Chapter 2
Mechanical Properties

Pieter Desnerck, Veerle Boel, Bart Craeye and Petra Van Itterbeeck

2.1 Introduction

For more than 20 years, self-compacting concrete (SCC) has been applied in the
construction industry. In this period, a lot of research has been performed with
regards to the applicability, mix design, pump-ability, durability, rheology, etc. of
SCC. In the nineties, little attention was devoted to the mechanical properties of
the material and to its structural performance. Recently, an increasing amount of
research has been dedicated to these mechanical properties of SCC [1].

Research projects often include data on compressive strength, tensile strength,
and Young’s modulus, although the main focus remained on other aspects of the
concrete as mentioned above. In the past, some authors, e.g. Domone [2] and
Holschmacher [3], have presented surveys on the mechanical properties of SCC
based on available literature. Due to a scarce amount of available test results, these
studies were based on a limited set of data. In this way they did not include,
neglect or generalise the influence of some major parameters for the mechanical
behaviour, such as type of aggregate. Therefore, it was decided, in the scope of this
chapter to develop an extensive database with results on fresh and hardened
properties of SCC reported between 1990 and 2011, originating from numerous
journal and conference papers.
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Table 2.1 Ranges of reported fresh properties for SCC

Property # measurements ~ Min. 10 % Mean 90 % Max.
centile centile
Slump-flow [mm] 1,545 320 600 690 780 933
V-funnel [s] 741 1.0 35 9.3 16.0 57.2
L-box [-] 563 0.20 0.73 0.86 0.97 1.12
Sieve stability [%] 141 0.20 2.24 8.35 15.51 29.30
Air content [%] 488 0.4 1.3 32 6.1 12.8

To allow for a full assessment of the mechanical performance of SCC this
database also includes information on the mixture proportion and design, the fresh
concrete properties and testing conditions (e.g. type and geometry of specimens).
Mixture composition information included in the database are water content,
cement content and type (Portland, binary types, etc.), addition content and type
(limestone, fly ash, ground granulated blast-furnace slag, silica fume), viscosity
modifying agent (VMA) content, superplasticiser content and type (polycarb-
oxylic, etc.), air entrainment content, aggregate type, aggregate content and
maximum aggregate size, etc.

To be able to quantify the self-compacting properties of the reviewed mixtures
that are reported in the literature, results of fresh concrete property tests such as
slump-flow (SF), V-funnel, L-Box, U-Box, sieve segregation, etc. were collected
as well. With respect to the mechanical properties, information on the test age, test
standards, specimens sizes and types (cylinders, cubes, prisms), compressive
strength, direct tensile strength, splitting tensile strength, flexural tensile strength,
and Young’s modulus were gathered.

With more than 1,500 mixtures reviewed in the database that cover a wide
range of SCC types (e.g. powder-type SCC, VMA-type SCC, Combination-type
SCC) [4]—taken from more than 200 papers [5-238] (35 different countries)—an
extensive dataset is available for thorough investigation of the influences of dif-
ferent parameters on the mechanical properties of SCC’s. Based on the data
entered in the database, the influence of some parameters, which could be of major
interest to users, designers, etc. are derived (see following sections), including
W/C, W/B, W/P, S/A, addition content, and ratio of cylinder to cube compressive
strength.

In most studies, the fresh properties of the mixtures are characterized by means
of the V-funnel, L-box, etc. The most commonly reported fresh property is the
slump-flow. The ranges of fresh properties of the so claimed SCCs are listed in
Table 2.1. For the V-funnel measurements, different dimensions of the outlet can
be used. However, in papers the authors do not often include the applied type.
Therefore, all V-funnel measurements are combined regardless of the dimensions.

As can be seen from Table 2.1, the slump-flow values range from 320 to
933 mm. The majority of the test results (95.1 %) are within the range of
550-850 mm defined by EN 206-9 [239] for SCC (Fig. 2.1).
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Fig. 2.1 Histogram of reported SF-values for SCC mixtures (based on 1,551 mixtures)
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The committee believes that concrete mixtures with slump-flow values of
320 mm cannot be classified as self-compacting. Therefore, for the analysis of the
hardened properties, only concrete mixtures with slump-flow values within the
limits defined by EN206 (550-850 mm) were considered in this chapter.

As the database contains results from over 250 papers, it can provide insights on
the ranges of SCC properties. These total ranges are of importance to determine
classes of ‘low’, ‘mean’ and ‘high’ values of the different parameters which on
their turn can be used in the analysis, as it will become clear in the following
sections. SCC can be developed according to the powder-type SCC, VMA-type
SCC or combination type SCC approach [4]. This is noted in the database as well.
Based on the amount of mixtures in which a VMA is used, the powder-type
approach was chosen in 83 % of the cases, whereas the VMA- or combination-
type SCC mixtures were utilised in 17 % of the reported research projects.

Table 2.2 presents an overview of some of the major mixture properties of the
different SCC mixtures that are considered in the database. Besides the maximum
and minimum values, the mean values and standard deviations (SD) are provided
as well as 10 % and 90 % centile values. Values of the water-to-cement ratio
(W/C) are mentioned as well as the corrected water-to-cement ratio (W/C)qr. The
(W/C)cor considers the water content that is included in the superplasticiser as in
some mixtures it can be as high as 14 I/m>, which could lead to a significant
contribution to the overall water content.

The cement, sand, and coarse aggregate contents generally vary in over a wide
range, covering almost the entire range found for VC. With respect to the W/C,
values between 0.19 and 2.73 are found with a mean value of 0.54. The highest
reported W/C is relatively high, but it has to be emphasized that, in general, also
other types of binders are used. All types of cement are applied in SCC mixtures:
CEM I, CEM II, CEM III (according to European standards [240]), ASTM Type I,
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Table 2.2 Applied ranges of mixture properties for SCC (1,474 mixtures out of 214 reported

studies)
Property Min. 10 % centile Mean 90 % centile  Max.
Cement content [kg/m3] 83 250 360 490 700
Binder content [kg/m3] 150 300 420 550 750
Powder content® [kg/m3] 275 410 535 625 1272
Sand content [kg/m3] 135 600 800 940 1190
Coarse aggregate content  [kg/m®] 283 650 820 1035 1740
Water content [kg/m3] 77 160 185 220 434
Paste volume [I/m?] 151 320 370 425 709
w/C - 0.19 0.38 0.54 0.80 2.73
(W/C)eorr - 0.20 0.39 0.55 0.81 2.81
W/B - 0.15 033 0.46 0.63 1.33
W/P - 0.14 027 0.36 0.45 0.65
C/P® - 0.15 0.50 0.69 0.95 1.00
S/A° - 0.10 037 0.50 0.60 0.81
Max. grain size mm 5 10 16 20 25
& Powder = cement + SCMs + fillers
® C/P = cement to powder ratio by mass
¢ S/A = sand to aggregate ratio by mass
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Fig. 2.2 Histogram of the applied W/B in SCC mixtures (based on 1,474 mixtures)

Type II, CEM Type GU (according to ASTM Standards [241]), etc. The W/B for the
investigated SCC ranges from 0.15 to 1.33 with a mean value of 0.46. The majority

of the mixtures were composed with a W/B between 0.33 and 0.63 (Fig. 2.2).

The higher powder content needed for SCC is obtained by increasing the
cement content or more often by increasing the amount of additions (powder-type
SCC). The addition can be composed of one or more types. As addition material,
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Table 2.3 Origin of main addition materials (based on 1,352 mixtures)

Addition class Amount (%) Addition class Amount (%)
Basalt 0.2 Natural pozzolan 0.2
Fly ash 35.1 Quartz 1.8
Granite 0.3 Rubble powder 0.2
Kiln dust 0.1 Silica 9.2
Limestone 40.7 Slag 9.0
Metakaolin 0.7 Vegetal ash 24
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Fig. 2.3 Histogram of applied paste volumes in SCC mixtures (based on 1,474 mixtures)

inert as well as pozzolanic materials are widely used. The most used materials are
limestone filler, fly ash, ground granulated blast-furnace slag, and silica fume. Less
common fillers but nonetheless used in some cases, we note marble powder, glass
powder, rice husk ash, metakaolin, volcanic ash, and granite powder.

In Table 2.3 the main addition type is mentioned together with the frequency of
occurrence, as listed in the database. As SCC often is composed of larger amounts
of fines compared to vibrated concrete, the powder content is higher as well.
According to the database common powder contents for SCC mixtures are situated
in the range of 410-625 kg/m”.

Another important property influencing the mechanical properties of SCC is the
paste volume. The total paste volume of a SCC mixture is, in most cases, higher
than that of a VC mixture, which could have its repercussions on mechanical
properties. The applied paste volumes (excluding air) in SCC mixtures can be seen
in Fig. 2.3. Values of 150 1/m® up to 710 I/m’ were found in the database with a
mean value around 370 1/m3, whereas for VC the mean value is situated around
290 I/m* [4].
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The following paragraphs summarize the findings concerning SCC on the
compressive strength, stress-strain relationship, modulus of elasticity, mechanical
behaviour at elevated temperatures, and in situ properties. When applicable, the
codes Eurocode 2 [257], ACI 318-08 [253], and CEB/FIP Model Code 2010
(MC2010) [268] are taken into consideration. In addition, more information
regarding the application of other provisions can be found in NCHRP Report
628 [243].

2.2 Compressive Strength
2.2.1 Introduction

Design rules for concrete structures are often based on the compressive strength of
the concrete. In Eurocode 2 concrete is classified solely on the basis of its com-
pressive strength, in accordance with EN 206-1 [242] where cylinders 150/
300 mm and cubes 150 mm are used as a reference. In other standards such as
AASHTO and ASTM different types and sizes of specimens are also used. Many
of the other mechanical properties (e.g. tensile strength, modulus of elasticity, and
compressive strain) and physical properties (e.g. related to durability) of concrete
are moreover expressed as a function of this parameter.

Many parameters are known to affect the compressive strength of concrete,
most of them being interdependent. Some of the important parameters that may
affect the compressive strength of concrete are the W/C, cement compressive
strength, properties of the aggregates (shape, grading, surface texture mineralogy,
strength, stiffness, and maximum grain size), air-entrainment, curing conditions,
testing parameters, specimen parameters, loading conditions, and test age [244,
245]. Based on the discussion of the Sect. 2.1, the influence of the paste volume
(air content excluded) will also be investigated. In the following section, curing
and testing of the specimens are in accordance to international standards and are as
such not within the scope of this chapter.

