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Abstract

Hollow core slabs (HCS) are usually precast by extrusion and it is not easy to place stirrups; thus, it is
difficult to guarantee shear resistance in some cases. This paper describes an experience using fiber-

reinforced concrete (FRC) to produce HCS by extrusion to gain shear reinforcement.

An experimental program consisting of 26 HCS was developed. Elements were produced and tested in
shear according to the following variables: amount of steel fibers (0, 50 and 70 kg/m®) and a shear

span/depth (a/d) ratio of 2.3 to 4.4 and 8.6.

Different failure modes took place. Some of the main conclusions drawn were that fibers act as shear
reinforcement, HCS with fibers achieved greater loads than HCS without fiber reinforcement and with a

more ductile behavior.
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1. Introduction

Hollow core slabs (HCS) were developed in the 1950s when long-line prestressing techniques evolved
[1]. HCS are advanced products in the prestressed precast concrete industry, especially in terms of
efficient use of material (low self-weight), and given their high quality due to the efficient production line
manufacturing process [2, 3]. The extrusion method has a very widespread use and has been utilized to
produce inexpensive and easy-to-handle HCS [2, 4-11]. Nevertheless, the extrusion method is not without
its drawbacks because it does not allow shear reinforcement incorporation, and anchorage reinforcement

by bond is produced. Shear on HCS and its failure modes have been studied by different authors [1-14],



who analyzed various failure modes: flexure, anchorage and shear (by web shear tension or by shear-
flexure).

The parameters which mainly affect the shear strength of prestressed precast HCS are amount of prestress
force, concrete strength (compressive and tensile strengths), loading conditions, and interlocking forces in
the shear crack.

Given the circumstances, introducing fibers into concrete could improve the shear capacity [15-17] of the
HCS. Paine et al. [8-11, 14] experimentally studied shear on HCS made with fiber-reinforced concrete
(FRC), using 48kg/m? of hooked-end steel fibers, 30 mm in length, with an aspect ratio of 60 by testing
them with an a/d of 2, 3 and 4.5. The conclusions they drew were: manufacture of extruded HCS
reinforced with steel fibers has been shown to be practicable; addition of steel fibers to HCS increases the
first crack and ultimate shear capacity; the nature of improvement was dependent on the a/d ratio; the
post-cracking ductility of fiber-reinforced slabs also substantially improved in comparison with plain
slabs; a safer, controlled failure was observed.

Nowadays, the relevant method to calculate HCS is given in European Standard EN 1168+A2 [18]. This
Standard deals with the requirements and the basic performance criteria and specifies minimum values
where appropriate for precast hollow core slabs made of prestressed or reinforced normal weight concrete
according to EN 1992-1-1:2004. This European Standard covers terminology, performance criteria,
tolerances, relevant physical properties, special test methods, and special aspects of transport and
erection. However, it is not contemplated the contribution of steel fibers to the HCS resistance, in those
cases MC2010 [19, 20] and RILEM [21] approach will be used to determine the contribution of steel

fibers to shear resistance.

2. Research significance

Given the impossibility of placing stirrups in the HCS produced by extrusion, introduction of steel fibers
into concrete can prove to be a system that helps improve shear resistance. However, the literature
includes very few works on the shear behavior of HCS made with FRC and does not offer

characterization tests in relation to HCS made with FRC which can be adapted to Current Design Codes.

In this paper, introduction of FRC as shear reinforcement in a continuous way has been conducted in a

precast plant where 26 real-scale HCS were produced. The extrusion process was carried out with



concretes with several amounts of steel fibers: 0, 50 and 70kg/m?. Hence, the shear behavior of HCS

produced with two prestressing levels and different amounts of steel fibers has been studied.
3. Experimental investigation

Twenty-six HCS were tested and classified into two different series, mainly differenced by the tension in

the prestressing strands and the different design failure modes expected in them.

In Series I, HCS and their test disposition were designed so that failures were produced by shear-flexure.
For Series 11, a program with greater variability of predictable failure modes was developed, and was
based on a design for more heavily prestressed HCS which contemplates a wider range of fiber

reinforcement amounts.

