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Abstract 
 

The current paper deals with the characterization of the mechanical behavior of both an 

HSC and HSFRC obtained by an appropriate mix design constituted by volcanic 

aggregates from the quarries of Eastern Sicily. The mix design was carried out on eight 

different concrete mixtures by using the theoretical model developed by Feret – De 

Larrard’s and it is capable of simulating the experimental compressive strength. The 

HSFRC mixtures consider different volume fractions of fibers equal to 0% (HRC), 

0.5% and 2% (HSFRC). Straight Polivinyllialcohol (PVA) and hooked-end steel fibers 

were the two types of fibers employed in the study. Compression tests were carried out 

on specimens performed according to UNI codes. The HSFRC(0.5%) mixtures did not 

show great differences in mechanical performance by any variation of the fiber type 

(steel or PVA). 

1.  INTRODUCTION 

In recent years the interest in high strength concrete has been increasing, so that also the 

new Italian design codes (NTC 08) have increased the use of high reinforced concrete 

(HRC) and of the High Strength Fiber Reinforced concrete (HSFRC) in the 

constructions. 

 

In normal concrete (NSC) with water / cement ratio greater than 0.45 and compressive 

strength less than 60 MPa, the weakness seems to be the cement matrix, usually used as 

the aggregate stronger than the cement paste. 
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For high-strength concrete (HSC) with characteristic compressive strength Rck from 75 

to 115 MPa and water / cement ratio in the range of  0.25 ÷ 0.35, the cement matrix can 

become more compact and resistant than the aggregate, especially, in the case of the 

coarse  one that would become the weak link in the chain. In this case, if the water / 

cement ratio is reduced to below 0.35, no benefit is obtained in terms of strength which 

remains almost constant, since concrete failure is governed by the aggregate breakage. 

So for high-strength concrete non porous, strong compact aggregates must be employed. 

Consequently in high-strength concrete (HSC) the aggregate plays an important role in 

the preparation of concrete from both the quantitative point of view; and in terms of 

quality as the aggregate occupies two thirds of the volume of concrete. 

 

The aggregate comes in the form of loose granules. In relation to the dimensions, it can 

be classified as: sand, if the granules do not exceed 4 to 5 mm (thin aggregate); gravel 

or crushed stone, if the granules exceed 4 to 5 mm (aggregate bulk), respectively, if it is 

alluvial and so rounded or by crushing the rock and resulting in irregular shape. To 

increase the low ductility of the HSC, a collapse mechanism similar to that of NCS 

should be adopted an aggregate, eg. bauxtico (albeit unusual), with very high modulus 

of elasticity, much greater than the already high modulus of elasticity of cement paste of  

HSC (it has in fact: the cement paste: E ≈ 40 GPa; gneisses: E = 40 ÷ 45 GPa; basalt E = 

60 ÷ 70 GPa; bauxite: E> 100 GPa) to be used. To limit the water amount used, it would 

be preferable to use a natural sand or constituted by rounded particles with a smooth 

surface, although a worse bond interface is so obtained, [1,2] . 

 

It is well known that from a sand with a grading curve of reference, an optimal 

combination of aggregates can always be obtained. If the sand does not retain the 

characteristics of particle size and tends towards the end, you can expect a greater 

demand for water and then you have to use a greater dose of cement, resulting in a 

constant ratio w/c,(water/cement) in order to maintain the compressive strength and 

slump Rc. On the other hand, if the sand tends to be bigger, then it will decrease the 

demand for water, and you can reduce the cement content, resulting in a constant ratio 

of w/c, to constantly maintain the compressive strength and slump Rc, but without any 

signs of undesirable phenomena of segregation and bleeding. The maximum size of 

aggregate recommended for high-strength concrete should be kept small; in fact, the 

Italian Guidelines on concrete structures indicate values less than 20 mm, up to 10 to 12 

mm, values from 20 to 25 mm are not recommended. Considering all this, it has been 

proposed to use for all mixtures an aggregate of maximum diameter size of 19 mm, 

reserving any further studies to the influence of this factor in the casting and mechanical 

properties of HSC. 