2.2.2 Compressive Strength at 28 days

As mentioned previously, only the SCC-mixtures are taken into account for which
the slump-flow values are between 550 and 850 mm, thus meeting the require-
ments of the slump-flow classes defined in [246]. This results in 1,476 mixtures
with 28-day compressive strength results out of 3,739 SCC mixtures. The limits of
some parameters in the following analysis are based on the mean values and 10/90
percentiles listed in Table 2.2.
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Table 2.4 Strength ratios feeyp x/fecub.150 [249-253]

Side x [mm] fecubx/fecub, 150 [-]

Neville NBN UNESCO AASHTO ACI
100 1.02 1.06 1.00 - -
120 1.01 1.04 1.00 - -

Table 2.5 Strength ratios fecy a/fecyi 150 (W/d = 2) [249-253]
Diameter d [mm] Height h [mm] feeyalfeeyt 150 [-]
Neville NBN  UNESCO AASHTO ASTM

100 200 1.03 1.03 1.03 1.00 1.00
110 220 1.02 1.03 1.02 1.00 -

Table 2.6 Strength ratios fccyl,lSO/fccub,ISO [249—253]
Neville NBN UNESCO AASHTO ACI
0.81 0.79 0.80 - -

2.2.2.1 Strength Ratio

In practice different standards can be followed for the compressive testing of
concrete, e.g. EN 12390-3 [247], ASTM C39 [248], and AASHTO T 22 [249].
These standards allow the testing of a wide variety of specimens with different
shapes and sizes.

In the case of VC the influence of specimen size and shape on the measured
compressive strength is well documented in various papers and books [244, 245],
this is however not yet the case for SCC. Tables 2.4, 2.5 and 2.6 list some strength
conversion factors utilised in practice originating from different sources
[249-253]. The values f.cubx and fecyq, Tespectively represent the compressive
strength determined on cubes side x and cylinders with diameter d. In MC 2010, it
is mentioned that in case test specimens other than cylinders 150/300 mm are used
to specify the concrete compressive strength, the conversion factors should either
be determined experimentally or, when given in national codes used accordingly
for a given category of testing equipment [MC 2010] [268].

Because of the differences in mixture composition, changes in the conversion
formulas might be expected when comparing Z and VC.

According to Domone [2], the ratio f.cyi/fccup increases from 0.8 to near 1.0 with
increasing strength, which is a wider range than the 0.9-1.0 range reported by
Klug and Holschemacher in [254].

In [255] results originating from own research (based on characteristic strength
values) and from literature (based on mean strength values) are compared with the
EC2 conversion factors. A tendency for the development of higher conversion
factors in the case of SCC was noticed. The first CEB International
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Fig. 2.4 Strength ratio 1.2
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Recommendations from 1964 state that experimental conversion factors of
feeyi/fecun for VC are generally situated within the region of 0.70-0.90. Even taking
into account the band of variation found for VC, still 50 % of the experimental
results for SCC was found beyond the upper limit of 0.90.

In Fig. 2.4 experimental strength conversion factors feey a/fccun x for SCC from
the database are plotted in function of the cube compressive strength and com-
pared to conversion factors of Tables 2.4, 2.5 and 2.6 and Eurocode 2 [257]. The
analysis is based on cubes of 100 and 150 mm and the corresponding cylinders
100/200 and 150/300 mm. Figure 2.4 gathers results from in total nine papers
[26, 60, 61, 122—-124, 154, 206, 224]. It needs to be mentioned that these con-
version factors were calculated through the mean cylinder and cube compressive
strength values since in the original publications no information could be found
with regard to the scatter present on the SCC experimental results. The EC2 (and
EN 206), however, refers to the characteristic compressive strength values. The
mean value of the strength ratio f.cy; o/fecun x found with these results is 0.90 with a
standard deviation of 0.07. Even though the information is based on only a limited
amount of results and further research on this matter is still needed to further
confirm this conclusion, it can nonetheless be stated that a first observation seems
to indicate that the conversion factor may be higher for SCC than reported for VC
[249-253]. This is in accordance with the results of [2, 255]. Taking into account
the limited amount of data, no dependency on the compressive strength was
noticed, however, which was the case in [2].

Recently, strength results of 25 powder-type SCC mixtures and 2 VC mixtures
have been investigated in three different laboratories [256]. The study was per-
formed in order to analyse the effect on the strength ratio of several parameters,
including the type of cement (CEMI 52.5 N, CEM III/A 42.5 NLA, CEM152.5R
HES), filler (limestone fillers with different fineness, quartz filler, and fly ash),
aggregate (gravel, calcareous rubble, and porphyry rubble), and superplasticiser
type (two types of polycarboxylate ether with different solid concentrations (PCE1
35 % vs. PCE2 30 %), NFS: naphthalene formaldehyde sulphonate, and MFS:
melamine formaldehyde sulphonate).
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The influence of the W/C, the C/P, and the powder content (P) is investigated as
well. The strength results from literature and those found experimentally by the
authors tend towards the same conclusion regarding the ratio ficy1 150/fccun, 150, 1.€. @
value of 0.90 (£0.06) can be retained to make the conversion between cubes side
150 mm and cylinders diameter 150 mm (h/d = 2). Regarding the ratio f..,p. 100/
fecun.150 @ value, 1.04 (£0.05), is found in agreement with those proposed for VC
(Fig. 2.4). Besides, the influence of the W/C, the C/P, the powder content, the type
of cement, filler, superplasticiser, and aggregate on the compressive strength
seemed to be insignificant or too scattered to be considered.

Among the influencing factors of the strength ratio mentioned in [244], three
factors might be responsible for the difference between VC and SCC. The denser
microstructure of SCC and enhanced bonding to the aggregates [31, 258] may lead
to a more uniform stress distribution during compression. Lower stress concen-
trations could also decrease the chance of premature failure. This might influence
the effect of the specimen size on the strength ratio. In the case of VC lateral
stresses are known to affect the stress state over a depth of 0.866 d of a cone- or
pyramid shaped region from each end of the specimen. Due to the considerable
difference in mixture composition between SCC and VC there might be a different
effect of the multi-axial stresses in the cylinders and cubes. SCC contains less
coarse aggregates compared to VC. Thus, the wall effect might become less
important in the case of SCC. For VC it is known that changing the aggregate
grading affects cube strength more than cylinder strength. This effect might be
enhanced in the case of SCC.

In [2] the results of the studies of Schiessl and Zilch [259] are mentioned
explaining the difference between SCC and VC based on the contribution of
aggregate interlock to the shear strength of cracked sections. They found that SCC
exhibited 10 % lower shear strength for any given normal stress compared to VC.
This is believed to be caused by the smoother crack surfaces in the SCC due to a
lower coarse aggregate content. During the compression test in cubes shear
movement has a more significant effect on the ultimate average stress. This can
explain lower cube strengths and higher focyi/fecup Tatios.

As a result of the different standards mentioned earlier the compressive strength
results contained in the database used for the analysis of the mechanical properties
of SCC consists of a wide scope of compressive strength specimens. In order to be
able to incorporate as many collected results as possible in the parametric studies
in this chapter, it is important that as many results as possible can be converted to a
reference compressive strength (either cylinder or cube compressive strength). In
the database, 109 strength results are available from cylinders 150/300 mm,
whereas 659 results are available from cubes 150 mm. As the compressive
strength fccy 150 is more common used the conversion is performed to cylinders
150/300 mm, i.e. the equivalent cylinder compressive strength ficy1 150.cq-

Based on the database and Tables 2.4, 2.5 and 2.6 the following conversion
factors were derived for SCC. In this way, considering the equivalent cylinder
compressive strength, 1,374 results can be analysed.
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fecub,100 = fecun,120 = fecun,150 (2.1)
feeyrio0 = feeyrio & feeyiiso(h/d = 2) (2.2)
fccyl,lSO,eq ~ 09x fccub:150 (23)

The equivalent cylinder compressive strengths ficy150eq from the database
range from 10 to 150 MPa.

2.2.2.2 Cement Strength Class

According to [260] and Feret’s law [261] the 28-day cement compressive strength
is a decisive key parameter with regards to the concrete strength. All results were
divided into five groups of strength classes based on the actual measured 28-day
cement compressive strength f.;28, according to [240, 262] or on the cement class
if experimental data was not available.

ASTM 28: f.emog > 28 MPa

Class 32.5: 32.5 MPa < f . n3 < 42.5 MPa (f .08 known) or CEM 32.5

Class 42.5: 42.5 MPa < f_.ng < 52.5 MPa (f .28 known) or CEM 42.5

Class 52.5: 52.5 MPa < f g < 62.5 MPa (f .08 known) or CEM 52.5

Class 62.5: 62.5 MPa < f..ng < 72.5 MPa (ficmag known)

In Fig. 2.5 the equivalent cylinder compressive strength fe.yi150¢q i plotted
against the W/C.,, in which the contribution of water content in the admixtures is
taken into consideration. Regarding the results for which the actual measured
cement compressive strength is unknown, there is a large uncertainty with respect
to the group in which they are classified. Therefore, in Fig. 2.6 only the results for
which f..2¢ are known are presented. The 10/90 percentiles from Table 2.2 are
indicated in both figures.

Cylinder compressive strengths higher than 90 MPa are reported in six publi-
cations (43 results) from which in only one paper (26 results) the f .28 is known,
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i.e. 53.9 MPa [8, 77, 140, 141, 182, 186]. The W/Co, is lower than 0.52 and the
W/P lower than 0.46. Silica, vegetal ash, fly ash, and quartz were used as additions.

Beneath the value of 90 MPa, there is a large scatter among the different
cement groups, but still the dependency on the W/C can be observed. Also some
upward shift can be observed for cement groups with f..,»g higher than 42.5 MPa.
Within the 10/90 percentiles the results obtained from ASTM cements lie within
the same strength region of the European cements, which is not the case above the
90 percentile. No more explicit notable shift of the cement groups was observed
when considering the W/P instead of W/C,,,. The large scatter is due to the many
different parameters varying in the mixtures (e.g. aggregate type, Dy, filler type,
etc.).

