameter on the 
degree of economic efficiency and successful application of 
steam curing is the steam curing cycle and cement [11]. 

The curing method used for precast concrete products 
differs from the normal curing method where steam curing is 
usually employed because it accelerates the rate of strength 
development. However, this curing method alters the 
properties of the resulting concrete [12, 13]. Heat treatment is 
widely used to accelerate the strength-gaining rate of the 
concrete; the ultimate strengths of the heated-treated concrete 
are lower than those of the standard cured specimens. 

Steam curing at the atmospheric pressure is an important 
technique for obtaining high and early strength values in 
concrete production. Cement type is an important parameter 
in steam curing process as well as curing period and 
temperature. CEM I 42.5 is the type of cement that is most 
commonly used in Turkish precast concrete plants, and its 
behaviour is well known. 

In this study, normal, pumice and perlite were used as the 
aggregate. Three different Atmospheric Steam Curing cycles 
were applied to investigate the effect on the properties of 
SCLWC. The used cement types were CEM I 42.5 and CEM 
II 32.5. We investigated the properties of SCLWC with two 
different cement under different atmospheric Steam Curing 
Cycles, i.e. the compressive strength, the flexural strength, 
the splitting tensile and the Ultrasonic pulse velocity (UPV). 
In addition to slump flow, V-funnel, J-ring, and L-box tests 
are performed to assess workability. 

It was concluded that performance of concrete containing 
metakaolin (MK) is better than that of reference without MK 
under steam-cured conditions (50–70°C). The improvement can 
be explained by the occurrence of the pozzolanic reaction of 
MK and thermo-activated under steam curing conditions [14]. 

In last years, the use of steam-cured concrete at ambient 
pressure in pre-cast concrete elements is improving rapidly 
due to its advantages such as high production efficiency, low 
labor costs, high quality, and little negative effects on 
environment. The key parameters of steam-cured concrete 
are pre-curing time (typically no more than 4 hours, 
maximum steam temperature (usually limited to 60 ± 5 C and 
duration at the maximum steam temperature (usually 6–18 
hours) [15]. 
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2. Experimental Program 

2.1. Materials 

In this study, the coarse and fine aggregates were obtained 
from Aras River in Erzurum, Turkey. The maximum size of 
coarse aggregates used was 16 mm where the smallest 
particles used as fine aggregate were 0–2 mm. All the natural 
aggregates used for this study were in the dry form. 

In this research, lightweight pumice and perlite aggregates 
were used to decrease the overall weight of the final self-
compacting concrete. Pumice Aggregate is a low-density 
highly-vesicular volcanic glass consisting mainly of silica 
SiO2. The maximum size of pumice coarse aggregate used 
was 16 mm where the smallest particles used as fine 
aggregate were 0–2 mm. The maximum size of perlite coarse 
aggregates used was 8 mm where the smallest particles used 
as fine aggregate were 0–2 mm. The chemical compositions 

of this pumice and perlite aggregates are shown in Table 1. 
Portland cement (PC) from Aşkale, Erzurum, Turkey was 

used in this study. The Silica Fume was obtained from the 
Plant in Etibank of Antalya. Silica Fume (SF) was considered 
as an additive in order to improve the bonding between the 
aggregates and cement paste, and to ensure proper resistance 
to segregation. The cement dosage and water of the mixture 
were kept constant at 400 kg/m3 and 308 kg/m3 throughout 
this study, respectively. The chemical composition, physical 
and mechanical properties of the two type cement (CEM I 
42.5 and CEM II 32.5) and Silica Fume used in this study are 
summarized in Table 1. 

Polycarboxylic ether based high range water reducer 
(HRWR) Grace Exp 1028 with density between 1.07 and 
1.10 g/cm3 (at 20°C) was used to enhance the flowability of 
all the mixtures. 

Table 1. Chemical Analysis and Physical Properties of PC, Silica Fume, Pumice, Perlite, (%). 

s CEM I 42.5 CEM II 32.5 Silica Fume Pumice Perlite 

SiO2 20.79 18.44 79.77 69.78 70.7 

Fe2O3 3.43 3.21 1.43 2.11 0.842 

Al2O3 5.17 4.50 1.25 11.16 16.6 

CaO 60.29 56.5 2.06 2.47 0.871 

MgO 3.03 2.57 3.7 0.60 1.11 

SO3 3.12 2.14 1.54 0.06 0.0280 

Sulphide (S-2) 0.17 0.18 - - - 

Chlor (Cl-) 0.0251 0.0086 - 0.0496 0.0946 

Undetermined 0.32 0.28 3.99 - - 

Free CaO 0.34 0.54 - - - 

LOI 1.55 1.21 - - - 

Specific gravity (g/cm3) 3.13 2.86 - - - 

Specific surface (cm2/g) 3751 4630 14400 - - 

Compressive strength (MPa) 

2 day 23.6 14.9 - - - 

7 day 37.9 27.4 - - - 

28 day 48.0 38.5 - - - 

 

2.2. Methods 

In this study, three different atmospheric steam curing 
degrees, 65°C, 70°C and 75°C, and two different cement 
types were used. Hence, totally 6 different mixtures were cast 
in this study. The full details of these concrete mixes are 
given in Table 2. 

