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ABSTRACT

This work presents a statistical sudy on the variability of the mechanical properties of
hardened self-compacting concrete, including the compressive strength, splitting tensile
strength and modulus of elasticity. The comparison of the experimental results with
those derived from several codes and recommendations allows evauating if the
hardened behaviour of self-compacting concrete can be appropriately predicted by the
existing formulations. The variables analyzed include the maximum size aggregate,
paste and gravel content. Results from the analyzed self-compacting concretes presented
variability measures in the same range than the expected for conventiona vibrated
concrete, with all the results within a confidence level of 95%. From several
formulations for conventional concrete considered in this study, it was observed that a
safe estimation of the modulus of elasticity can be obtained from the value of
compressive strengthy with lower strength self-compacting concretes presenting higher

safety margins. However, most codes overestimate the material tensile strength.
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1. INTRODUCTION

Sdlf-compacting concrete (SCC) can be defined as a concrete that can flow and
fill the formwork and embed the reinforcement with no external help, presenting no
segregation and consolidating only by its own weight, not needing internal or external

compaction [1-3].

Since the first developments in the late 80s, in Japan[3], research and practice
are demonstrating the advantages of SCC associated to its high performance in the fresh
state. However, and due to its relatively short trgjectory, there are less available results
regarding the expected hardened properties; either for the mechanical response,
durability behavior or intrinsic variability of the material properties. An extensive
review to date of the hardened mechanical properties of SCC is presented by Domone
[4]. More than 70 studies of hardened mechanical properties of SCC are presented and
summarized by Domone, and the conclusion is the significant scatter which is
understandable in view of the range of materials, mix designs and test procedures used.
Moreover, Domone states that future studies need only be focused on specific or
confirmatory data for particular applications [4]. In this sense of particular studies, in
[5] is shown how the hardened mechanical properties of SCC vary aong the height of
sender columns and relates such variations to the mesostructure of the material. In the
work by Sonebi and Cevik [6], the feasibility of obtaining properties of the fresh SCC
as well as the compressive strength by the use of artificial neural networks (Genetic
Programming) is presented. The results of the present study are aso obtained in the

direction pointed in [4]. In fact, they are focused on a range of compressive strengths



between 40 and 50 M Pa, paying more attention to the variability of the mechanical
properties, issue where few relevant data is available in the literature and therefore the

present research is an step forward in such direction.

SCC has proven advantages enhancing construction productivity, reducing the
overal cost of the structure, improving the work environment, achieving sustainable
characterigtics, increasing the practically allowable reinforcement rate, and increasing
the construction rate and overall quality of the cast structures[7-9]. Though not areal
disadvantage, a practical drawback could be the necessary quality control of its fresh
properties, since this aspect involves the execution of ssmple but new tests methods to

which people at site are still not familiar.

Most guidelines for the use of SCC [10-12] emphasize on ranges and
recommendations regarding the fresh properties of the material but much lessis
discussed regarding its hardened properties. In all cases, the behaviour of SCC in the
hardened state is considered at least as good as the conventional counterpart of
equivalent strength [4]. However, with important improvements in terms of quality
assurance, since SCC is likely to provide a much superior material homogeneity. This
aspect can be clearly foreseen when considering real structures, where different levels
of compaction are certainly expected from one part of the structure to another; with
differences depending on the skill of the workers, characteristics of the application and

location of the concrete in the e ement.

The objective of thiswork isto statistically evaluate the variability of the SCC

compressive strength (o), splitting tensile strength(f;), and modulus of elasticity (E),



and compare the experimental test results with those estimated from several codes and
recommendations, evaluating if the hardened behaviour of self-compacting concrete can
be appropriately predicted by the existing formulations. In this sense, this research
presents confirmatory datafor SCC with compressive strengths in the range from 40 to

50 MPa.

Usually SCC contains a higher paste volume, or lower gravel content, and a smaller
maximum size aggregate than conventional concrete. Such factors are known to grestly
influence the considered material properties, thus, the maximum size aggregate, and

gravel and paste contents where chosen as the main variables to be evaluated.