2.2.2.3 Addition Type

As mentioned in the introduction, the most common used addition types are
limestone, fly ash, ground granulated blast-furnace slag, and silica. The following
analysis is based on the main addition types, secondary addition types are not taken
into account. In Fig. 2.7 the equivalent cylinder compressive strength fecyi150,eq
is plotted against the corrected W/C. The strengths obtained with limestone and fly
ash lie within the same region. When slag is used an upward shift can be mentioned
compared to the use of limestone and fly ash. Strengths of 90 MPa and higher were
only achieved when silica (39 of 41 results) or fly ash (2 of 41 results) was used, and
were reported in six publications [8, 77, 140, 141, 182, 186].

In [193] nine mixtures were developed with equal constituents, except from the
addition type. With each addition type three concrete strengths were obtained
(feey1,150,eq Of 28, 45, and 64 MPa). The cement content was kept constant for each
strength. In the case of fly ash and natural pozzolana a higher water content was
needed to obtain the same strength as in the case of limestone was used. As such
one could say larger strengths (at 28 days) will be obtained with fly ash and natural
pozzolana compared to limestone with equal cement content and a constant C/P.
Larger differences in strength will be noticed at higher (W/C).oy.
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In [220] two identical mixtures were made with the only difference being the
addition type, i.e. limestone and marble. The marble powder particles were finer
than those of the limestone filler. However, the strength was almost the same.

In the study of [218], the potential of limestone, basalt and marble powder as
partial replacement of Portland cement is investigated. The specific surface area of
the fines is 4,000 cm?/g for cement, 8,900 cm?/g for marble powder, 2,500 cm*/g
for limestone powder, and 6,300 cm?/g for basalt powder. The powder content was
kept constant at 550 kg/m?, the W/P at 0.33. The C/P was varied from 1.0 to 0.7.
When compared to the control mixture where only cement was used increasing
amounts of mineral admixtures generally decrease the strength, except when the
cement was partially replaced by marble powder. No important difference was
found between limestone powder and basalt powder. The strength increase in case
of replacement of marble powder was only noticed with a C/P of 0.8 or higher.

Uysal and Yilmaz [218] reported that only limestone and basalt powders act
like inert mineral admixtures reducing the compressive strength in case of partial
replacement of cement. The good performance with the marble powder is believed
to be due to the physical nature of better packing since it is the finest powder used.
A denser matrix is achieved. Furthermore, the surface of the marble powder is
believed to act as nucleation site for the early reaction products of CH and CSH.
The effect of nucleation on the strength is dependent on the mineral admixture’s
affinity to cement hydrates, and it increases with fineness and specific surface area
of the mineral admixture [218].

According to [2], limestone powder which is a common addition to SCC
mixtures makes a contribution to strength gain, mainly in the beginning of the
hardening phase. In [31], by means of mercury porosimetry on hardened cement
pastes, it was illustrated that limestone filler, apart from any chemical influence,
also helps realizing a more dense structure by the filling effect, with positive
influence on the compressive strength at 28 days. Furthermore this effect is found
to influence the development of the pore structure of the hardened cement paste
with limestone following Power’s model [237].
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Fig. 2.8 Influence of C/P in 180.0
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It has to be emphasized that the Blaine finesses of the filler can have a sig-
nificant effect on the compressive strength. In Some cases, high Blaine finesses of
the limestone filler plays a major role in the obtained mechanical properties [273].

2.2.2.4 C/P and Cement Content

The influence of the C/P is investigated for various addition types: limestone, fly
ash, ground granulated blast-furnace slag, and silica. In Figs. 2.8 and 2.9 the
strength results obtained with limestone and fly ash are presented.

Values of C/P higher than or equal to 0.75 are positioned in the lower left part
of the point cloud. At a constant W/C a higher C/P leads to lower strengths. This
was also found varying the C/P in [238]. This is probably due to the fact that
increasing the cement content also requires the increase in water content to
maintain the W/C, thus leading to a higher W/P. More water in the mixture leads to
a higher capillary porosity and lower compressive strength. Also less addition will
be present to contribute to the strength (e.g. fly ash). No further conclusions could
be made by considering the different groups of cement strength. In the case of
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Fig. 2.10 Influence of air 180.0
content in case of limestone 160.0F
as addition type (261 results E
from 51 papers)

—air content < 5%

140.0 +air content >= 5%
120.0F
100.0
80.0

E g::
60.0 f ?&gz =
400 X
20.0 f -
006 v v
0.0 0.5 1.0 1.5 2.0
(W/C)corr[']

feeyl,150,eq[MPa]

ground granulated blast-furnace slag and silica no differences could be observed
due to the variation of the C/P, probably due to the limited amount of results for
this purpose.

2.2.2.5 Air Content

In [186] it was observed that the increased air content decreased the compressive
strength of SCC. The reduction in compressive strength was about 4 MPa per 1 %
increase in air content.

Considering the database, the influence of the air content was investigated, but
no clear trends could be observed since many parameters intervene at the same
time. When variation of some of those parameters (C/P, addition type, and
aggregate surface/origin) is excluded, there is a small trend of a decrease in
compressive strength with the increase in air content. In Fig. 2.10 the influence of
the air content is illustrated for mixtures with limestone as addition type.

2.2.2.6 Coarse Aggregate Type/Origin and Maximum Aggregate Size
(Dmax)

Coarse aggregates can have an influence on the compressive strength due to their
shape, nominal maximum size, surface texture, and origin. According to [263],
crushed rock was used over three times greater than gravel (uncrushed) aggregates,
primarily reflecting local availability. In [2], crushed aggregate mixtures have
higher cube strengths. This is similar to the behaviour of VC, but the average
difference between the two best-fit curves was found to be small (4 MPa). The
opposite behaviour was mentioned regarding the cylinder strengths, but fewer data
were available, and there was only a partial overlap of the W/C’s of SCC and VC.

The effect of the surface texture and the origin of coarse aggregates on the
compressive strength are presented in Figs. 2.11 and 2.12. In Fig. 2.11, the results
related to crushed (63 %) and uncrushed (37 %) coarse aggregates are shown. In
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the range of 30-90 MPa no obvious difference can be noticed between SCC made
with crushed or uncrushed aggregates. The crushed aggregates, however, cover a
larger strength range compared to the uncrushed aggregates. Results above
90 MPa are found in six papers. Silica or fly ash was used. A rougher surface could
contribute to a compressive strength higher than 90 MPa, but the appropriate
addition types have to be applied. In general, rougher surfaces will enhance the
bond between the aggregate and the cement matrix which benefits the compressive
strength. In [29] two mixtures have been compared with the only difference being
the type of coarse aggregate. The mixture with gravel (2/8 and 8/16) had an
equivalent cube compressive strength of 50.8 MPa whereas the mixture with
crushed limestone (4/14) reached a strength of 67.2 MPa.

In Fig. 2.12 the actual origin of the crushed aggregates is depicted. Besides the
fact that quite a lot aggregate origins are not specified in the papers it can be
observed that crushed aggregates often consist firstly of limestone and secondly of
granite and, uncrushed aggregates of gravel (371 of 447). The origin of the coarse
aggregates depends on the local availability. No clear trend could be observed
regarding the origin of the aggregates. The higher the compressive strength the
more important becomes the aggregate compressive strength and as such the
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origin. At normal strength the compressive strength is mainly governed by the
strength of the cement matrix. Consequently, as most strength results are lower
than 90 MPa no effect of the aggregate origin is noticed on the compressive
strength. In [215, 217] a comparison was made between two types of crushed
aggregate. In [215] no clear conclusion could be drawn when the strength results
of mixtures with crushed limestone or crushed basalt were studied. A 5.4 MPa
higher compressive strength was found for the mixture with limestone aggregates
in cases limestone filler and fly ash were used as additions. When only limestone
filler was used as addition, the mixture with limestone aggregates showed a
3.6 MPa lower strength compared to the mixture with basalt aggregates. In [217]
the application of crushed limestone and pumice was investigated on eight dif-
ferent mixtures. For all four comparisons the mixtures with pumice showed much
lower strengths (only 40 % of the strength of the mixtures with limestone).

De Larrard [264] emphasizes of the need to reduce the maximum aggregate size
to attain high strength. In [263] 70 % of the investigated SCC mixtures used had a
maximum aggregate size in the range of 16-20 mm (value depending on local
practice). According to the database, only 47.5 % of the aggregate sizes lie
between 16 and 20 mm. A mean value for the maximum aggregate size was found
to be 16 mm. There is a tendency to use smaller coarse aggregate sizes, probably
linked to the desire of reaching higher compressive strength. However, it was
observed that small coarse aggregate sizes were also found in combination with
low compressive strength. The effect of the maximum aggregate size, D,,.x, on the
compressive strength was investigated, but as such no clear influence was
observed.

A lower D,,,x also contributes to a better segregation resistance and passing
ability.

2.2.2.7 Strength Model

Over the years, several strength models have been proposed for VC. In a first step,
some of those models are applied on the available database. Subsequently, an
adapted model for SCC, as proposed by Poppe [265], is applied.

Lambotte combined the research results of Waltz with the strength model
proposed by Bolomey into a new formula (Eq. 2.4) [266]. In this internationally
known model the cement compressive strength f..»g and the W/C are the only
parameters.

fccub,lSO = 0.483 fcemgg/(W/C) [MPa] (24)

In Fig. 2.13 all the results with known f..»g are used to calculate the cube
compressive strength as proposed by Lambotte (fecup,150.ca1). The corrected W/C
was used for the calculation. The calculated values are plotted in function of the
equivalent cube compressive strength (fecyp, 150,64/0.9). A 95 % confidence interval
has been plotted. Several calculated results are close to focyp, 150,q- Although some
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calculated values overestimate the actual strength, most of the calculated values
underestimate the strength. This is probably due to the use of higher powder
contents by incorporating additions and the use of superplasticisers. More dis-
persed cement leads to higher hydration, and the additions realize a more dense
structure by the filling effect or, even in some cases influencing the formation of
hydration products [31, 265]. Also, this model does not incorporate the effect of
the W/P or C/P. The effect becomes even more important for higher compressive
strengths. The model of Lambotte is valid for fully VC, i.e. with an air content of
1 %. The air content mentioned in this analysis varies from 0.6 % till 9.0 %.
Although there should be (based on the limited amount of results for which the air
content of the fresh concrete is known), no clear effect of the air content on the
Lambotte model could be found. This is probably due to the contribution of other
parameters.