The self-compacting lightweight concrete mixtures were 
prepared in a laboratory mixer. The fine and coarse aggregate 
was initially dry mixed for about 30 sec. This was followed 
by the addition of cement, silica fume and 1/3 of total mixing 
water. After 1.5 min of mixing, the rest of the mixing water 
together with the SP was added. All batches were mixed for a 
total mixing time of 5 min. Specimens for the testing of the 
hardened properties were prepared by direct pouring of 
concrete into moulds without compaction. The self-
compactibility of the mixtures was examined according to 
standards of Self Compacting Concrete Committee of 
EFNARC [16]. Four types of workability tests were 
performed on fresh concrete mixture, slump flow, J-ring, L-

box, and V-funnel. Slump flow test is primarily used to 
assess the filling ability of the concrete without any 
obstructions. As a result, the total time for 500 mm spreading 
(t500) of concrete is measured. The second test, J-ring test, is 
an extension of slump flow test and indicates the passing 
ability of the concrete. It can also be used to investigate the 
resistance of SCC to segregation. The L-box test aims at 
investigating the passing ability of SCC. The reached height 
of fresh SCC defines the blocking behaviour of steel bars 
with specified gaps. The V-funnel test is an alternative 
method, which indicates the period of a defined volume of 
SCC that needs to pass a narrow opening. The V-funnel test 
is to some degree related to the plastic viscosity. All the 
above-mentioned tests are defined in detail elsewhere [16, 
19-29]. 

For each mixture, three samples of 100x200 mm cylinders 
and three 70x70x280 mm prisms (totally 108 specimens) 
were prepared and cured for 36.5 hours under the 
atmospheric steam cure at 65°C, 70°C and 75°C until the 
testing time. The atmospheric steam curing cycles and 
characteristics, applied to samples were presented in Table 3.  
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At 36.5 hours, samples were tested for compressive 
strength, splitting-tensile strength and flexural strength 
(centre point loading) in accordance with ASTM C-192, 

ASTM C-496, and ASTM C-293, respectively. The results 
for the workability and hardened properties of the mixes are 
presented in Table 4 and 5, respectively. 

Table 2. Mixture proportions. 

Mixtures 
Normal Aggregate Perlite Pumice 

CEM I 42.5 CEM II 32.5 CEM I 42.5 CEM II 32.5 CEM I 42.5 CEM II 32.5 

w/binder (cement and SF) 0.56 0.56 0.69 0.69 0.91 0.91 

Water, kg/m3 308 308 379 379 503 503 

Cement, kg/m3 400 400 400 400 400 400 

Silica Fume, kg/m3 150 150 150 150 150 150 

Aggregate Size 
(mm) 

0-2 kg/m3 643 643 646 646 290 290 

2-4 kg/m3 256 256 328 328 81 81 

4-8 kg/m3 196 196 155 155 51 51 

8-16 kg/m3 196 196 - - 48 48 

Superplasticizer % (1.5) 8.25 8.25 8.25 8.25 8.25 8.25 

 

Figure 1. The schematic representation of a typical atmospheric steam curing cycle. 

Table 3. Atmospheric steam curing cycles and characteristics. 

Steam Curing 
Cycles 

Pre-Pending Period Heating Period Heat impregnating Period Cooling Period Total Period 

Temperature (°C) Time (h) 
Temperature 
(°C) 

Time (h) Temperature (°C) 
Time 
(h) 

Temperature 
(°C) 

Time (h) Time (h) 

65°C - 24 h 25 4 25-70 4 70 24 70-32 4.5 36.5 

70°C - 24 h 27 4 27-75 4 75 24 75-32 4.5 36.5 

75°C - 24 h 29 4 29-80 4.5 80 24 80-32 5 37.5 

 

3. Results and Discussions 

The results obtained in the test are shown in Table 4-5 and 
Figures 2-4. They are presented to some extent in graphical 
form in the figures and table, and evaluated and discussed 
below. 

3.1. Fresh Concrete and Workability 

The data on the slump flow test and slump test of 
specimens performed using normal aggregate, perlite and 
pumice are given in Table 4. As it can be seen in Table 4, 
concretes made with normal aggregate, perlite and pumice 
have shown flow diameter higher than 500 mm. Nagataki and 

Fujiwara [17] suggested a slump flow value ranging from 
500-700 mm for a concrete to be SCC. At more than 700 
mm, the concrete might segregate, and at less than 500 mm, 
the concrete might have insufficient flow to pass through 
highly congested reinforcement. All concrete specimens are 
self-compacting for shown slump flow diameter higher than 
500mm. Flow diameter values changed up to 740, 700, 720, 
710, 720 and 750 mm for normal aggregate, perlite and 
pumice, respectively (see Table 3). Concrete containing CEM 
II cement made with normal aggregate reduced the 
workability of concrete specimens. However, concrete 
containing CEM II cement made with pumice increased the 
workability of fresh concrete specimens. Khayat [18, 19] 
reported that an SCC often contains high-volume 
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replacements of fly ash or blast furnace slag to enhance the 
fluidity and cohesiveness and limit heat generation. Such 
materials are generally less reactive than cement and can 

reduce the problems resulting from fluidity loss of rich 
concrete. 