The application of a statistical analysis has been the objective of several
researches to evaluate, for instance, the robustness of a certain test or material property;
however, care must be taken to not fall into contradictions due to the inappropriate use
of the statistical tool or to the small amount of results used in the analysis. The usual
drawback of such statistical procedures is that the mean value and standard deviation
need a great amount of specimens to avoid a significant error in the estimation of such
parameters. In this study, the variability measures have been calculated considering

results from 10 to 24 specimens of each SCC mix.

The importance of the present research relies onthe lack of published dataon
the variability of the hardened properties of SCC, which could be affected by its
sensibility to minor modifications of the proportions of the component materias, the
environment and to the quality control adopted. To obtain reliable experimental datato

derive a complete statistical characterization of the most representative mechanical



parameters of hardened SCC is amust in the way of trying to define, via a calibration
procedure, a set of partial safety factors to be used in the application of this specific type
of concrete. Thiswill be possible when a sufficient volume of tests would be carried out

and their results properly analyzed.

2. STATISTICAL PARAMETERSANALYZED

The statistical parameters analyzed in this work include mean value (M),
standard deviation (SD) and the coefficient of variation (COV), for each material
property. In the case of E, the bias factor (1 ), as the ratio between the mean and the
nominal value were determined. Between 10 and 24 results of the same concrete
(obtained from the same batch) have been considered in the analysis. Also, an
evaluation of the theoretical probabilistic distribution function that better fits the
experimental data was made for each material property, based onthe corresponding

frequency analysis (histogram).

The confidence level (CL) isthe probability value associated with a confidence
interval (Cl), which gives an estimated range of values which is likely to include the
average value. For thisresearch, avalue of 95% was established for CL (same as

applied for ordinary concrete).

Several mathematical models (based in theoretical or empirical results) were

used to check the level of accuracy of the formulafor conventional concrete available in
several codes and recommendations, for the E[13-19] and f; [13-17, 20-22]. All the

formulations vary in function of f;. and some with the concrete density [16,18].



The variability obtained from the tests for SCC will be compared with the
standard values assumed for ordinary concrete. The variability is measured by
parameters like SD and COV. Though SD is more commonly used [23], COV permitsa
better understanding and easy visualization of the actual variability, since it will not
depend on the magnitude of the measured properties Table 1 shows the relationship
between the level of the quality control and the normal variability limitsadopted for the
compressive strengthof ordinary concrete with mean compressive strength higher than
27 MPa. Asthe quality control of the concrete is normally determined only by the
compressive strength, there are no reference values similar to those proposed intable 1
for the SD or COV of splitting tensile strength nor for the modulus of elasticity.

Therefore, no comparison will be possible in these cases.

3. MATERIALS

The cement used for the fabrication of the test specimens was a CEM | 42.5R.
The limestone filler had adensity of 2630 kg/nT and a maximum particle size of 0.125
pum. Crushed limestone aggregates included two sands conforming to fractions 0-2 mm
and 0-5 mm and two gravels of 5-12 mm and 12-18 mm. The superplasticizer was of the

polycarboxylate type, with a density of 1.04 kg/nT and a 19% of solid content.

Three SCC mixes were achieved following the mix design methodology
proposed by Gettu et al. [24], where the superplasticizer and filler content is optimized

by means of the Marsh cone (EN 445) [25] and mini- lump tests, and the aggregate



skeleton corresponds to that of best particle packing, determined experimentally without

compacting.

Table 2 shows the composition of the SCC mixes and the corresponding self-
compactability measures. Asit can be seen, variables include the maximum aggregate
size (MAS) and coarse aggregate content. SCC 1 hasa MAS of 12 mm and 19.8% in
volume of gravel, whereas SCC 2 and SCC 3 were optimized witha MAS of 18 mm
and contain a gravel volume of about 29.5%. An increase of the coarse aggregate
content reduces the necessary paste volume to achieve self- compactability
(cement+filler+water+admixture); hence, a 38.0% in volume of paste was required in
the case of SCC 1, while inthe case of SCC 2 and SCC 3 the paste content was of
34.5% and 35.0%, respectively. Apart from this dlight difference in paste content
between SCC 2 and SCC 3, whichresulted in a much flowable mix in the last case, no

other variation was implemented.