After evaluating the different influencing parameters on compressive strength, it
is believed that an improvement of Lambotte’s model can be obtained by adding
parameters related to the C/P, addition type, and the use of superplasticiser, as
proposed by Poppe [265]. In this latter reference, it is suggested to use Eq. 2.5 to
calculate the cube compressive strength on cubes 150 mm.

0.483 feemas (a1 ¢ + 1)
W C

with sp/C the dosage of superplasticiser, by mass of cement, a; a coefficient
depending on the superplasticiser type and a, a coefficient depending on the
addition type. Also in this case, the corrected W/C,,, will be used for the analysis.
As a-values are depending on the addition and the superplasticiser type, a further
analysis is performed on the data results with limestone, silica fume, or fly ash as
first or main addition type, and polycarboxylate ether as superplasticiser. However,
when investigating the effect of the superplasticiser no clearly defined regions
could be observed of the mixtures with the same superplasticiser type. The results

Jeeub,150 = (2.5)
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were plotted according to Poppe, with different a-values for different addition
types. A better fitting was the result, but due to the fact that besides the main
addition type other addition types are often used, there is still an important dis-
tribution on the results. Also the derived a-values have no scientific meaning. For
this reason, the graphs are not included. However, when mixtures from individual
experimental programs were used, it was found that it was possible to find valid
models.

In [198], based on experimental data, genetic programming (GP) was used to
model and formulate the fresh and hardened properties of SCC containing pul-
verised fuel ash (PFA). Twenty-six mixtures were made with W/P of 0.38-0.72,
183-317 kg/m® of cement, 29-261 kg/m® of fly ash, and 0—1 % total liquid mass
of polycarboxylate ether superplasticiser by mass of powder. Graded crushed
basalt aggregate with a D, of 20 mm was used, together with well-graded
quartzite sand with a fineness modulus of 2.74. The mass of coarse aggregate was
fixed for all mixtures at 837 kg/m> to enhance the filling ability, passing ability,
and the resistance to segregation. The formula for the compressive strength at
28 days is given by Eq. 2.6.

C + CA/sand — 70
Compressive strength = [( i san -C- SP)

W/P
><<3 x 28 — PFA + W/P + C ><W/P+C+26.1)}1/5

4

X (M + 1n(28)>

(CA/sand)*
(2.6)

With cement (C) content (kg/m?), pulverised fuel ash (PFA) content (kg/m?),
water-to-powder ratio (W/P), superplasticiser (SP) content, and ratio of coarse
aggregate to sand (CA/sand), respectively.

Results showed that the derived GP model is capable of accurately predicting
the compressive strength at 28 days used in the training process. The model can
also effectively predict compressive strength at 28 days for new mixtures designed
within the practical range with variation of the mix ingredients. The performance
of the GP-model is illustrated in Fig. 2.14.

Also this model cannot be generalized for the database, since many parameters
are involved (filler type, superplasticiser type, aggregate type, etc.). However, it is
believed that, when mixtures from individual experimental programs will be used,
valid models will be found based on Eq. 2.5. Probably the model could also be
optimised incorporating the actual measured 28-day cement compressive strength
feem2s, in case different cement types are used.
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2.3 Stress-Strain Relationship

Until now, very little is known about the differences between the stress-strain
behaviour of SCC and that of VC. Most research programs include tests to
determine the compressive strength and some include Young’s modulus as well,
but the stress-strain relationship is almost never recorded.

Above that, accurate measurements of the stress-strain relationship require a
high level of care and an appropriate steering signal when executing the tests
[267]. Therefore, different conclusions can be found in the literature just because
research programs were performed with different test set-ups and more or less
attention to side-effects.

2.3.1 Ascending Part of the Stress-Strain Relationship

Georgiadis [79] performed tests on cubes (sides 100 mm) made of SCC of two
strength classes and with several filler types. The modulus of elasticity for all
SCC’s was smaller compared to VC but the compressive strengths were slightly
improved which they attribute to the improved ITZ quality.

When SCC was produced with limestone filler, cement kiln dust or ground
granulated blast-furnace slag, the toughness was higher than the one recorded for
VC. However, when glass filler was used, the peak strain increased (Fig. 2.15). No
additional details are given about the properties of the filler materials (grading
curves, chemical composition, etc.) or test set-up and the recorded strains seem to
be on the high side as one should expect values of the peak strain &, in the range
of 1.8 till 2.7 %o [254].

Anagnostopoulos et al. [14] looked into the influence of fire on the stress-strain
relationship of SCC. They ran tests after heating to 300 and 600 °C, but also on
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reference specimens stored at 20 °C. All SCCs contained limestone filler and had a
total powder content of 475 kg/m>. To obtain different compressive strengths the
ratio between cement and filler in the total powder content was varied. No
noticeable difference between SCC and VC was recorded with respect to the shape
of the stress-strain curves. Comparing the curves between the two applied strength
classes, it can be mentioned that the higher the strength class, the steeper the slope
of the ascending branch of the stress-strain curve and the more linear the
descending one. The peak strain decreased at increasing compressive strength.

The stress-strain behaviour of SCC was measured on cylindrical specimens
with slenderness ratios (ratio of height to diameter) of 3.0 or 3.6 by Desnerck [60].
During the experiments the specimens were subjected to a continuously increasing
deformation rate of 0.003 mm/s. The axial deformations in the central part of the
specimen, the circumferential deformation and the stress applied to the specimen
were recorded. In total, four SCC mixtures containing limestone filler and three
VC mixtures were tested. The 28-day cylinder compressive strength of the SCC
mixtures varied between 45 and 60 MPa.

From the obtained results it can be seen that the peak strain at different ages
(3 days up to 3 months) and concrete strengths for SCC (range of 20-70 MPa) is
higher than for VC (Fig. 2.16).

Besides the influence of limestone filler, the use of blast furnace slag, fly ash,
and silica fume has been investigated. For almost all tested compositions, the peak
strain ¢; of SCC was higher than those of VC. The largest normalised peak strains
were measured for SCC containing limestone filler. The values for the concrete
compositions with fly ash, silica fume, or blends of these SCMs were slightly
lower. The lowest values were found when blast furnace slag was used as addition
(Fig. 2.17).

In their study, the Belgian Building Research Institute (BBRI) [26] used
cylindrical specimens (diam. 100 mm and height 200 mm). The tests were dis-
placement-controlled at a speed of 60 pm/min. A friction reducing sheet was
applied.
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In total eight SCCs and one VC were tested. It was found that the scatter on the
obtained stress-strain relationships was rather small (see Fig. 2.18). Concretes with
lower compressive strengths (40-50 MPa) showed a more ductile behaviour than
higher strengths SCCs (50-60 MPa). When high amounts of fly ash were combined
with blast furnace slag, the behaviour was most brittle. As reported by Desnerck
[60] as well, the peak strain is increasing at increasing compressive strength.

2.3.2 Strain-Softening Behaviour

Desnerck [60] investigated the stress-strain behavior of SCC paying special
attention (by applying the proper steering signal) to the descending branch of the
stress-strain diagram to evaluate the so called ‘strain-softening’ behaviour of the
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material. He concluded that the strain-softening behaviour of SCC and VC are
comparable for the same compressive strength level (Fig. 2.19). Based on the total
stress-strain relationship measured during the experiments, the toughness was
determined (area underneath the entire stress-strain diagram). The toughness of the
tested limestone-containing SCC was slightly higher than that for VC. The largest
difference was found for the ascending branch, whereas the area underneath the
descending branch was comparable. However, BBRI [26] found that the norma-
lised toughness’s did not differ significantly when comparing SCC specimens to
VC specimens or the Eurocode2 [254] provisions.

2.4 Tensile Strength

For the evaluation of the tensile strength of SCC, and concrete in general, three
well-known methods are being used: (i) the direct tensile test, (ii) the splitting
tensile test and (iii) the bending tensile test (3-point or 4-point). Due to the difficult
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test setup direct tensile strength tests are rather scarce. Therefore, the tensile
strength is quite often derived from test results originating from splitting tensile or
bending (e.g. flexural) tensile strength tests. By means of models offered by e.g.
Eurocode 2 (EC2) [257] or Model Code 2010 (MC2010) [268], it is possible to
convert these test results. However, it is not quite clear whether these conversion
factors can still be used for SCC. Note that the upper and lower limit curves
provided in the figures are the 5 % and 95 percentile provided by EC2 and
MC2010.

2.4.1 Direct Tensile Strength

For the evaluation of the direct tensile strength of SCC, a limited amount of test
results can be found in the literature (25 data results originating from 6 studies).
This is mainly due to the complexity of the test equipment and execution of the
experiments. The test results are obtained at different ages of the samples
(14-90 days). The most common shape of the test specimens was cylindrical. In
one study [177], the dog-bone shape was used for preferential rupture.

In Fig. 2.20, the correlation between the direct tensile strength and the equiv-
alent cylinder compressive strength is expressed. All compressive test results were
converted into ficy) 150,eq by using Eq. 2.3 obtained by means of the database.

An increasing trend of direct tensile strength is noticed for increasing cylinder
compressive strength (Fig. 2.20). For this limited amount of data, the results tend
to follow the mean relationship proposed by the EC2 and MC2010, especially if
crushed coarse aggregates (limestone or calcareous) are being used. On the other
hand, the test results originating from mixtures based on uncrushed coarse
aggregates (gravel) lie between the 5 percentile range and the mean value pro-
posed by EC2 and MC2010.

Based on limited data, it can be stated that no significant effect of paste volume
or filler type on the correlation between direct tensile strength and compressive
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strength can be found from the database. However, the effect of the C/P is
noticeable, as depicted in Fig. 2.21. SCC mixtures with a C/P less than 0.75 tend to
lie beneath the mean values proposed by the EC2 and MC2010.

Overall, more experimental results are necessary to obtain reliable conclusions
regarding the direct tensile strength of SCC.

2.4.2 Splitting Tensile Strength

For the evaluation of the splitting tensile strength of SCC, a considerable number
of test results can be found in literature (608 data results originating from 60
studies) with test ages varying from 1 to 365 days. Mostly, the shape of the test
specimens is cylindrical (399 from 43 studies) or cubic (137 results from 6
studies). The correlation between splitting tensile strength (of cubes and cylinders)
and cylinder compressive strength is given in Fig. 2.22.

