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ABSTRACT: Steel fibres improve the mechanical characteristics of high-strength concrete: their use in pre­
cast thin-web elements can be regarded interesting in terms of simplicity and economy only if alternative to 
traditional transversal reinforcement. The research investifates shear resistance of steel fibres testing one I 
beam and 6 TT members. The fibre amount was 50 kg/m : this content can still be regarded as competitive 
and guarantees appreciable residual stress in uniaxial tension. Three design solutions were compared: welded 
wire fabric, steel fibres and plain concrete. Changing the position of the simple support, the contribution of 
the member-ends reinforced by steel stirrups was estimated. Fibres increase the cracking shear load and as­
sure a quite ductile behaviour to shear collapse, although they are not as effective as stirrups are. Some equa­
tions proposed in the literature are used to predict the experimental results. A F.E. modelling is also attempted 
to reproduce the tests in a reduced-scale. 

1 INTRODUCTION 

As Batson et al. wrote almost thirty years ago 
(1972) the replacement of the shear reinforcement 
(stirrups or bent-up flexural steel) with steel fibres 
has some advantages. Fibres can in fact be ran­
domly distributed trough the concrete mass at a 
much closer spacing than the smallest stirrups. The 
presence of fibres is also likely to increase the re­
sistance to the formation and growth of cracks. The 
former effect is due to the crack arrest mechanism 
played by the closely spaced wires (Romualdi and 
Batson, 1963). The latter effect can be attributed to 
the additional energy required to pull out from 
concrete fibres, if not broken during the crack 
propagation, and to the increase in shear friction 
strength produced by fibres themselves. Several 
experimental works have been, over the past 
twenty years, dedicated to this interesting and 
promising topic, also in view of the high economi­
cal valence it has for pre-cast industry, whose fea­
tures of automation and quality control make the 
benefits due to steel fibre addition to be fully ex­
ploited. Narayanan and Darwish (1987) in their 
extensive report reported results from an extensive 
test program on 49 beams (without any reinforce­
ment, with traditional shear reinforcement and with 
fibres as shear reinforcement). Such results al­
lowed the authors to clearly point out all the main 
aspects of the shear behaviour of SFRC beams, as 
well as to compare their performance with the ones 
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of plain and traditionally reinforced concrete 
beams. It was recognised as the addition of fibres 
allows a transition of the failure mechanism from 
pure shear (brittle) to flexure (ductile); similar re­
sults have been obtained for pre-stressed pre­
tensioned FRC beams. 

The addition of fibres makes the failure even 
less catastrophic than in beams without shear rein­
forcement occurs, even if only fibre percentages 
higher than a minimum volume (1 % according to 
Narayanan & Darwish, 1987) are able to provide 
the structure a significant ductility. SFRC beams 
also exhibited a larger first-cracking strength, not 
only with respect to unreinforced beams, but also 
to beams with stirrups. Such an improvement of 
the shear strength was observed to be far more sig­
nificant for smaller shear spans than for larger 
ones, leading to hypothesise also a strengthening of 
the arching action of the beam due to fibres. The 
presence of fibres was also observed to improve 
the effectiveness of dowel resistance by enhancing 
the tensile behaviour of concrete in the splitting 
planes along the longitudinal flexural reinforcing 
bars (di Prisco et al., 1994). On the basis of a test 
program on SFRC large-scale girder beams, Casa­
nova et al. (1997) concluded that steel fibres could 
replace traditional web reinforcement. The discon­
tinuities in the displacement field along the crack 
profile were measured. A limit threshold to the 
crack opening displacement depending on the 
beam size was introduced to evaluate the shear 



contribution as an average tensile residual stress 
acting on the crack surface. The present investiga­
tion concerns with high strength concrete pre­
stressed members characterised by a thin web and 
a low transversal reinforcement ratio. The final aim 
of the experimental programme is to check the ef­
fectiveness of steel fibres when used to replace the 
traditional reinforcement. 

2. EXPERIMENT AL PROGRAMME 

Six pre-stressed TT roof elements, 7.8 m long, and 
one pre-stressed I beam, 7.3 m long, were tested. 
The main infonnation about the whole experimen­
tal programme is summarised in Table 1, while the 
geometry details of the tested prototypes are shown 
in Figure 1. Three different types of TT elements 
were chosen for the tests, all featured by the pres­
ence of a traditional web reinforcement in the 
heads: 

reinforced concrete elements (RC), where a 
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uniform web reinforcement was placed along 
the span, according to the quantities coming 
out from U.L.S. design calculations; 
plain concrete elements (PC) with no web rein­
forcement along the length, except, as above 
said, for the stirrups in the heads; 
fibre-reinforced concrete elements (FRC), as 
before, but adding to the cast 50 kg/m3 of steel 
low carbon fibers 

In order to check the influence of the web rein­
forcement, always placed in the head of the ele­
ments for technological reasons, each type of ele­
ment was tested according two different support 
arrangements (Figures 2 a-b). In type 1 arrange­
ment the head reinforcement was kept inside the 
shear span (le= aid= 3.58), while it was left out­
side in type 2 arrangements (le= aid= 3.0). The I­
beam was hence loaded as shown in Figure 2c, ac­
cording to the classical four-point bending scheme 
(le= aid= 3.4). 