3.1. Hollow core slabs’ geometry.

All the HCS presented the same geometry (Figure 1) and a depth of 260mm. This geometry is within the
scope of application of the European Standard EN 1168+A2 [18]. A different reinforcement disposition,
characterized by the number and diameter of wire or strand, its position and tension applied (Figure 1 and
Table 1), was tested in each Series. In Table 1, “Initial tensile” is the prestressing tension applied prior to
discounting prestressing losses; riy is the cover on the bottom of HCS; p; is the reinforcement ratio for
longitudinal reinforcement (wires or 7-wire strands in this case) and o, is the average stress acting on the
concrete cross-section for an axial force due to prestressing actions. Series | and Il adopted the HCS

notations used in the precast industry: PF 26.20 and PF 26.16, respectively.

As Table 1 shows, Series | (PF26.20) included wires (Y 1860 C 5.0) with a diameter of 5mm and 7-wire
strands (Y 1860 S7 9.3), thus conforming a strand with a nominal diameter equal to 9.3mm (the notation
is defined in UNE 36094-97 and EN 10027-1) with a yielding stress f,, equal to 1637MPa and, a tensile
strength of 1860MPa for the wires, and yielding stress f, equal to 1581MPa and a tensile strength of
1860MPa for strands. In Series 1l (PF26.16), on the other hand, only those wires with the same

characteristics as those in Series | were used. All these values were nominal.

3.2. Concrete mix design.
One important goal was to produce HCS by extrusion with very dry concretes by adding different
amounts of steel fibers (0, 50 and 70kg/m®). To carry out the desired objective, several mix designs were

employed.



The materials used in this study were a CEM | 52.5R cement type and calcareous crushed aggregates:
0/4mm-sized sand, 0/6mm-sized sand and 6/10mm-sized gravel. The steel fibers utilized were low carbon
steel with hooked-end (RC 65/40 BN), 40mm in length, 0.62mm in diameter, with an aspect ratio
(length/diameter) equal to 65.

Two concrete admixtures were used: an accelerating high range water reducer/superplasticizer and a
specific admixture for extruded concretes.

Table 2 presents the mix designs.

The concrete without fibers was used in the daily HCS production in the collaborating precast industry.
Mechanical properties were controlled in one concrete sample by means of the compressive strength test
on 150 x 300 mm cylinders (EN 12390-3) and the flexural tensile strength test (EN 14651). The following
were obtained with the flexural test: the residual flexural tensile strength (fr;), which corresponds to the
crack mouth opening displacements (CMOD) linked to the crack openings of 0.5, 1.5, 2.5 and 3.5mm
(1=1,2,3,4 respectively).

Table 3 provides the mechanical properties of the different concrete mixes. All the values were obtained
as an average of three specimens made with two different samples for each concrete type 28 days after
casting HCS.

3.3. HCS production.

A continuous slab was casted. It occupied a complete lane in which prestressed strands were positioned;
the machine received the concrete and HCS were formed by extrusion (Figure 2).

As expected [14], some problems initially occurred when a new concrete type was produced. The initial
problems were related with introducing fibers into a very dry concrete mix to obtain an optimum concrete
ready to use in the extrusion process. Yet after the preliminary adjustments in the process, these problems
no longer appeared and a good surface aspect was achieved (Figure 3). This fact demonstrates that it is
possible to produce HCS with FRC in a normal daily production cycle in a precast plant.

Only some slabs had undulations on their surface, webs of different widths and defects on the slab

surface, which were created in some zones where fibers blocked the extrusion machine.

3.4. Test set-up.

HCS were subjected to a four-point test according to the disposition shown in Figure 4. Figure 5 depicts

the test set-up. Tests were done in the precast industry.