2. EXPERIMENTAL 

2.1 Characteristics of the Materials Used  

The materials used for the specimens are as follows: Cement, CEM I 42.5 R.; the 

aggregates, classified in category A according to UNI 8520 / 2, maximum size 19 mm. 

The distribution curves of the aggregate, determined according to UNI 8520/5, are 

better described later. The large aggregates from crushing have irregular shape and 

rough surface texture while natural sand has a rounded and smooth shape; The 

commercial Hooked steel fibers: 60x0,8 mm are made by Fibradue 44 and Fibrocev 

S.r.l. Three types of mixtures: B, C, D, were performed which differ in the quantity of 
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basic components. For each type there are three series: the 0 basic series, is fiber-free; 

while the fiber-reinforced “5p” and “2s” series, are characterized by the same 

composition of the mixture of the basic series, but with a different fiber content, 

respectively of 0,5% PVA in the case of 5p series and of 2% ACC in the case of 2s 

series. The specimens must be properly compacted, preferably using a vibrating table 

(vibration frequency 50 to 200 Hz). The fiber-reinforced specimens are vibrated for the 

time necessary, to prevent segregation of the fibers, especially if they are metal ones. 

They must be packed soon after and for the next 24 hours the specimens are cured in a 

controlled environment (T = 20 ± 2 ° C, RH> 95%). 24 hours after casting the 

specimens are removed from the molds and cured in water (T = 20 ± 2 ° C) until the 

27th day, then tested on 28th day. 

 

2.2 The Proportioning of Aggregates  

For the production of HSC and HSFRC we used the aggregates produces by SICEP, a 

plant in Belpasso (CT) and which come from quarries in Easter Sicily and constituted 

by “rasaglietta” (10-16 mm) derived from the crushing of volcanic lava of Etna area; 

“azolo” a grey-black sand (0-4 mm) derived from the crashing of the superficial layer of 

volcanic lava of Etna area and presents irregular shape, no smooth angles; and normal 

sand. The aggregate was already screened by the SICEP laboratory, and checked in the 

Materials Testing Laboratory Officer of the Department of Civil and Environmental 

Engineering, of the University of Catania.  The aggregate size analysis provided the 

values of the cumulative retained (Tc) in percentage, the partial retained (Tp), and the 

passing portion (P), all distinguished as “rasaglietta (r)”, “azolo” (a) and sand (s). 

Table.1 Particle size analysis: Cumulative retained, partial retained, and passing 

quantity in a considered weight of % of rasaglietta, azolo and sand 

"d" "Tcr" "Tpr" "Pr" "Tca" "Tpa" "Pa" "Tcs" "Tps" "Ps"

19,1 0 0 100 0 0 100 0 0 100

12,7 51,99 51,99 48,01 0 0 100 0 0 100

9,52 79,32 27,33 20,68 0 0 100 0 0 100

4,76 98,47 19,15 1,53 3,77 3,77 96,23 0,37 0,37 99,63

2,38 99,07 0,6 0,93 32,1 28,33 67,9 2,57 2,21 97,42

1,19 99,41 0,35 0,58 54,23 22,13 45,77 3,98 1,4 96,02

0,6 99,59 0,17 0,41 75,02 20,08 25,69 6,74 2,77 93,25

0,3 99,79 0,2 0,21 83,53 8,51 17,18 44,52 37,78 55,47

0,15 99,87 0,08 0,13 92,92 9,39 7,79 94,98 50,47 5

0,07 99,93 0,07 0,06 96,23 3,31 4,48 99,31 4,33 0,67  

 

To obtain a lower content of voids accomplish with a granular system (in this case, 

cement and aggregate), the grading curve should follow the equation of Fuller and 