Note that all compressive test results have been converted into fecy 150,6q bY
using the conversion factors proposed in Sect. 2.2 (Eq. 2.3). In EC2 and MC2010



2 Mechanical Properties 39

Fig. 2.23 Cylinder splitting 10,0 — -
tensile strength versus gof | ™ Umestone
equivalent cylinder 80 > el " -
. " @ Granite

compressive strength of SCC 70t el
mixtures and the effect of = 6..0 . —NC201D )i | s
coarse aggregates type % ’ ’
(granite vs. limestone vs. = 20
gravel) (256 results from 27 @ 4.0
studies) F o30f

2,0

1.0 F

0.0 3 :

0,0 20,0 40,0 60,0 80,0 100,0

fccyl,1 50,eq [MPaI

it is mentioned that the relationship between splitting tensile strength and com-
pressive strength is based on the cylinder compressive strength.

According to [2] cylinder splitting results fall in the 5-95 percentile ranges
given in EC2, with the majority being the upper half of this, and a few above the
upper limit. An explanation can be found in a possible underestimation of the used
conversion factor between cylinder and cube compressive strength, as mentioned
in [26]. No significant difference between SCC and VC is found.

An increasing trend of splitting tensile strength is noticed for increasing cyl-
inder compressive strength (Fig. 2.22). The behaviour of cubes under splitting
tensile stress tends to follow the mean relationship proposed by EC2 (for f ..y
lower than 40 MPa), and the maximum range proposed by MC2010. A linear trend
is identified between f ¢, of cubes and fi.yi150eq (Originating from one study)
which is likely to be confirmed by Topcu and Uygunoglu [210].

Although higher splitting tensile strength results can be expected when cubic
samples are used (10 % higher values compared to cylinders, according to
EN 12390-6), this cannot be confirmed by the data of Fig. 2.22. A rather high
percentage of the widely scattered splitting tensile strength results of cylinders lie
between the 5 and 95 percentile or maximum ranges (or even above) of EC2, and
mostly in the upper half of the MC2010 range. An explanation was found in the
improved bond between the paste and the aggregates in the SCC mixtures.

Splitting tensile strength results of SCC using granite coarse aggregates lie in
the upper half or above the ranges proposed by EC2 and MC2010 (Fig. 2.23).
When limestone or gravel aggregates are used, this is not the case: the data tend to
follow the mean relation proposed by EC2. The cylinder splitting tensile strength
as a function of the cube compressive strength was also investigated on SCC and
VC mixtures produced with limestone and siliceous aggregates by [14]. The
splitting tensile strength of SCC mixtures was slightly lower (decreased by 6-8 %)
than that of the VC mixtures produced with the same W/C and cement content
when the mixtures were produced with quartz aggregate. When crushed limestone
aggregate was used, SCC mixtures had similar splitting tensile strength as the
reference VC mixtures. The ratio between the splitting tensile strength measured
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for SCC and the splitting tensile strength measured for VC of equal W/C is
influenced by the aggregate type [14].

Further analysis of the database shows that there is not a significant effect of
coarse aggregate size or paste volume on the correlation between splitting tensile
strength and compressive strength. However, according to [11] larger maximum
aggregate size and higher coarse aggregates volume (thus, smaller paste volume)
leads to higher splitting tensile strength. The influence of C/P or filler type is not
significant according to the database.

It can be concluded that using models proposed by the EC2 and MC2010 for
estimating the tensile strength of SCC can result in safe values for the prediction of
splitting tensile strength.

A limited amount of test results can be found in literature dealing with the
evolution of splitting tensile strength in time. These results can be valuable for the
evaluation of the early-age (thermal) cracking behaviour of massive concrete
structures, as internal stress build up due to the thermal gradient and can exceed
the tensile strength of the concrete at young age. According to a study performed
by [255], a rather good prediction (small underestimation) of the splitting tensile
strength evolution can be obtained for the SCC mixtures made with Ordinary
Portland Cement (OPC) using the model proposed by EC2 (using f.. factor). In
case fly ash is added to the OPC, a slower strength evolution is noticed; however,
the EC2 does not account for the use of fly ash.

Data originating from one study [255] (6 SCC mixtures with limestone filler or
fly ash, W/C = 0.45-0.61 and C/P = 0.50-0.67) indicates that the conversion
factor Ay, to correlate the splitting tensile strength and the direct tensile strength, is
slightly lower (0.84 &+ 0.04) than the values proposed by EC2 and MC90
(Agp = 0.9) or by MC2010 (A, = 1.0). Thus, when determining f by means of
spitting tensile strength results and based on the previously mentioned codes, an
overestimation of the tensile strength is obtained. The conversion factor for
bending A (0.59 + 0.10) was significantly lower than the 0.69 prescribed in EC2
and MC2010.

2.4.3 Flexural Tensile Strength

For the evaluation of the flexural tensile strength of SCC, a limited amount of test
results can be found in literature (4-point loading: 27 data results originating from
4 studies, 3-point loading: 78 data results from 7 studies, all data have a ratio
specimen depth/span length between 3 and 4). The correlation between bending
tensile strength and cube compressive strength is given in Fig. 2.24. Note that all
compressive test results have been converted into fecy150q by using the con-
version factors proposed in Sect. 2.2 (Eq. 2.3).

An increase in flexural tensile strength is noticed when cylinder compressive
strength is increased (Fig. 2.24). As could be expected, higher values of f; 4 are
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found when the 3-point bending test is used: most of the results lie above the mean
value and even above the upper range proposed by the EC2 and MC2010.

In case of the 4-point bending test, the data tend to follow the mean value
proposed by the EC2 and MC2010. All of the data are located between the upper
and lower ranges proposed by the codes.

The determination of f. 4 by means of 3-point testing method results in an
overestimation of the flexural tensile strength. Therefore, it is advised to use the 4-
point bending test to obtain realistic values for the flexural tensile strength.

The influence of the shape of the coarse aggregate is not noticeable. Also no
significant tendencies were found with regards to aggregate type, paste volume, C/
P, or filler type, mainly due to a limited amount of available flexural data.

2.5 Modulus of Elasticity

Due to the considerable contribution of aggregates to the overall stiffness of
concrete, it is often assumed that SCC—with its higher paste content—is char-
acterised by a lower modulus of elasticity (E.). Some studies [1-3] have reported
that the modulus of elasticity of tested SCC mixtures was lower than that of
companion VC mixtures, with a similar compressive strength. Pineaud et al. [167]
studied the effect of the paste volume and W/C. By varying the paste volume
between 359 and 452 I/m® a decrease in E. was found for an increasing paste
volume. The influence of the W/CM on the modulus of elasticity was found to be
comparable to that observed on the compressive strength. A survey by Domone [2]
seems to indicate that the difference between SCC and VC in the modulus of
elasticity is greater for lower compressive strengths. According to Klug and
Holschemacher [254] the scatter present on the SCC results is smaller, causing all
results to remain within an acceptable band for design using CEB-fib Model Code
1990 [269], validating as such still the use of the common relationship between the
modulus of elasticity and the characteristic compressive strength. The survey by



42 P. Desnerck et al.
Fig. 2.25 Influence of paste 700
volume on E-modulus (314
results) At e
-="0
hSO_G» ‘: L] '—";_.' o° °
& a0
e
= 30.0
i 20.0 = <370Uim*
e >370lm*
00f " °° —— Equation < 370 Um? (x=4.91, R*=0.37)
- = - Equation > 370 Vm? (x=4.60, R*=0.86)
0.0
0.0 40.0 80.0 1200 160.0
fecyreq MPa]
Fig. 2.26 Influence of 60.0
aggregate type on E-modulus without correctionfactors
without taking into account 50.0
the correction factor
according to EC2 (276 — 400
©
results) o
S 300
E o
w 200
= Limestone
10.0f e o o Basaltand Granite
< Gravel and Dolomitic
0.0
0.0 20.0 400 60.0 80.0 100.0 120.0
fecyreq [MPa]

Van Itterbeeck et al. [255] also found that the E-modulus results for SCC con-
formed well to the Eurocode 2 predictions and remained well within the band of
the CEB-fib Model Code [270]. A similar overall scatter was also observed within
this study for SCC and VC.

Since the RILEM database includes a large variety of SCC mixtures with a
wide range of paste volumes (results in Fig. 2.25, paste volume range from 280 to
560 1/m>) the results were first analysed as a function of the paste volume. All
results were expressed in function of an equivalent cylinder (diameter 150 mm
length 300 mm) compressive strength. Only the secant E-modulus results were
included in this analysis. Figure 2.25 could perhaps indicate a ‘slight’ influence of
paste volume. However, the scatter on the results is more important and thus
cannot be solely related to paste volume.

When analysing the results in function of the coarse aggregate origin (see
Fig. 2.26) a clear influence on the E-modulus cannot be observed. Data scatter
appears to increase when the EC2 correction factors are applied, taking into
account the effect of aggregate type (Fig. 2.27). Therefore, no conversion factors
will be used in this paragraph.
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In Figs. 2.28 and 2.29 the E-modulus results from the database are compared
with the Eurocode 2 [254] and ACI318-11 [253] predictions. The results were not
compared with the ModelCode 2010 since, in contrast with the Eurocode 2 and
ACI 318-08, it provides information with regard to the tangent E-modulus instead
of the secant E-modulus. All results seem to conform to the Eurocode 2 [254] and
fit well into the band acceptable for design using the CEB-fib Model Code [270]. A
general observation which could thus be made with regard to the modulus of
elasticity of SCC after viewing the graph presented in Fig. 2.28 is that it seems to
be similar to that for VC, with an important but similar scatter present on the
results for both types of concrete. Figure 2.29 indicates that the ACI318-08 cap-
tures the relationship between compressive strength and E-modulus better, but
seems to provide an underestimation of the modulus of elasticity.
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2.6 Mechanical Behaviour of SCC at Elevated
Temperatures

For the evaluation of the fire resistance of a structural system, knowledge on the
properties of SCC at high temperatures is essential: thermal, mechanical, defor-
mation properties, and material specific phenomena, such as fire induced spalling.
In this section, the behaviour of the mechanical properties of plain SCC (without
fibers) is discussed and (where possible) compared to the behaviour of VC. Similar
properties of FRSCC are discussed in Chap. 6.