Loads and supports were disposed into two cross lines. The shear span/depth (a/d) ratio varied between 3
and 4.4 in Series I. In Series Il, there were three different a/d ratios: 2.3, 3.4 and 8.6. Table 4 indicates all
these parameters. In order to facilitate their identification and ulterior analysis, the HCS Specimen ID
took the following structure:

{Series: I or 11} - {Amount of fibers (kg/m%)} - {a/d ratio} {a, b, ¢, ...}

If there were identical HCS, they were differentiated by placing: a, b, c, etc. So, an HCS from Series Il
with 50kg/m?® of fibers, and with a/d=3.4, which had other identical HCS, would be: 11-50-3.4b.

In order to analyze the previous precrack effect, three HCS (14, 18 and 24) were precracked before the
shear test by loading the HCS with a longer span length (a/d=4.9) since the maximum flexure crack width
reached was 0.2mm. In these precrack steps, a shear of 161kN was accomplished.

After the flexure precracking tests, supports were moved to adapt them to shear tests conditions so that
shear failure was on the flexure precracked zone.

Table 4 shows not only the variables analyzed for each test, but also the maximum load reached and the
main failure mode. Figure 6 indicates the evaluated section for web shear tension failures which, in this
case, had been adopted as the intersection between the centroidal axis of the HCS and the failure line that
emerges from the edge of the support with an angle of 35 ° to the horizontal axis, as indicated EN
1168+A2 [18], which delimitates the zone affected by the support reaction.

Several HCS were tested with a critical length (I.i;) below the transfer length (1), which was evaluated
according to the European standard EN 1168+A2 [18] which, in this aspect, refers to the standard EN
1992-1-1 [22]. In some HCSs, this caused anchorage failure (HCS 4, 12 and 22). Nevertheless HCS 9,
which was also performed with a critical length below the transfer length failure, there was no anchorage
failure; the reason was that the crack which caused the failure was at a long distance from the cantilever.

The values are presented in Table 4.

4. Tests results and analysis

4.1. Failure modes.

Different failure modes were observed. The following notation was used:
-SHEAR FAILURE MODES:

-SF: Shear-flexure failure, Fig.7.



On the shear-flexure failures, flexure cracks initially developed, but eventually one of them caused the
failure. The failure crack was always situated in the shear span close to one of the load points. Firstly, the
crack grew vertically to finally turn in direction by taking a shear slope near the top.

-S: Web shear tension failure of concrete; Fig. 5.

In most cases, failure was caused by diagonal shear tension. Shear failure was produced by inclined
cracks due to principal tensile stresses. On these slabs, a transverse reinforcement was not placed to resist
shear, so fibers, prestressing strands and the concrete zone in compression had to resist shear solicitations;
if shear grew, the crack progressed upwardly to the HCS top.

-FLEXURE MODE (Fig.8):

-F: Flexure failure.

For the greatest a/d ratio in Series Il (a/d=8.6), several flexure cracks developed vertically toward the top
of the HCS, and one of these cracks continued to grow until a flexure failure took place.

-FAILURE ON ANCHORAGE OF PRESTRESSING STRANDS:

-A: Anchorage failure of strands; Fig.9.

During the tests, slippage on strands was also detected and, in most cases, this led to a diagonal crack.

4.2. Load-Deflection Response.

Figure 10 plots the deflections on the mid-span for the most representative HCS of Series I.

As expected, HCS 4 failed through anchorage and the failure was brittle. All the other HCS failed through
shear-flexure and showed a ductile failure. The maximum load increased when shear span diminished.
HCS with fibers exhibited greater shear capacities.

In Figures 11-a, 11-b and 11-c, the load-deflections curves of Series Il are plotted and classified by fibers
amount according to the shear span (a/d) ratio. Three behaviors are distinguished. HCS with a/d=2.3
accomplished the greatest loads with brittle failure through a diagonal shear (S).

In these cases, and especially when the critical length I was close to the transfer length I, (11-0-2.3 and
11-70-2.3b), final failure was caused by anchorage. For HCS 11-70-2.3a, the main failure was caused

by web shear tension failure (S), but it seems clear that the contribution of prestressing was

weak. Signs of this were reflected by the low loads reached and the embrittlement observed after the

peak. In this case, the I was only a few millimeters above .