Asit can be observed from Table 2, the three SCC mixes presented adequate
self-compacting characteristics, either in terms of flowability (measured by the slump-
flow and V-funnel tests) or passing ability (evaluated by the L-box and J-ring tests). No
segregation resistance test was carried out in the fresh state, however, the visual
examination of the final spread of the Slump- flow showed no signs of segregation
(evidenced by a nort+ uniform coarse aggregate distribution and/or a separation of the
components at the perimeter zone). Moreover, cylinders tested under splitting tension
were visually examined and a uniform distribution of the coarse aggregate along the

height of the specimen was observed, again indicating no segregation.



4. EXPERIMENTAL PROGRAM

The test program included the mixing, casting and testing of 150" 300 mm
cylindersof the three SCC mixes for determination of f; (EN 12390-3) [26], f;
(EN 12390-6) [27], and E (ASTM C469) [28] up to a 30% of the concrete compressive
strength. As mentioned, three SCCs of the same strength level but varying the MAS and
paste content were analyzed (see Table 2). All specimens remained in a humidity
chamber (90%<RH<95%) until the time of testing, at 28 days. Before testing, the
specimens were weighted and the height and diameter measured to calcul ate the

material density in the hardened state.

5. EXPERIMENTAL RESULTS

Table 3 presents the results of f;, f; and E, together with M, SD and COV for al
test series. Asit can be observed, in general E is evaluated from at least 20 specimens,
while 10-12 specimens where tested to measure f; and f;. Note that results indicated
with an asterisk (*) where not considered for the statistical analysis, since those values

are out of a 95% percentile.



6. ANALYSISOF RESULTSAND DISCUSSION

In generd, from Table 3 follows that the variability of f. is lower than that
expected for conventional concrete [23] (see Table 1), with E presenting the lowest
average COV ( 3.6%), followed by f. and f; , with COV's of 5.7% and 14.4%,
respectively. Despite that a higher variability may be expected for in situ concrete of a
real structure compared to laboratory specimens, this fact can be attributable to two
main reasons. on one side the limited number of test results; since it is known that
variability increases with the number of tests. And on the other hand, the expected
superior homogeneity of SCC, since no compaction takes place. Thus, avoiding the

different levels of consolidation that may appear in the samples during casting.

Figs. 1 and 2 show the correlation E-f. and E-f; for the three SCC mixes at 28
days. The linear fits have been separated considering the two main variables that could
affect these two properties; the volume of gravel and the maximum aggregate sSze of the
mixes. In thisway, asingle linear correlation is plotted for SCC 2 and SCC 3 with a
MAS of 18 mm and a gravel volume of approximately 30%, and separated from the

linear fit of SCC 1, withaMAS of 12 mm and agravel volume of approximately 20%.

As expected, results show an increase of E and f; with f. . However more
pronounced in the latter case. Though an increase of E with strength is observed, it is
rather gradual; roughly, a10 MPa increase in f. resultsin a1l GPa increase of E for both

types of mixes. The f-E linear correlations appear similar to that of f-E (Figs. 1 and 2).



As for conventioral concrete, a higher coarse aggregate content or less paste
volume (SCC 2 and SCC 3) seems to produce an increase in Efor the same compressive
strength, as it can be deduced from analysis of the results presented in Table 3 and
graphically plotted in Figs. 1 and 2. Fig. 3 shows how E increases with the hardened

density of the material, following the expected tendency.

The statistical analysis focused on the M and SD by means of aNormal
distribution and a frequency analysis. The Normal distribution is the more commonly
used in the case of good quality control of the compressive strength [23]. Figs. 4, 5 and
6 show the frequency histogram and the best- fitted Normal distribution function of E, f;
and f;, respectively. In each case, sub-Fig. (a) refers to the results of SCC1 and sub-

Fig. (b) combines SCC2 and SCC3. Additionally, for E, the three mixes are grouped in

aub-Fig. (c).