Thompson. But the grading curve of Fuller (1) (PFc Passing Fuller curve), produces a 

low workable concrete because of the dense packing, so Bolomey (2) (PBc Passing 

Bolomey curve) has modified the curve by introducing a parameter “A” which takes 

into account the workability demand and the aggregate availability as well as the “C” 

content of binder (3): 

 

PFc d( )

100
d

Dmax
C

100 C
100

        (1) 
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PBc d A( )

A 100 A( )
d

Dmax
C

100 C
100

      (2) 

 

Note that both equations, once the parameters Dmax and A are fixed, are defined as 

function of the diameter of the loop, but also by the percentage C of binder defined by 

(3). 

 

C
c fds

c fds i
100

        (3) 

 

where c, fds and i, are respectively the dosage of  the cement, silica fume and aggregate 

in kg/m
3
; this latter condition is particularly important since this parameter (3) 

characterizes the mixtures. 

 

The Figure 1 shows the grading curves of the “rasaglietta”, “azolo” and sand, compared 

with the curves of Fuller (1) and Bolomey (2), with a binder content equal to the sum of 

the cement content c and of the fume silica fds, and an aggregate content equal to i, 

giving a percentage of binder with respect to all solid C equal to 18.7%. In particular, 

the Bolomey curve has parameter A = 9 (consistency of damp sand of the concrete) and 

its zone of tolerance 5%. We must remember that the distribution curves are defined as 

the cumulative passing for a given diameter of the sieve (in logarithmic abscissa).  
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Fig.1. Cumulative Passing  Fig.2. Optimal grading curve in ideal fuse 

It is immediately possible to note that the two optimal curves give back no passing for 

low diameters of the sieves, due to the cut to zero of the negative values obtained from 

these equations because of the presence of the binder C as percentage of the solid part, 

that, instead, is capable of ensuring a more than adequate passing portion even for these 

low diameters. For this reason the Fuller and Bolomey equations are further retouched 

and corrected, imposing their non-negativity. Another note concerns the fact that the 

“azolo” grading curve homothetic underlying the ideal curves of Fuller and Bolomey, 

sand 

Sand 
optimal 
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and considering that the curve of “rasaglietta” is implied by these last two, it follows 

that the presence of the sand for the construction of the ideal combined aggregate may 

be neglected. The determination of the mixture (generic combined aggregate) to 

“azolo”, “rasaglietta” and sand, capable of reproducing as closely as possible a given 

grading curve must, therefore, satisfy the condition that the sum of the quantity of 

“azolo”, “rasaglietta” and sand is equal to the unit, which will be a function of two 

variables. Below the equation of the aggregate combined generic is reported in (4): 

 

Po r s( ) r Pr 1 r s( ) Pa s Ps     
 

By calculating the standard deviation by (5): 

 

sc r s( )

Po r s( ) PBc dv A
2

n     
 

The solution derives from the evaluation of the absolute minimum of the sc(r,s) 

equation (5) defined for each of the eight mixtures employed by varying the “A” e “C” 

parameters. 

 

The data obtained are: s = 0%, a = 48÷53%, r = 52÷47%  

 

Given the volume of sand, azolo and rasaglietta passing the ideal combined passing 

within the optimal time of Bolomey fuse  is  s = 0% , a = 51% e r = 49%.  

  

Fig. 3.8 - Lo scarto quadratico medio per frazione di sabbia e rasaglietta
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Fig.3. Standard deviation in function of sand and rasaglietta (3-D and 2-D view) 
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2.3 The Mix Design 
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Fig.4. Rcm compressive strength of the studied concrete mixture compared with the 

Féret - De Larrard law 

The Feret - De Larrard law permits us, by imposing the values of some parameters, to 

estimate the compressive strength RC, of each mixture to be realized. The graph of 

Figure 4 is obtained.  