The lowest ultimate loads corresponded to the HCS with a/d=8.6. In this supports-loads distribution, the
highest deflections were achieved, showing clear ductile failure by flexure (F) or shear-flexure (SF). In
these cases, behavior was similar for the three types of concrete as the influence of fibers was only
marginal compared with the influence of the prestress.

The HCS with an a/d ratio=3.4 showed intermediate behavior by always cracking through web shear
tension failure (S). The tendency of increasing shear capacity with an increasing amount of fibers is
reported.

For the a/d =3.4 ratio, we can see (Fig 11-d) that the HCS, which previously cracked in flexure (HCS 14,
18 and 24), accomplished a more ductile behavior with greater loads than their equivalent non precracked

HCS. Moreover, dependence on fiber amount was clearly evident.

4.3. Shear values according to current Design Codes and failure modes discussion.

Some authors like Pisanty [7] and Bertagnoli [12], among others, claimed that the model proposed in EC2
[22] to evaluate the uncracked shear capacity of prestressed elements overestimated the real ultimate
strength. For this reason, the standard EN 1168+A2 [18] proposes a reduction of shear resistance
proposed by the EC2 [22]. Therefore, the shear capacity by diagonal shear tension was calculated
assuming the region as uncracked in bending using the formula (1) of EN 1168+A2 [18], as this standard
has no formulation to take into account fiber contribution, henceforth it will be calculated by following
the RILEM formula [21]; the values are indicated in Table 5 (see Notation from Appendix A). The safety
margins (SM) were obtained as Vst / Vineo (the shear test value divided by the shear theoretical value).

Vrac=¢- (I'b/S) ! (fct2+B'al'ch'fct) 1)

Shear strength capacities were calculated by the formulation of standard EN 1168+A2 [18] under cracked
conditions (based on EC2 [22]) adding fibers contribution (RILEM [21]), and MC2010 [19, 20]. To
obtain the elements’ shear theoretical values, each HCS can be approximated to a single double T beam;
so web width b, was the sum of all the webs widths which composed the HCS. For the calculations, the
fact that all the webs contributed in the same manner to resist shear was taken into account. However,
some authors, like Elliott [10], suggested that the shear capacity of HCS was not the same as the shear
capacity of each component section, unless web widths were all exactly equal; thus, shear failure finally
occurred in the critical web. Therefore, it was reasonable to calculate shear by not taking into account all
the webs composing HCS. As HCS were treated as a sum of the double T beams, the contribution of the

flange to the shear was considered in the calculations for the HCS made from fibers by means of factor k;



(Appendix B), present in the RILEM formula. This value (k) was equal to 1.036 for all the cases. Neither
EN 1168+A2 nor MC2010 considered flanges contribution to shear. For the HCS made without fibers,
MC2010 shear strength was calculated by applying the most accurate form (Level Il of Approximation),
which permitted the calculation of ¢, (see Appendix A) and directly calculated the corresponding
inclination of the compression stresses (0). Level I1I of Approximation was based directly on the
equations of the Modified Compression Field Theory (MCFT) [23]. The HCS with fibers were calculated
by applying the formula proposed in MC2010 (see Table 6), which included the effect of fibers inside the
concrete matrix contribution.

To obtain real predictable resistance concrete, the partial safety factors for material properties were
considered in the calculation as y=1 and ys=1 (Tables 5 to 7). Moreover, average values were utilized
instead of characteristic values present in the formulas.

Code formulae included limitations on several parameters, such as the p, reinforcement ratio for
longitudinal reinforcement, the & factor which bears in mind size effect, the oy average stress acting on
the concrete cross-section for an axial force due to prestressing actions, and the minimum concrete
contribution due to shear V, , as presented in Appendix B. None of these limitations affected the values
calculated in the beams tested for this paper.

The safety margins (SM= Vi / Vineo) Were used as a reference parameter to compare the results obtained

from the different beams and Codes.

Table 7 offers the shear values (experimental and theoretical) and their SM; it also indicates the shear
values corresponding to the flexure failure mode and their corresponding SM. An ultimate flexural
moment was calculated by taking into account the fibers contribution, according to MC2010. In the SM

columns (Table 7), the values exceeding the unit are shown in boldface.