7. COMPARISON WITH FORMULATIONS

Table 4 shows the expressions of some Codes and by several authors to predict
the values of E, f; and f; . In the case of the Norwegian Code, aso the materia density is
required. Such predictions are plotted together withthe mean experimental resultsin
Figs. 7 and 8, for E and f;, respectively. The experimental valuesin Fig. 8 were obtained
from the average result of compression and tension tests, which gives one value per

mix.
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Fig. 7 shows that the relationship f. and E obtained experimentally appears
dightly above the mgjority of the code provisions, which is an expected behaviour also
in the case of conventional vibrated concrete (Hueste et al. [17]). With particular regard
to the Spanish EHE code, that should give the better estimation since the concretes were
elaborated with locally available materials in the Catalonian region, all the experimental
values appear clearly above predictions for the studied stress range. In general, code
estimations approximate better the experimental values at higher compressive strengths,
between 45-50 MPa, but clearly underestimate the value of E for SCCs at strengths
lower than 40-45 MPa. As mentioned before, the value of Eappeared relatively constant

along the analyzed strength interval.

On the other hand, it can be seen from Fig. 8 that the experimental relationship
between f; and f; obtained by splitting tension is beneath the majority of the code
provisions, but above the Spanish EHE; with this Code showing a clear underestimation
of the concrete tensile strength. From the results of this limited sudy, the formulation
by Hueste et al. [17] seems to give the better estimation at compressive strength levels
above 45 MPa. For the lower compressive strength, the CEB approximates better the

experimental results.

As it can be observed from Fig. 9, the cumulative frequencies obtained from the
experimental data are close to a straight line in aNormal probability paper (vaue of the
correlation coefficient equal to 0.98 for E, between 0.94 and 0.96 for f. and between
0.96 and 0.98 for f; ), therefore, indicating an appropriate fit to the Normal distribution

for the three properties analyzed in this study.
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8. CONCLUSIONS

This study has presented a statistical analysis on the main resistance properties
(the modulus of elasticity, compressive strength and tensile strength) of three SCC
mixes varying the maximum aggregate size, paste and gravel content. Moreover,
experimental results have been compared with eight formulations from Codes and

authors for the prediction of such material properties.

Results are in accordance with the expected trends for conventional concrete,
with E being sensitive to the paste and gravel content. For a given compressive strength,
SCCs elaborated with a larger maximum size aggregate and higher volume of coarse
aggregate presented higher values of E. The same behavior was observed when a given
tensile strength is considered. At the same time, E noticeably increased withthe

hardened materia density.

When analyzing separately E of SCCs elaborated with a maximum size
aggregate of 12 mm and 18 mm, a somewhat constant value along the analyzed
compressive strength interval can be observed. Roughly, a 10 MPaincreasein f;

redoundsin a1 GPaincrease of E for both types of mix.

The relationship between f. and E obtained experimentally appeared slightly

above the majority of the estimations fromthe considered formulations. In general,

formulations approximate better the experimental values at higher compressive
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strengths, between 45-50 MPa, but visibly underestimate E of SCCs at strengths lower

than 40-45 MPa.

The experimenta relationship between f. and f; obtained by splitting tension is
beneath the majority of the code provisions, however above the Spanish Code. From the
results of this limited study, this Code shows a noticeable underestimation of the SCC

tensile strength

The results of the normal distributions at 95% level of confidence showed that
the amount of samplestested were sufficient to show a small variation of the tests
conducting to areliable conclusion regarding the Gaussian distribution of the
mechanical properties tested. Based on the till limited results available, the values 3%,
7% and 16% can be used as a rough estimate of the coefficient of variation for E, f. and

fi, respectively.