Load was applied by means of a single jack 
(1000 kN capacity) through the device sketched in 
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Figure 1. Geometry and reinforcement details of the tested prototypes: (a) TT element cross section, (b) TT element head 
reinforcement details, ( c) I beams cross section and head reinforcement details. 
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test Type age fccm Cr Pee Pmax 

[gg] [MPal [kg/m3] [kN] [kN] 
Al TTSOFRC 48 86.3 so 424 540 
A2 TTSO FRC S3 86.3 so 495 484 
Bl TTSOPC 28 70.3 0 350 390 
B2 TT50PC 31 70.3 0 320 382 
Cl TT50 RC 41 66.1 0 297 534 
C2 TTSO RC so 66.1 0 404 S28 
D I-SZ70 71 81.4 so 23S 283 

Table 1. Test data resume. 
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Figure 2. Loading set-up for TT elements: type 1 (a) and type 
2 (b) and for the I beam (c). 

Figure 2. The load steps were applied controlling 
the hydraulic pressure: each pressure increment 
was measured by a potentiometric gauge, suitably 
introduced in the pressure regulator, and recorded. 

Besides the deflections at different locations of 
the cross section under the applied load and close 
to the supports (Vertical displacements; Figure 3), 
shear and longitudinal strains (y,E) were measured 
at different positions along the shear span both for 
the TT elements and for the beam (Figures 3,4). 
The gauge length was 200 mm; further compres­
sive strains in the web (gauge length 100 mm) ac­
cording to a 45° direction with respect to the lon­
gitudinal axis (with the exception in Cl test: 24° 
for gauge c) were also measured. All the displace­
ments were measured by means of potentiometric 
gauges with a different full scale: 0-1 Omm for 
strains and 0-150 mm for vertical displacements. 
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(a) 

(b) 
Figure 3. Positioning of the measuring instrument on the TT 
roof elements - test type 1 (a) and test type 2 (b) 
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Figure 4. Positioning of measuring insh11ments on the I beam 

3. TEST RESULTS 

The global strnctural response, presented in terms 
of total load vs. load-point vertical displacement 
(Fig.5), shows a symmetrical deformation in the 
TT element webs with the only exceptions of type 
2 tests for FRC element at collapse and PC element 
close to collapse. The failure was always reached 
in shear except for type 1 RC element that failed in 
bending. A better and more interesting comparison 
can be carried out by observing V-y curves, plotted 
in Figure 6, grouped by test type, and in Figure 7, 
grouped by element type. The strain y represents 
the average strain measured on the side where col­
lapse took place. 

Although the compressive strength of FRC ele­
ment is the highest, an increase of the limit of pro­
portionality is produced by fibre addition: an esti-



mation can be attempted by comparing the 
experimental values with the predictable ones 
(+24%). Steel fibres also affect the load bearing 
capacity: keeping the PC element as the reference, 
type 2 tests emphasise a quite constant fibre con­
tribution up to a strain of 10·2 and can be compared 
to that offered by traditional reinforcement. On the 
contrary, type I tests are less clear. After cracking, 
RC and PC elements show the same stiffness. The 
slight increase in the load observed is probably due 
to the activation of an arch mechanism built on the 
head reinforcement, as explained further. The re­
duced ductility of RC element reveals the collapse 
in bending. 

The head-reinforcement influence can be appre­
ciated comparing the curves for the same element 
(FRC, RC or PC) tested in both the load arrange­
ments (type 1 and type 2 tests; see Figure 7 a,b,c). 
For PC structures, the load bearing capacity at fail­
ure is practically independent on the load arrange­
ment, but the path followed by type 1 test is stiffer. 
By contrast, FRC type 1 test follows the less stiff 
path and increases the shear load bearing capacity 
for high strain values. To conclude, the head­
reinforcement favours the formation of an arch­
mechanism that improves the ductility of the 
structure at failure and partially its load bearing 
capacity when the structure is transversally rein­
forced. 

The analysis of the compressive strains in the TT 
top chords highlights a sudden snap at the onset of 
the collapse. It corresponds to the bending of the 
compressed chord that contributes to the total 
shear-load capacity. The compressive strains 
measured in the TT-webs, tested in type I load ar­
rangement, highlight the role of the reinforcement. 
A quite unifom1 diagonal compression field devel­
ops in the FRC element and the RC element ex­
hibits a progressive growth in the participation of 
the strut closer to the load-point. On the contrary, 
in the PC element the most active strut is the near­
est to the support region. 