Many physical and chemical changes occur in concrete when subjected to high
temperature. When the cement paste is exposed to increasing temperature, the
following temperature regions can be identified by means of thermo-gravimetric
investigations [271-273]:

e At a temperature of 100 °C: the cement paste loses weight due to the evapo-
ration of free water present in the capillary pores. This process is accompanied
by a slight expansion of the cement paste.

e At temperatures between 100 and 200 °C: a continued evaporation of the free
water is identified. At 180 °C the dehydration of the calcium silicate hydrates
(C-S-H) begins and leads to the breakdown of the chemically bound water
which results in a non-linear weight reduction. This process is accompanied by a
significant shrinkage of the cement paste. At a temperature of 200 °C, the
weight loss of SCC is about 12 % (comparable to HPC).

e At temperatures between 200 and 400 °C: the weight loss continues at a
decreased rate mainly due to the loss of water from the gel pores and the further
dehydration of the C—S—-H. At 400 °C, the weight loss of SCC is about 15 %
(17 % for HPC) [271].

e At temperatures between 400 and 600 °C: the weight loss increases non-linearly
and is caused by the decomposition of portlandite (especially at 450-500 °C). The
total weight loss at 500 °C is 18 % for SCC (20 % for HPC), whereas at 600 °C
this is 19 % for SCC (compared to 21 % for HPC). At 500 °C, approximately
70 % of the CSH gel is decomposed.


http://dx.doi.org/10.1007/978-3-319-03245-0_6
http://dx.doi.org/10.1007/978-3-319-03245-0_6
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e At temperatures between 600 and 800 °C: the decarbonation of the calcite starts:
CaCO; — CaO + CO,. In SCC the calcite is part of the unhydrated cement
grains or limestone filler of the cement paste. According to [272], the weight
loss between 730770 °C is defined as the loss due to decarbonation. At 800 °C,
the total weight loss reaches 30 % for SCC, compared to 23 % for HPC.
According to [31] this peak in mass loss is not identified for VC were for SCC a
steep mass reduction was determined at 750 °C. The lack of limestone filler
(calcite) in the VC explains the absence of the decarbonation process and the
mass loss peak.

e At temperatures exceeding 800 °C: the chemical conversion of the CSH is
completed at 850 °C, leading towards a marginal reduction of the weight.
However, at about 800 °C ceramic binding may form in the cement paste, which
increases only the residual strength, not the hot strength. OPC paste starts to
melt around 1,100 and 1,350 °C.

A number of studies can be found in literature dealing with the behaviour of
SCC exposed to elevated (up to 100 °C) or high temperatures (up to 800 °C), or on
the mechanical behaviour of SCC exposed to fire. In order to evaluate the residual
strength of SCC members exposed to fire, it is necessary to determine the residual
or hot strength properties. Four strength stages can be identified according to
[274]: initial strength (before fire), hot strength (during fire), residual strength
(<1 day after fire) and post-cooling strength (>1 day after fire) (Fig. 2.30).

To obtain those strength characteristics, a different experimental set-up is
needed. For the evaluation of the hot strength and the residual (or post-cooling)
strength two types of tests can be used: residual and hot tests. The difference lies in
the different scenarios to which concrete can be subjected mechanically. While
data of hot methods are obtained by testing the samples at maintained elevated
temperatures (which simulates the behaviour of concrete in a structure under fire),
residual and post-cooling test results are obtained by testing the samples after
cooling (which simulates the scenario of a concrete element cooled after fire).
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Table 2.7 Overview of research on mechanical properties of heated SCC with temperatures up
to 700°

Study [14] [271] [276] [70] [195]
T-range 20-600 °C 20-600 °C 20-105 °C 20-600 °C 20-700 °C
Mechanical fecub1s50 fecub,150 fecub1s50 feeyt fecub100
property fct,spl fct‘spl fctAﬂ fct,sp]
E.
Residual or hot Residual Residual Residual Residual Residual
Cement type CEM II/A CEM 1 CEM 1 CEM I CEM II/A
CEM 1I/B
Filler type Limestone Limestone Limestone Limestone Silica fume
BFS
Glass filler
Aggregate type Granite Siliceous Limestone Siliceous Granite
Limestone
W/B 0.40-0.55 0.48 0.50 0.57-0.61 0.45-0.57
fecub150,eq init [MPa] 37.1-54.0 65.0 57.5 41.1-60.0 33.7-73.2

2.6.1 Mechanical Properties of SCC at Elevated
Temperatures

2.6.1.1 Introduction

Due to its higher paste volume and due to the presence of a higher content of
additions compared to VC, the mechanical behaviour of SCC under or after
thermal load is expected to be different. The dense microstructure of SCC seems to
be a disadvantage when exposed to fire. The few studies on SCC subjected to high
temperatures show that differences exist between the properties of SCC and VC
after being subjected to high temperature (Tables 2.7 and 2.8). The obtained test
results indicate a decrease in mechanical properties (compressive strength, tensile
strength and modulus of elasticity), comparable or higher than VC. According to
[275] plain SCC and VC show similar behaviour with regard to either the relative
decay of mechanical properties with respect to room temperature conditions and
the higher sensitivity to temperature exposure with increasing strength.

2.6.1.2 Residual or Hot Compressive Strength of Heated SCC

Indications of comparable residual compressive strength losses of SCC and VC
(up to 16 %) due to elevated temperatures up to 105 °C were found by [276]. SCC
and VC had comparable W/C (0.5) and the same raw materials were used
(Table 2.7). The samples were tested immediately after the removal from the
heated environment. Explanations are found in an increase in capillary porosity,
measured by means of fluorescence microscopy, in a microscopical crack width
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Table 2.8 Overview of research on mechanical properties of heated SCC with temperatures
above 700°

Study [275] [162] [207] [273, 278]
T-range 20-800 °C 20-800 °C 20-800 °C 20-800 °C
Mechanical fccyl fccyllOO/ZOO fccyl fecub100
property fct‘spl EC
E.
Residual or hot Hot Hot Hot Residual
residual
Cement type CEM 1 CEM 1 CEM 1 CEM 1
ASTM C-150 CEM 11
Filler type FA Limestone Limestone FA
BFS BFS
Limestone
Marble
Basalt
Aggregate type Limestone Gneiss Limestone Limestone
Granite
W/B 0.28 0.40-0.70 0.64 0.33-0.47
fecub50,eq init [MPa] 67.8 44.4-97.8 24.6 60.0-75.0

enlargement through the aggregates and in higher weight losses compared to the
reference samples (20 °C).

A study performed by [70] showed that for SCC heated from 20 to 150 °C, a
small loss of strength can be observed, associated to an evaporation of free water
as well as to an increase in porosity of the tested concrete, which is confirmed by
[279]. This porosity increase is an expansion of the pores diameter and therefore
leads to an increase in permeability. Between 150 and 300 °C, an increase in
compressive strength is observed for SCC (Fig. 2.31). This increase could be
attributed to a modification of the bonding properties of the cement paste hydrates
(rehydration of the paste due to the migration of water in the pores). Beyond
300 °C, the residual compressive strength of the tested concretes decreased
quickly, which is linked to the appearance of micro-cracking and consequently an
increase in porosity and permeability of the tested concretes.

Heated SCC of different strength classes was studied in [14]: at 300 °C there is
a residual compressive strength reduction for the SCC C25/30 between 12 and
15 %, while for the SCC C30/37 the strength loss percentage reaches 18 %. The
corresponding strength loss percentages for the equivalent VC are 18 % for both
strength classes. At 600 °C the reduction in compressive strength ranges from 52
to 57 % for all mixtures (SCC and VC).

Residual mechanical properties were determined in [195]: the residual com-
pressive strength of SCC mixtures linearly decreased at increasing temperature,
and the strength reduction is parallel to that observed on VC mixtures of the same
strength category. Only the VC C25/30 mixture showed a steeper strength
reduction than the SCC C25/30 mixture when heated at temperatures above
300 °C. At all tested temperatures, the residual compressive strength of the SCC
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Fig. 2.31 Variation in residual compressive strength of heated SCC as function of temperature
(strength determined at room temperature)

mixtures was higher than the one measured on the VC of the same class. This is in
accordance with the findings of [279], who reported that concrete specimens
produced with SCC had a greater stability below 700 °C compared to VC speci-
mens prepared with the same W/C.

Strength grade has an effect on the hot strength loss of concrete, especially in
the temperature range below 400 °C [207].

In Figs. 2.31 and 2.32 an overview of available experimental data on the ratio
of (residual and hot) compressive strength at a certain temperature to that at
reference temperature (20 °C) as a function of temperature for heated SCC is
given.

Strength decreases of SCC can be expected due to thermal load. Comparable
degradation behaviour of the residual compressive strength of SCC can be found,
which is lower compared to the curves for residual VC given by [280]. In com-
parison with the curves given by NBN EN 1992-1-2 (Eurocode 2, for hot cal-
careous VC), the degradation of residual compressive strength of SCC is higher,
except for the results by [271, 273, 275, 278] for temperatures between 100 and
400 °C.

The reduction in residual and hot compressive strengths with temperature
observed by Persson [162] is gradual without any peaks or outliers. The strength of
SCC at fire temperature (hot strength) and the residual or post-cooling strength
more or less follow the strength decrease by Eurocode 2 and by [280]. The
decrease of the strength of SCC is less than those of HPC with temperature
increase.

The effects of elevated temperature on the properties of SCC produced with
blast furnace slag (BFS), fly ash (FA) and other mineral additions (limestone
powder LP, marble powder MP and basalt powder BP) is examined by [273, 278]
(Fig. 2.33). By gradually replacing the cement (CEM I) by BFS or FA, the residual
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Fig. 2.33 Influence of mineral additions on the residual strength of heated SCC as function of
temperature (strength determined at room temperature)

or hot compressive strength loss increases especially when temperatures exceed
400 °C. The increases in the BFS or FA replacement ratios do not significantly
affect registered weight losses, however, higher weight losses were observed in the
FA series compared to the BFS series. On the other hand, the BFS series showed a
higher reduction in the pulse velocity (procedure described in EN 12504-2)
compared with the FA series. BP series showed a better performance than other
series for all heating cycles. At higher replacement levels of LP, MP and BP
further weight losses are observed. Higher weight losses were observed in LP
series compared to BP and MP series. Compared to Eurocode 2 and [280] the
residual compressive strengths tend to follow the proposed curves of VC.
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According to [14], SCC produced with limestone filler generally performs
better compared to mixtures prepared with ladle furnace slag and glass filler [14]
and maintains a greater residual strength after exposure to high temperature.