Considering the special characteristics of the casting process when using SCC,
where, for instance, the workmanship influences the final structural homogeneity to a
much lesser extent than for normal concrete due to the lack of compaction, the values
obtained for cylinder specimens could also be adopted when considering structura
elements. However, this issue should be confirmed by further experimental research

works.
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Table 1. Accepted limits of variability of concrete compressive strengthas a function of
the quality control [23]

Accepted limitsfor the

Quality control standard deviation Accepted limits for the

coefficient of variation

(fc > 27 MPa)
A (excellent) 2.7 10%
B (average) 4.0 15%
C (poor) 54 20%
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Table 2. Mix proportions and measures of self-compactability

Component (kg/n?) SCC1  SCC2  scc3
Cement 363 329 334
Limestone filler 109 99 100
Water 181 165 167
Superplasticizer 6.2 5.6 5.7
Sand 0-2 mm 711 607 603
Sand 0-5 mm 398 340 337
Gravel 5-12 mm 526 451 447
Gravel 12-18 mm - 330 329
wi/C 0.45 0.45 0.45
SP/IC (%) 1.7 1.7 1.7
LF/C 0.3 0.3 0.3
Paste volume (%) 38.0 34.5 35.0
Sand volume (%) 42.2 36.0 35.0
Gravel volume (%) 19.8 29.5 29.3
Self compactability measures
Slump flow, Dx (mm) 740 570 740
Slump flow, Tsp () 1.0 15 1.0
L-box, Teo () 1.0 3.0 1.0
L-box, Cy. 1.0 0.7 1.0
V-funnel, Ty () 25 55 5.0
Jring, Tsos(9) 1.0 2.0 1.0
Jring, Dry (mm) 743 555 735

22



Table 3. Testsresults of the SCC mixes (f; and f; in MPa, E in GPa)

SCC1 SCC2 SCC3
Cylinder E fe fy E fe fi E fc ft
1 36.15 47.70 39.09 50.50 37.86 44.47
2 38.25 48.59 39.67 48.23 37.75 43.34
3 36.38 46.56 40.59 4274 37.95 38.08
4 37.04 42.38 38,57 50.70 38.78 43.53
5 36.08 45.54 38.32 50.62 38.24 42.82
6 35.60 47.39 38.61 50.62 36.50 43.46
7 36.97 47.19 38.39 4921 38.45 45.99
8 37.39 45.75 39.29 4948 38.04 39.72
9 36.46 49.10 38.86 49.59 38.82 41.19
10 37.22 47.98 37.98 40.98 38.10 43.47
11 35.68 41.90 38.03 49.85 36.73 3.75
12 36.88 4.40 39.15 49.60 38.54 2.74
13 36.56 2.64 38.76 3.42 37.61 244
14 36.96 3.95 31.48* 3.40 39.22 3.05
15 36.17 4.06 39.74 3.27 36.77 247
16 35.21 281 31.37* 4.45 35.35 3.10
17 37.31 3.38 40.09 4.25 39.70 3.59
18 35.56 3.67 39.33 3.57 39.55 3.94
19 36.40 4.45 39.51 4.19 38.67 3.12
20 36.16 3.96 38.92 3.17 37.15 3.36
21 36.53 4.00 38.25 3.61
22 35.30 3.65 38.98 3.80
23 38.61 4.09
24 38.89 3.51
M 36.52 46.37 3.72 38.85 4851 3.69 3799 42,61 3.16
SD 074 236 058 0.51 321 0.38 1.09 2325 0.513
COV 204 508 15.69 1.32 6.62 10.37 286 546 16.25

* Value not used in the statistical analysis
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Table 4. Formulations to predict the E and f; from f;

Modulus of elasticity

Tensile strength

EHE (1999) [13
NBR 6118 (2003) [14]

CEB (1993) [15]

ACI 318 (1999) [16]
Hueste et al. (2004) [17]

Norwegian Code (1992) [18]

Gardner & Zao (1991) [19]
Olokun (1991) [20]
Ahmad & Shah (1985) [21]
Burg & Ost (1992) [22]

E, =10000%/f,

E. =5600 % f

C

f, =0.214[f.%
f=03%/f7

.2
f :1.56%,/%9
g
f, =0.56 /T,
f =0.55%/T,

0.69

f, =1.39xf,
f, = 4.34xf >

f, =7.3x[f,

* where, r . is the concrete density.
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