The crack patterns at collapse confirm the previ­
ous observations. In particular, in type-2 load ar­
rangement, only one crack propagates in FRC and 
PC elements whereas the RC structure shows two 
cracks in the web with a similar inclination. 

The behaviour of the pre-stressed I-beam differs 
from the other structures essentially for the crack­
ing induced by the sliding action between the web 
and the compressed chord (Figure 11). This post­
cracking resistant mechanism is characterised by 
hardening as push-off test can prove (Khaloo, A.R. 
& Kim, 1997). A fan-shape strut originates up to 
the opening of an inclined crack that causes the 
structural failure. The increase of the shear strain 
read for the S gauge location (Figure 10) is justi­
fied by the progressive sliding of the first crack 
formed close to the beam-end. 
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Figure 6. V-y curves for type l(a) 2(b) tests on TT elements. 

4. DISCUSSION OF TEST RESULTS 

Various shear resistant mechanisms develop within 
the strnctures at issue and can interact at collapse. 
A first attempt to interpret the test results has been 
perfonned through formulae suggested by standard 
codes as well as available in the current literature 
(di Prisco & Romero, 1996). 

A rough evaluation is summarised in Table III 
(See Appendix I). The ratio between the expected 
shear-load capacity and the experimental one has 
been plotted for each test (Figure 12). Except for 
the Nielsen & Braestrnp's model, that roughly 
overestimates the shear capacity, the other fonnu­
lae are likely to account only for a limited fraction 
of the shear load carried by the strnctures. There­
fore, the superposition of the arch mechanism (Ta­
ble III; d) with a mechanism that computes all the 
web mechanisms (Table III; a, b or c) seems pre­
dict quite well the experimental values. It is worth 
to note that the superposition cannot compute both 
the mechanisms with their maximum load bearing 
capacity. The crack patterns at failure (Figure 11) 
reveal one dominant crack. Such a crack isolates 
an almost integer portion of the element close to 
the support, where an arch mechanism is likely to 
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develop, carrying a significant part of the total 
shear, besides the classical truss or comb mecha­
nism. A further contribution may come from a 
"fan-arch" mechanism that develops, besides the 
classical one, taking from the flexural deformation 
of the upper plate of the TT element. The increase 
in the shear load capacity offered by the rein­
forcement is emphasised, for type 2 tests, in Figure 
13.The contribution is traced as a function of a 
component of the crack opening displacement de­
tected by a 45° oriented gauge positioned along the 
dominant crack. It is worth to note that the passive 
confinement exerted by fibre pull-out less favoura­
bly interact with aggregate interlock than stirrups, 
but seems to be more efficient in arresting the 
crack propagation. 

A confirmation of all the above exposed hy­
potheses has been searched with the aid of finite 
element analysis, both in the linear-elastic and non­
linear field. Linear elastic analyses were per­
formed on a true scale 3D model, taking for the 
element cross section. 6(8)-node prism elements 
were used for the web(wing)-concrete, while the 
cables were modelled by means of bar elements, 
connected to the concrete nodes. Pre-stressing was 
assigned through an equivalent thermal strain of 
the bar elements. 
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In Figure 14 the mesh employed for such analysis 
is shown. Concrete was assigned E, = 40 GPa and 
v = 0.2; for pre-stressing steel Es = 200 GPa ,v = 

0.3 and fsy = 1900. MPa were chosen. 
Besides the elastic 3D analysis a 2D non-linear 

analysis was perfonned. The TT element was actu­
ally modelled as a panel, concrete in the upper and 
bottom chord having been assigned a fictitiously 
amplified stiffness to take for the different thick­
ness of the slab and of the bulbs respectively. Only 
concrete in the web inside the supports was treated 
by means of the crnsh-crack non-local damage 
model (di Prisco and Mazars, 1996; Ferrara and di 
Prisco, 2000); material in the web outside the sup­
ports as well as everywhere in the lower and upper 
chords was left simply linear elastic. Such a choice 
has to be motivated surely by reasons of computa­
tional convenience but also in order to prevent 
some spurious flexural damage detected in the 
lower bulb, if modelled as a damageable material. 
Furthermore, in order to fully exploit the benefits 
of non-local regularisation, and still for the sake of 
computational charges, the 2D model was actually 
reduced with respect to the true scale element. The 
ratio between this and the former was set equal to 
5, as a reasonable compromise between the geo­
metrical size of the finite element model and the 
minimum element size guaranteeing the effective­
ness of the non-local algorithm, for the assigned 
value of the characteristic length (h = d0 = 15 mm). 
Non-linear analysis was performed only for the 
case of FRC element tested according to load ar­
rangement 2. Materials properties, estimated on the 
basis of characterisation tests performed on a 
similar material, are hereafter summarised: 
Table II: material properties employed in numerical analyses 