 

The concrete mixture performed and tested are reported in the table below, where:  

 

"c":  cement CEM I 42,5 R; -"fds": silica fume Durasil by Ruredil; - "(a)im" mixing 

water, i.e. water added at the time of mixing, which coincides with the water of 

hydration only in the case of “ssd” aggregate (saturated dry surface); -    "Azolo" : fine 

part of the aggregate in kg/m³; "Rasagl.": “rasaglietta”, coarse aggregate; "Sfluid.": 

Fluminent SAE 25 superplasticizer by Ruredil;  "fibers": polivinylalcohol (PVA) fibers, 

for mixtures with the final designation "p" (B5p, C5p), 30 mm  length and 0,66 mm 

diameter  (ρ = 45,45), density γf = 1300 kg/m³, Young modulus Ef = 35 GPa, tensile 

strength of 1800 MPa, and 6% of collapse elongation [8];"fibers" : carbon steel fibers,  

for mixtures with the final designation in "s" (D5s e D2s), with rectangular cross section 

and shake ends Fibradue 30/45 HS by Fibrocev Srl, 30 mm length, cross section of 0,35 

mm³ shape ratio ρ = 45. Density γf = 7850 kg/m³;  "slump": The slump, reported in 

cm, was not measured for the mixture C5P, while the mixture D2S caused substantially 

a shear slump [9]. So, this test was considered unsuitable for measuring the workability 

of the studied concrete  as reported in UNI 9418, 4.4; "(M)ef": effective density mass of 

compacted fresh concrete. It has not been determined experimentally , but  only 

estimated according to VCLS evaluation; "VCLS": obtained concrete volume (dm ³), this 

quantity was estimated only visually, according to the concrete left after filling and 

compaction of the molds and waste. 
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Table.2 Performed concrete mixture  

Component\Mix  "C\M" "B0" "B5p" "C0" "C5p" "C'5p" "C5s" "D0" "D2s"

"c" 400 400 440 440 440 440 440 440

"fds" 40 40 88 88 88 88 44 44

"(a)im" 150 150 132 132 183 188 164 164

"azolo" 915 915 952 952 935 935 946 946

"rasagl." 995 995 926 926 920 920 940 940

"Inerte" 1910 1910 1878 1878 1855 1855 1886 1886

"sfluid" 8.8 10.3 10 10 10 10 12.5 15

"fibre" 0 6.5 0 6.5 6.5 39.25 0 157

"slump" 1 2.5 4 "n.m." 1 5 19 "n.v."

"(M)ef" 2747.9 2720.9 2613.3 2620 2681.7 2687 2644.3 2772.8

"Vcls" 36.5 37 39 39 38.5 39 38.5 39

"Data" "6/6/01" "6/6/01" "20/6/01" ""20/6/01" "4/7/01" "4/7/01" "30/8/01" "30/8/01"

 

“c” [Kg/m3] 

“fds” [Kg/m3] 

“(a)im” [l/m3] 

“azolo” [Kg/m3] 

“rasagl.” [Kg/m3] 

“Aggregatee tot.” [Kg/m3] 

“sfluid” [l/m3] 

“fibers” [Kg/m3] 

“slump” [cm] 

“(M)ef” [Kg/m3] 

“Vcls” [dm3] 

3. TESTS RESULTS AND EVALUATION 

3.1 Compression Strength Tests  

For each series no. 4 cubic specimens of side 100 mm were performed with a max 

diameter of the aggregate equal to 19 mm, although the experimental condition to 

determine a correlation between the size of the specimen under examination and that 

such side 150 mm, was imposed.  