Table 4. Fresh concrete properties. 

Properties Normal Aggregate Perlite Pumice 
CEM I 42.5 CEM II 32.5 CEM I 42.5 CEM II 32.5 CEM I 42.5 CEM II 32.5 

Slump flow time (tsudden) (s) 
t50 3 5 4 5 5 4 
tend 30 41 30 35 45 46 

Slump flow (mm) df 740 700 720 710 720 750 
V-Funnel time (s) tv 11 11.5 5 5 7 9 
J-Ring (cm) (in-out of ring) hi-o 10 - 11 10.5 - 11.5 8 - 9  8.5 - 9.5 10 - 11.5 8.5 - 9.5 
L-Box (h2/h1) r 0.93 0.93 0.93 0.93 0.87 0.88 

3.2. Strength and UPV 

Effect of Pumice: Pumice reduced the compressive strength, splitting tensile strength, flexure strength and UPV of concrete 
at all levels of the atmospheric steam curing at 65°C, 70°C and 75°C (Table 5). 

Table 5. Hardened Concrete Properties. 

SAMPLES 
Unit Weight 
(kg/m3) 

Compressive 
Strength (MPa) 

Flexure Strength 
(Mpa) 

Splitting Tensile 
Str. (Mpa) 

UPV (m/s) 

Normal Aggregate 

CEM I 42.5 
65°C 2130 32.1 5.6 3.0 3608 
70°C 2070 32.1 6.1 3.5 3550 
75°C 2110 33.6 6.2 3.4 3540 

CEM II 32.5 
65°C 2040 26.5 4.9 1.9 3459 
70°C 2060 27.7 5.2 3.3 3448 
75°C 2080 23.2 4.8 2.6 3351 

Perlite 

CEM I 42.5 
65°C 1790 19.9 4.2 2.7 2505 
70°C 1810 24.2 4.6 1.7 2596 
75°C 1780 22.2 4.0 1.6 2547 

CEM II 32.5 
65°C 1770 17.3 4.1 1.3 2224 
70°C 1780 17.2 3.8 1.2 2371 
75°C 1760 14.2 3.7 1.5 1942 

Pumice 

CEM I 42.5 
65°C 1180 4.9 2.1 1.2 1895 
70°C 1140 5.9 1.2 1.2 2119 
75°C 1160 5.3 1.9 0.9 1864 

CEM II 32.5 
65°C 1150 6.2 1.8 0.8 1709 
70°C 1130 4.4 1.4 0.9 1706 
75°C 1140 3.6 1.4 1.0 1347 

 

Figure 2. The effect of steam curing conditions on the compressive strength. 
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Figure 3. The effect of steam curing conditions on the flexural strength. 

 

Figure 4. The effect of steam curing conditions on the ultrasonic pulse velocity. 

4. Conclusion 

This study exhibits the effects of different steam curing 
cycles and cement types on some mechanical properties of 
SCC produced with normal, perlite and pumice aggregates. 
For this reason, the concrete specimens were produced with 
CEM I 42.5 and CEM II 32.5 type cements and were 
subjected to steam curing at the temperatures of 65°C, 70°C 
and 75°C. Their fresh concrete properties such as flow time, 
flow diameter, V-funnel, J-ring and L-box, and hardened 
concrete properties such as compressive strength, flexural 
strength, splitting tensile strength and UPV were 

investigated. According to the obtained experimental results, 
some of the following points may be considered: 

It is possible to produce SCC using lightweight aggregate 
such as perlite and pumice, with a slump flow higher than 
700 mm and end flow time ranging from 30 to 46 s. The 
compressive strength, flexural strength and UPV values of 
concrete samples made with pumice were lower than the 
other two cement types. When the steam curing temperature 
increase from 65°C to 75°C, while the compressive strength 
of CEM I 42.5 samples showed an increase, that of CEM II 
32.5 samples showed a decrease for all three aggregate types. 
Thus, the increase of steam curing temperature showed an 
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improving effect on the compressive strength for CEM I 42.5 
cement type. 

The decrease in the compressive strength of lightweight 
pumice concretes by the curing temperature rise and the 
negative effect of CEM II 32.5 on the strength values were 
the striking results of the tests. Besides, the expanding 
property of self-compacting pumice aggregate concrete was 
one of the other striking results for the atmospheric steam 
curing. The maximum compressive strength and flexural 
strength were observed in the samples produced with normal 
aggregate and CEM I 42.5 type cement for 75°C steam 
curing temperature. 

When the increase of steam curing temperature from 65°C 
to 75°C, the UPV values of the specimens with perlite and 
pumice aggregates showed increase for CEM I cement type, 
but they more clearly decreased in CEM II cement type. In 
the SCC specimens with perlite and pumice lightweight 
aggregate, the maximum compressive strengths were 
obtained at the steam curing temperature of 70°C for the 
CEM I cement type. Their UPV results also support this 
situation. 
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