f, IMPa) 61 
f, (MPa) 4.12 

CJ"' (MPa) 1.2 
G,(N/mm) 116 

A comparison between the 3D and the 2D re­
duced model, in the elastic field, can be done by 
observing, in Figure 15, normal and shear stresses 
at the bounds of web-field of the TT element in­
cluded between the left support and the load-point. 
Elastic analyses on the 3D and the 2D reduced 
model were perfonned by applying a load propor­
tionally scaled according to the adopted geometry 
scaling ratio. Curves in Figure 15 show a good cor­
respondence between the full scale 3D model and 
the 2D reduced one. Such curves also clearly show 
the presence of a "discrete" arch shear resistant 
mechanism, between the left support and the load­
point. The fan-shaped arch, "smeared" all over the 
web panel in the shear span, is likely to play a less 
relevant contribution, as the almost constant trend 
of both shear and normal stresses at the panel­
upper slab boundary is likely to confirm. 
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Figure 14. Mesh employed for 30 analysis of the TT element 
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Figure 15. Stresses at the bounds of the web panel 

The damage pattern at the computed maximum 
load (Figure 15) clearly shows, within an almost 
unifonnly damaged field, a diagonal crack, whose 
trend is likely to resemble the experimentally de­
tected one (Figure 11 ). The numerical analysis 
having been perforn1ed under load control and with 
linear elastic material in the lower bulb, it was not 
possible to follow the unstable branch after the 
maximum load. In such a stage the complete crack 
propagation up to the load point and downward, 
towards the left support though the lower bulb, was 
observed. Load-displacement curves, compared in 
Figure 16, show a quite good agreement between 
experiments and numerical predictions. As far as 
the 2D numerical curve is concerned, having the 
analysis been performed on a reduced-scale model, 
the size effect has also to be considered. To the 
authors' knowledge no reference could be found in 
the literature applying to the case at issue. A rough 



evaluation of the nominal shear strength, computed 
as 'tu = V max /bz, with z internal lever arm, yielded 
the following values: 

'tu= 12.2 MPa (numerical) 
'tu= 5.4 MPa (experimental). 

the ratio being roughly equal to --ls, close to the 
predictions of a classical LEFM size-effect law. 

Figure 15.Damage at peak load (2D non-local analysis) 
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Figure 16. Numerical/experimental load-displacement curves 

5 CONCLUDING REMARKS 

- Shear capacity of TT elements can be reliably 
predict by means of code formulae, considering, 
besides web mechanisms, the bearing capacity 
of a parallel-acting arch mechanism. Traditional 
web reinforcement makes the shear capacity to 
increase, also due to a positive interaction with 
aggregate interlock. 

- Fibre contribution can be estimated through 
equations proposed by Casanova et al.; an 
evaluation of the residual tensile stress has to be 
performed, in a reliable crack-opening range. 

- Fibre reinforcement can be designed as alterna­
tive to stirrups for weak reinforcement ratios on 
the basis of the following equation: 

lf 
a,,, =av! d'" = kp,f,y' 

f 

set k = 0.8 a sort of efficiency factor. Further ex­
periments need to check the dependence of k on 
the fiber volume fraction. 

- Non-local damage analysis on scaled models can 
be a valuable help for the interpretation of ex­
periments, provided that results were calibrated 
on a reliable size effect law. 
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Table III. Formulae for the shear capacity of tested structures 

APPENDIX I 
V = VR1+ Vwd 

VRI Structure with no shear reinforcement (EC2) 
V RI = [0.25 fctd K (l .2+40p,) + 0.15 Gerl bw d 

Vwd Shear capacity of the web reinforcement 
a Vwa = 0.9 bw d cotg\jl1 mw f, 2 

ffiwz = aswf w!bwfc? + ar VrT/ 1Jdrfc2 
Vin.var. Variable inclination truss model 

Vin. var. = ctgw row bw z fc2 

b 
VThurl Thurlimann model: V Thud. = 1,, bwd 

r,, 
-=2(m" +s-r) 
f,k 

S"r =CT,,, =arVrr~ /f,k(Jr /dr)77P 
f,k 

VNiels Nielsen - Braestrup model: V Nlchcn = r, bwd 

!_,,_=~[-co:, + ( v- 2, r )co" + ('° r v - ,; )] 
f,k 

c VRi!em RILEMmodel 
Cl Varch Arch mechanism capacity: 

VARCH 
R2 

= o.4f,A,d 
1 +}} 