 

 

 

Fig.5. Compressive strength on tested cubic specimes. Rc1-4 (Strength for samples 1-4), 

Rcm (Averaged strength), Rck (Characteristic strength) All the data are referred to 

cubes of side 100 mm, with the exception of the series of D’0 and D 2s (cubes of 

side 150 mm) tested to assess the influence of the shape effect on the resistance 

Mixture 
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The chosen side dimension of 100 mm as the lower limit choice, is justified by the fact 

that high-strength concretes have more homogeneous microstructure in respect to 

normal strength concrete NSC. This will be advantageous for the compression tests as it 

was possible to use the same press engines used for normal concrete, with good 

matching of the load used in the two cases. It determines, therefore, the compressive 

strength Rc of cubic test specimens with side of 100 mm and 150 mm for possible 

correlations, according to UNI 6132-2.1. The compressive strength “Rcm” of the PVA 

fiber reinforced concrete B5p C5p (0.5% polivinylalcohol fibers) was quite equal to the 

corresponding fiber free mixtures B0 e C0, as reported in several scientific and technical 

studies, taking into account the low volume of fibers [7]. Figure 5 shows the values of 

compressive strength in MPa for the types of mixture described in Tab 2.  

 

By correlating the data obtained for cubes of 150 mm and 100 mm per side, partly 

experimental and partly theoretical, the following results (Fig.6) are obtained: 

 

 

 

Fig.6. Comparison of the characteristic cubic compressive strength (Rck) of both the 

cubic samples (10 cm e 15 cm) and cylindrical (fcm) (d = 15 cm, h = 30 cm. In 

figure fcm NTC is the compressive cylindrical strength determined according to 

Italian structural rules (NTC 2008); fckLG02 is the compressive characteristic 

strength according to the Italian guidelines of 2002 (LG2002) and fcm the average 

cylindrical strength according to Italian guidelines of 2002.  

The resistance values are referred to the cubic specimens of 100 mm of side, with the 

exception of the additional series of 0 and D 2s (cubes of 150 mm  of side) tested to 

evaluate the influence of the shape effect on the resistance. Namely, the resistance Rcm 
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(of 111.3 MPa) of the mixture C5p (5% PVA fibers), was only slightly lower than the 

compressive strength of the basic mixture C0, equal to 116.3 MPa.  

 

They proved, the corresponding Rcm compressive strength of mixtures C'5p and C5s 

were significantly lower than expected, especially if compared with that of the basic 

mixture C0, and nearly identical among them. These lower unexpected resistance, may 

be due to not only to the higher w/c ratio, but also to an intrinsic lower resistance of the 

aggregates, caused by their greater porosity denounced by lower densities, and the latter 

derived by the rather pronounced petrographic variability of volcanic aggregate 

obtained by crushing, despite the production checks and controls which they are 

subjected. This confirms that the type of aggregate is for high-strength concrete, unlike 

ordinary ones, "the weakest link "[3,4,5]. 

 

3.2 The Failure Shape 

The failure of all specimens, except those of the C0 mixture, was not different from the 

normal strength concrete. In fact,  the expected "explosive" collapse behaviour was not 

found; the collapse, although it can be considered satisfactory (Fig. 7) according to 

UNI-EN 12390-3, has not occurred according to the canonical "hourglass" shape. 

But the failure of the specimens of the C0 mixture occurred with the ejection of 

numerous shards (satisfactory explosive collapse), which reduced the tested specimens 

to a  pyramid or "hourglass" shape (Fig. 8).  

 

  

Fig.7. Ductile collapse of the specimens Fig.8. Brittle collapse of specimens C0  

 

We must note that the C0 mixture, as well as all other mixtures of type C shared a high 

content of cement (440 kg / m³) and silica fume (88 kg / m³), unlike the D mixtures with 

lower cement content (400 kg / m³) but with the same content of silica fume (88 kg / 

m³), and B mixtures with lower cement content (400 kg / m
3
) and lower content of silica 

fume (40 kg / m³). It is worth noting that the C5P fiber-reinforced mixture of polyvinyl 

alcohol had not effects from the "explosive" collapse with the C0 mixture. During the 

tests carried out on the C5p3 specimens, the maximum load was maintened for a 

relatively long time, allowing the cube to demonstrate the important plastic shortening 