2.6.1.3 Residual or Hot Tensile Strength of Heated SCC

Also the tensile behaviour of SCC under thermal load or fire exposure is discussed
in the literature, as the spalling of concrete is linked to the tensile strength. The
tensile strength is dependent on the same factors that affect compressive strength.

In Fig. 2.34 an overview of the effect of elevated temperatures on the tensile
strength behaviour of SCC is given. Variations in tensile strength results under
thermal load of SCC are observed, also when compared to VC (Eurocode 2). Due
to the limited amount of data available, conclusions are difficult to draw. It can be
stated that the loss in tensile strength is higher in comparison to the more gradual
loss that is obtained for compressive strength with the increase in temperature, as
reported by [195]. This is mainly due to the development of micro-cracks as a
result of thermal incompatibility between the hydration products and the inert
aggregate skeleton of concrete, which is also confirmed by [281, 282].

A similar behaviour was observed for both SCC and VC mixtures of the lower
strength categories C20/25 and C25/30: the relative splitting tensile strength is
lower after reaching 300 °C. With regard to higher strength categories (C30/37
and C50/60), SCC can have a smaller degree of reduction of relative tensile
strength than VC of the same strength class. However, using the Eurocode 2 to
predict the residual tensile strength of SCC, heated up to temperatures inferior to
300 °C, can lead to an overestimation.

The effect of temperature on the tensile strength of SCC becomes more pro-
nounced at higher temperatures since the increase in pore pressure due to further
temperature increase causes rapid loss of tensile strength.



2 Mechanical Properties

51

120%

Fig. 2.35 Variation in hot
and residual modulus of :"a'mn”f:s]

. . —&— Persson hol
elasticity of heated SCC as 100% . e
function of temperature NN

80% | S
- R
[ “m::i\
; ~
ui  60% f =2
= e
o r L
W 400 [ O
LI p—
0 T W
~ — “~
20% F N e
\& \‘\.\'“19
o5 I N & 3
0.0 200.0 400.0 600.0 800.0
Temperature [°C]

Even at temperatures up to 105 °C, higher residual splitting tensile strength
losses were found for SCC (up to 10 %), whereas for VC no significant strength
loss was observed [276].

According to [277], the loss in splitting tensile strength of SCC measured at
elevated temperatures is gradual and varies almost in a linear fashion up to 400 °C,
followed by a sharp reduction in tensile strength between 400 and 800 °C. This
sharp reduction in splitting tensile strength beyond 400 °C can be attributed to the
development of excessive micro- and macro-cracks resulting from thermal stresses
and thermal incompatibility within the concrete. These results were not compared
to VC samples, but they were compared to the Eurocode 2. The test curve is
significantly higher than the curve of predicted from the code provision
(Fig. 2.34).

Up to 800°, a continuously decrease of the flexural strength of SCC is found by
Fares et al. [70]. This is associated with the evaporation of bound water and
corresponding large mass loss.

2.6.1.4 Residual or Hot Modulus of Elasticity of Heated SCC

The fire response of concrete structures influences the modulus of elasticity of
concrete. As shown in Fig. 2.35, a sharp decrease of the modulus of elasticity of
SCC of temperature can be obtained with temperature increase. This is mainly due
to the disintegration of the hydration products. This behaviour depends on the
thermal transient creep, the aggregate type, and the weight loss [277]. At tem-
peratures higher than 300 °C, the hot residual modulus of elasticity seems to be
higher than the residual one.

Lower elastic moduli at temperatures encountered during fire were observed in
SCC than in VC [162]. The residual modulus of elasticity decreases continuously
up to 800 °C due to the evaporation of bound water, corresponding to a large mass
loss [70].
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2.6.2 Material Specific Phenomena of Heated SCC:
Fire-Induced Spalling

Concrete elements exposed to a rapid temperature increase (e.g. fire) may suffer
severely from spalling of the outer concrete layers of the elements. According to
[271], spalling is the violent or non-violent breaking off of layers or pieces of
concrete from the surface of a structural element when it is heated rapidly. Four
types of spalling can be identified: aggregate spalling, explosive spalling, surface
spalling, and corner/sloughing-off spalling. Many factors have been identified from
experiments as influencing spalling of concrete in fire: the heating rate (especially
above 3 °C/min), the permeability of the material (a denser concrete is more
sensitive for pore pressure build up, for example HPC and SCC compared to VC),
pore saturation level (especially above 2-3 % moisture content by weight of
concrete), aggregate size/type, the presence of reinforcement (fibers), the shape/
size of the samples and the level of externally applied load [271, 272].

The origin of spalling can be explained as a combination of the stresses formed
by the thermal expansion and the vapour pressure within the concrete and stresses
due to phase changes of some aggregates [283, 284]. The main reason for concrete
spalling at elevated temperatures is considered to be the internal pore pressure that
builds up due to the vaporization of the free and chemically bound water [195].

In concrete mixtures with finer pore structure, such as HPC or SCC, this internal
pressure is not released sufficiently, thus it can lead to severe spalling of the
surface layers.

The probability of spalling of SCC is much higher compared to VC, which can
be explained by the slower drying rate of SCC due to its lower permeability [285].
However, according to [195], SCC has an explosive spalling tendency similar to
the one of VC of the same strength class. Spalling is only dependent on the cement
and water content of the mixture and not on the way of its compaction: the self-
compacting samples and the samples with VC of the lower strength classes tested
(C20/25 and C25/30) did not spall at any temperature up to 700 °C. SCC and VC
of the strength class C30/37 suffered from explosive spalling at temperatures
between 500 and 580 °C, whereas for the highest strength category mixtures
(C50/60) spalling already occurred in the temperature range of 380—458 °C.

A study performed by [14] found that explosive spalling occurs in SCC and VC
at 600 °C. The use of ladle furnace slag as filler material instead of limestone filler
leads toward higher initial compressive strength but also towards a higher
explosive spalling risk. Overall, SCC is expected to spall more than VC due to the
lower permeability and higher moisture content.

Explosive spalling was also observed in columns made with SCC but not in
those made with VC, even though the VC columns were cured in exactly the same
way as the SCC columns [162]. Spalling occurred at a heating rate of 480 °C/h, at
a rate of 240 °C/h no spalling occurred. The explosive fire spalling is mainly
dependent on the stress in the concrete, the C/P, and water-cementitious materials
ratio. An option to limit the amount of explosive fire spalling in columns with SCC
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to the same level as in columns with VC is to introduce polypropylene fibers into
the concrete mix proportions. Another way is to keep the combination of C/P and
W/C sufficiently high.

Steel fibers, polypropylene fibers (PP), and others can be used to improve the
residual or hot properties of concrete being exposed to elevated temperatures. The
incorporation of PP fibers can reduce the damage as the melted fiber form a
connected channel system through which heat and water vapour could escape
without causing extensive damage to the concrete [279]. Further discussion of the
behaviour of steel fibre reinforced concrete (fibers added to overcome the adverse
effects of fire induced spalling) is presented in Chap. 6.

Due to the complex physics behind the spalling behaviour of concrete, no
valuable prediction models are available to date.

2.7 In-situ Properties

In literature, several papers dealing with in situ properties of SCC can be found.
Domone [286] summarized 68 examples of applications of SCC in practice, in the
period from 1993 to 2003, including details and ranges of properties, used
materials and mix proportions, details of fresh properties, and mechanical prop-
erties. This enables concrete practitioners and researches to draw their own con-
clusions on the suitability and the wide range of concrete applications. This study
is a good starting point in the process of identifying the differences and similarities
of (i) in situ properties of SCC and properties of SCC tested in laboratory con-
ditions, and (ii) in situ properties of SCC and VC. Ninety percent of the considered
cases used SCC with slump flows of 600 and 750 mm, and compressive strength
higher than 40 MPa. The maximum aggregate size lies between 16 and 20 mm.
The local availability of the aggregates quite often determines the use of crushed
rock versus natural gravel. Limestone filler as additional powder is used in 41 % of
the cases. In half of the cases VMA was being used to make the mixtures more
robust. The median values of the mixture proportions are determined:

e 31.2 vol % coarse aggregates
e 34.8 vol % paste content

e Powder content 500 kg/m’

e W/P: 0.34.

As expected, there is no unique composition for SCC for a given application.
Different types of applications worldwide are mentioned in the literature: columns
in high rise buildings, tunnel linings, wall elements for tunnelling, panels, bridge
piers, beams for bridges, slabs, architectural purposes, etc.

Some interesting case studies dealing with in situ mechanical properties of SCC
are highlighted in the following section.
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2.7.1 Case Studies

A demonstration conducted by Sonebi et al. [287] deals with in situ compressive
strength of walls (height: 2 m, width 1.95 m, thickness: 0.25 m) using free falling
SCC (2 m high). The composition consists of Portland cement Class 42.5, lime-
stone filler, crushed granite aggregates (maximum aggregate size of 20 mm) and
polycarboxylate ether as superplasticiser: precise compositions are mentioned in
[287]. Compared to the 28 day cube strength of 72.7 MPa, the in situ strength
determined by means of 100 mm drilled cores is between 54.5 and 58.6 MPa, thus
on average 22 % lower. Although the shape of the specimens is different, the main
reason for the difference in results was associated with the core samples being
perpendicular to the casting direction, which is not the case for the control cubes
(tested in the direction of casting). Nevertheless, a high degree of strength uni-
formity of the cores was found along the different heights of the wall.

Khayat et al. [116] also reported on the in situ strength of walls (1.5 m in
height) cast with SCC (compressive strength up to 40-50 MPa). Compared to
laboratory produced cylinders of the same diameter, cylindrical cores (h/d = 2)
had slightly lower compressive strength. Core samples extracted from SCC and
VC wall elements exhibited an approximate reduction of compressive strength of
10(maximum aggregate size of 10 mm). Again, this was mainly associated with
the fact that the core samples were perpendicular to the casting direction. A
strength-reduction of 8 % was obtained between cores drilled from the top and
bottom sections.