(≈ 5%), but without the overall collapse mechanism getting any worse . 
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3.3 Theoretical and Experimental Comparison 

The compressive strength was foreseen by using the Feret - De Larrard formulation. It 

was taken into account that this experimental analysis was carried out on  cubic 

specimens of 10 cm per side while, the data commonly available in the literature on the 

compressive strength are determined by referring to cylindrical specimens or cubic ones 

with different sizes. So the law of Feret - De Larrard was slightly modified by 

introducing a coefficient Kp which takes into account the shape and size of the 

specimens (Kp = 1.6 for cubic test pieces of side 10 cm) and assuming, simplistically, 

KI = const = 4.91. Finally, the formulation (6) of the law of Feret - De Larrard [6] was 

assumed and the comparison between theoretical and experimental data can be plotted 

as in Figure 9. 
 
RcmF Tc Kp a/c fds/c

Kp KI Tc

1
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Fig.9. Compressive strength Rcm comparison between experimental and theoretical 

data  

The compressive strength of mixtures of B and D type were in well matched to the ones 

expected. The D0 mixture provided higher resistance, B0 and B5P mixtures presented 

slightly higher resistance, while the D2s mixture showed a slightly lower resistance 

(perhaps because of  the impossibility of adequate vibration due to the high fiber 

content Vf = 2%). The compressive strength of C mixtures were found to be fairly well 

matched to those planned, but more dispersed. In particular, the C0 has provided more 

resistance, while the C5P, C'5p C5s mixtures have provided lower results than the 

water/cement ratio (in graph a/c) 

(6) 
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expected. In the case of the mixture C5P the disagreement is easily explained by 

recalling the difficulty in vibrating the specimens because of the low water/cement ratio 

as well as the presence of fibers; while in the case of the C0 mixture it was possible to 

vibrate although difficulty, finally, for the C'5p and C5s mixtures the hypothesized 

lower resistance, in paragraph 3.1, seems to be confirmed. 

4.CONCLUSIONS 

The experimental results presented here, are related to the concrete samples obtained by 

the mix-design of 8 mixtures. No. 4 cubic test specimens of 100 mm side, for each of 

the 8 series, were performed, besides,  no. 4 specimens of 150 mm side were realized 

only for two mixtures, in order to determine the influence of specimen dimensions on 

the compression experimental resistance.  

 

The retouched Feret – De larrard law to predict the compressive strength of the tested 

specimens was an effective tool. The results confirm expectations, revealing the average 

compressive strength values of about 100 MPa and C70/85 and C80/95 strength classes 

provided by scientific literature. The average compressive strength values for mixtures 

are similar to the corresponding basic mixture and to the fiber-reinforced ones, for the 

latter a lower value of the slump referred to Abrams cone is obtained. A lower data 

dispersion of resistance values for HSFRC fiber-reinforced specimens if compared with 

the corresponding HSC are noted. It is also interesting to note the different modes of 

failure between the concrete HSFRC and HSC, in some cases explosive for the former 

(C0) and with vertical cracks on the faces parallel to the load plane for the latter, with 

post-buckling behavior for them to stable and very ductile characterized by the plastic 

elongation measured up to 5%. As regards, finally, the effect of specimen dimensions on 

the resistance, it was noted that the experimental average ratio of the resistance of HSC 

mixtures, measured both on the cubic specimen side of 100 mm and 150 mm, amounted 

to about 1,075, a value very close to the 1.10 proposed in the literature [1,2]. 

 

It is difficult to determine the corresponding ratio for concrete HSFRC, for which the 

presence of fibers makes constipation difficult, and it is evident in the case of smaller 

sample. This masks the shape effect, decreasing the ratio of the resistances 

corresponding to the side of samples of 100 and 150 mm, to values close to unity 

(1.0095). Further experimental studies may be carried out to correlate the fiber sizes, 

and any of the parameters that characterize the geometry (such as aspect ratio), to the 

sample sizes.  
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