Khayat et al. [288] carried out investigations on the structural behaviour of
congested columns cast with SCC of 40-50-60 MPa compressive strength as well
as control columns cast with VC of similar strength. The results indicate that the
columns with SCC could develop similar in situ compressive strength and greater
ductility than columns cast with VC. The estimated compressive strength of SCC
elements tested in compression was reported to be 10 % lower than that deter-
mined on control 100 x 200 mm cylinders.

Nunes et al. [154] present the results of a study dealing with the use of SCC and
VC in a precast factory. The main goal was to evaluate the feasibility of replacing
VC (strength class C45/55) by SCC of the same strength class while maintaining
the constituent materials. A large number of specimens (cylinder, cube and prism)
were cast along with full-size precast elements. The composition of the SCC
consisted of Portland cement class 52.5R, limestone filler, siliceous natural fine
and coarse sand, crushed calcareous aggregates (maximum aggregate size of
12.5 mm), and polycarboxylate ether superplasticiser: precise compositions
mentioned in [154]. In-situ properties of SCC and VC are obtained by means of
compressive strength of drilled cores out of a U-shaped element (two vertical walls
and one horizontal slab) at the age of 60 days. The results were compared to cube
specimens (150 mm side) and cylinders (300/150 mm) tested at 28 days. Overall,
the SCC exhibited an improved mechanical behaviour, mainly due to the lower
W/C. More important is the finding that a more uniform strength along the full-size
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elements (slab vs. wall elements) was obtained for SCC, due to a combination of
proper mix-design in combination with controlled mixing and placing. It is con-
cluded that in general SCC exhibits a more compact and homogenous matrix and
higher resistance to fluid and chloride ingress [154].

Two non-reinforced concrete columns (6.0 m in height), cast with SCC or a
VC, considered for high-level radioactive waste disposal purposes (using Portland
cement class 42.5, limestone filler, sand and aggregates and a polycarboxylate
ether superplasticiser (precise compositions mentioned in [289]) were tested to
determine in situ properties of SCC and VC [290]. Compressive strength of drilled
cores and precast cubes at 28 days, direct tensile strength of drilled cores at
56 days, and secant modulus of elasticity of drilled cores at 28 days are reported.
Cores were drilled out of the columns at different heights (high, mid, and low
levels at 5, 3, and 1 m, respectively, above the bottom surface). Three cubes were
stored at 20 °C (>90 % RH). It is shown that the height of the extruded cores is of
a great importance for SCC columns, which is less prominent for columns out of
VC. Due to the self-compacting capacity, a greater degree of compaction was
obtained for the SCC cores at the lower levels, hence resulting in increased
compressive strength (3.6 % higher for cores at the lower level) and modulus of
elasticity (10.8 % higher for cores at lower level). Cores from the lower parts also
registered 3.8 % higher ultrasonic pulse velocity (NBN EN 12504-4) and signif-
icantly lower water permeability (NBN B 15-222) compared to cores from the
upper parts of the wall elements. For the tensile behaviour, the position of the
cores had no significant effect.

Full-scale reinforced columns (3.0 m in height) applying VC and SCC were
tested by Sonebi et al. [291]. The investigated concrete mixtures were prepared
with Portland cement, ground granulated blast slag and limestone filler as powder
material, quartzite sand with continuously crushed granite aggregates (nominal
particle size of 10 and 20 mm) were used as aggregates in combination with a
copolymer-based superplasticiser: precise compositions mentioned in [291]. In
total, eight columns were cast: two columns out of SCC and two with VC intended
for housing purposes (strength of 35 MPa (C35)), and two columns with SCC and
two with VC intended for civil engineering purposes (strength of 60 MPa (C60)).
For the variation in situ strength of columns, the results obtained at the bottom are
higher than those obtained at the top, except for the C60-VC mixture used for civil
engineering purposes. The results also show that the strength variation within the
column is less significant for C60 strength grade mixtures than for C35 mixtures,
with slightly smaller variations obtained for SCC. The study also indicates that the
in situ strength achieved in the columns varies between 80 and 100 % for all
mixtures (SCC and VC), which is above the average value of 65 % reported in
literature for such elements. In general, the in situ compressive strengths of SCC
were closer to standard cube strength than those of VC. Moreover, the distribution
of in situ properties was found to be more uniform in the case of SCC. Finally, the
maximum load of the SCC column was slightly higher (4 %) but the SCC columns
did not behave in the same manner as the VC columns in terms of initial stiffness
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and axial strain at maximum load, where the VC columns exhibited greater
ductility.

Similar findings were reported by Zhu et al. [233], who tested realistic size
columns (3.0 m in height) and beams (3.8 m in length), with different types of
reinforcement depending on the chosen application: C35 strength class (housing)
and C60 (civil engineering purposes). The investigated SCC and VC concrete
mixtures were prepared with Portland cement (42.5 N strength class), ground
granulated blast slag and limestone filler as powder material, locally available sand
and crushed aggregates (nominal particle size of 10 and 20 mm) were used as
aggregates: precise compositions mentioned in [291]. By means of precast cubes
and withdrawn cores (compressive strength), pre-embedded inserts (pull-out tests)
and rebound hammer values for near-surface properties, comparable conclusions
regarding the behaviour of the columns and beams were drawn: (i) the strength-
differences along the height of the columns were statistically significant for all
mixtures. The strength of the used concrete, SCC and VC, increased from top to
bottom, the difference between top and bottom being greater for C35 strength
grading, (ii) the results from SCC mixtures were similar to those of the VC
mixtures, although the properties of SCC were marginally more uniform.

Overall, it can be confirmed that SCC cast in situ could provide similar (or even
slightly enhanced) properties compared to those obtained by means of properly
compacted VC. However, the robustness of a SCC mixture, i.e. the stability of its
properties when affecting the original mixture design by errors in weighing the
constituents, is an important parameter that cannot be overlooked. According to
Rigueira et al. [292], the tolerances known for VC have proved to be valid for SCC
as well. Especially errors in weighing water (effective water and water transported
by means of the aggregates) and fines contents are of capital importance for SCC,
and are admissible up to +6 % interval. Results of a pilot survey conducted by
Ferrara [293] show that SCC can be reliably and robustly produced in precast plant
for manufacturing precast pre-stressed elements.

2.8 Conclusions

Several studies have addressed the hardened properties of SCC. For the sake of
providing a general view of obtained results, an extensive database was developed
and analysed in the framework of the RILEM technical committee on mechanical
properties of SCC rather than reviewing individual studies.

With respect to compressive strength, the influence of specimen size and shape
is well documented in the case of VC. However, for SCC the data are limited.
Based on the database, a tendency for the development of higher conversion
factors, (feeyi/fecun) Uup to 0.90, is noticed in the case of SCC. With respect to the
influencing factors on the obtained compressive strength, W/C and cement strength
class does seem to affect the obtained strengths as they do for VC.



2 Mechanical Properties 57

The most common addition types to produce SCC in the studies reported in the
database are limestone filler, fly ash, and silica fume. Higher 28-day compressive
strengths are obtained with fly ash and natural pozzolans compared to limestone
filler, while maintaining C/P and the cement content. The influence of C/P was
analysed in case of the addition of limestone filler, fly ash, slag, and silica fume. At
a constant W/C, a higher C/P generally leads to lower strength. Increased air
content decreases the compressive strength of SCC with about 4 MPa per 1 %
increase in air content. No significant effect of the type, origin and shape of the
aggregate was noted, except for some general trends. As in the case of VC, the
higher the compressive strength is, the more critical is the compressive strength of
the rock.

Different conclusions can be found in the literature concerning the stress-strain
relationship of SCC, due to different test set-ups. However, they all show some
differences between SCC and VC. For limestone filler-based SCC, the peak strain
at different ages and concrete strengths is higher than for VC. Besides the influence
of limestone filler, other filler materials resulted in higher peak strains as well.

The strain softening behaviour of SCC and VC is comparable for the same
compressive strength level. The toughness of limestone filler-based SCC is slightly
higher than that of VC made without limestone filler. The largest difference was
found for the ascending branch of the stress-strain diagram, whereas the surface
under the descending branch was comparable. However, the difference in tough-
ness between VC and SCC does not seem to be significant.

The direct tensile strength tends to increase with increasing cube compressive
strength. Based on limited results, no significant effect of the paste volume or filler
type on the correlation between direct tensile strength and compressive strength is
found. However, the C/P seems to have some visible effect, yielding lower direct
tensile strength values in case of C/P < 75 %, for a given strength.

An increasing trend of splitting tensile strength is also noticed for increasing
compressive strength. Splitting tensile strength results of SCC using granite coarse
aggregate lie in the upper half or above the ranges proposed by the EC2 and
MC2010. This was not the case when limestone or gravel aggregates are used.
Further analysis of available literature data shows that there is no significant effect
of coarse aggregate size or paste volume on the correlation between splitting
tensile strength and compressive strength. The influence of the C/P or filler type is
also not significant according to the available data.

For the evaluation of the flexural tensile strength of SCC, only a limited amount
of test results could be found in literature. A logically increasing trend of flexural
strength is noticed for increasing cube compressive strength. As could be expected,
higher values are found in case of 3-point bending tests, with most of the results
lying above the mean value and even above the upper range proposed by EC2 and
MC2010. In case of 4-point bending, the test results follow the mean value pro-
posed by EC2 and MC2010, and all data are between the lower and upper range as
proposed by the codes.

Due to the considerable contribution of aggregates to the overall stiffness of
concrete, it is often assumed that SCC is characterised by a lower modulus of
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elasticity. Nevertheless, analysis of the data available in the RILEM database
shows that the available results fit well into the range acceptable for design using
the CEB-fib Model Code. The modulus of elasticity of SCC thus seems to be very
similar to VC, with an important but similar scatter on the results for both types of
concrete.

The denser microstructure of SCC in comparison with VC seems to be a dis-
advantage when exposed to fire, as it is the case for HPC. On average, the strength
loss after heating of SCC is comparable to VC. The strength of SCC at fire
temperature (hot strength) and the residual or post-cooling strength of SCC more
or less follow the strength decrease as predicted by EC2. The strength decrease of
SCC with temperature increase is less than what is observed for HPC.

The probability of spalling of SCC is higher compared to VC, although
sometimes conflicting results are given in literature. The explosive fire spalling is
mainly dependent on the stress in the concrete, the C/P, and the W/C.

In literature, several studies concerning the in situ properties of SCC can be
found. Overall, it can be confirmed that SCC cast in situ can provide similar or
even slightly better properties compared to VC.
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