4.3.1 Series I: Shear values according to current Design Codes.

By way of general conclusion, and as expected, all the slabs in Series | presented a failure mode through
shear-flexure, therefore theoretical shear values were calculated in regions cracked in bending.

Figure 12 plots the SM of all the HCS in Series I, except HCS (1-50-3.1), which had a failure through
bonding. We can observe that the shear SM and the flexure SM are higher than the unit. These results
demonstrate that exceeding both shear and flexural theoretical strengths at the same time is possible.

However, three HCS (1-50-3.0a, 1-50-3.0b and 1-50-3.1c) achieved higher SM in the shear than the other



HCS, and this was due to the lower a/d value. We can also note how the MC2010 provisions are better
balanced than those from EN1168+RILEM in terms of the elements made with or without fibers.

EN1168+RILEM are less conservative than MC2010 when fibers are present.

4.3.2 Series I1: Shear values according to current Design Codes.

Figure 13 plots the shear and flexure SM for the tested Series |1 HCS, assuming regions cracked in
bending for EN1168. As with Series I, MC2010 was better balanced than EN1168 when comparing the
elements with or without fibers for the same a/d. In any case, the results are very similar for both Code
provisions.

Nevertheless, a clear sensitivity to the a/d ratio was detected. Shear SM were greater for the HCS with a
low a/d, and obtained values close to 2. On the other hand, shear strength values were more balanced
when a/d ratio was higher (3.4). Only HCS 11-50-3.4b shows a shear SM lower than 1; it may be justified
by a bad surface finishing.

Evidently when flexural failure was observed (11-0-8.6, 11-50-8.6, 11-70-8.6), failure loads did not reach
the theoretical shear strength (see green boxes in Fig.13).

In Figure 14, only HCS with web shear tension failures have been represented, plotting together the SM
values calculated with both hypotheses: regions cracked in bending (as were plotted in Figure 13) and
regions uncracked in bending (Table 5), which means pure shear tension failures. As can be seen in
Figure 14, for all HCS, except the 11-50-3.4b (because of bad surface finishing), more adjusted SM were
obtained assuming uncracked region.

Precracking HCS before shear testing them implied an increase in bearing load that was equal to 24.92%,
31.62% and 21.60% for HCS made with 0 kg/m?®, 50 kg/m® and 70 kg/m?® of fibers, respectively. Figure
15 shows this tendency.

It is evident that flexural precracking not only does not accelerate HCS failure, but makes diagonal
tension crack propagation difficult and improves HCS behavior, observing that precracked HCS reached
higher ultimate loads than their analogous non precracked (Table 7).

From this Series, we can observe that the Codes are more conservative for the HCS without fibers
following the criterion that better adjusts provisions in ductile members [24, 25] because the elements
reinforced with fibers display a more ductile behavior than those without fibers. This fact, which the

present work detects, agrees with the observations made by Peaston et al. [14].



If the SM in flexure (that is, a capacity achieved in flexure at the time of failure) are represented against
the a/d ratio (Figure 16), then the points corresponding to the fiber-reinforced concrete HCS (Series I1),
which presented a shear tension failure, are over Kani’s valley [26]. If the points from FRC elements from
Series | (shear compression failure) are observed, then is clear that flexural capacity is also greater than
that expected according to Kani’s valley. Neither the elements that failed by flexure nor any FRC
elements failing in shear show the same tendency.

These results agree with Imam [27], who suggested that the region of diagonal failure disappears
completely in Kani’s valley when increasing fiber amount and efficiency.

In this way, use of fibers is a possible solution to overcome shear failure since fibers are capable of

increasing element strength to its full flexural capacity.

5. Conclusions

According to the tests, the following conclusions can be drawn:

-1t is possible to produce fiber-reinforced concrete hollow core slabs (HCS) without encountering
technical problems.

-An extensive experimental program has been developed to analyze the shear strength and failure
behavior of HCS with different failure modes. The effect of fiber amount and shear span on behavior has
been analyzed.

-HCS with fibers reached higher shear capacities than those without fiber reinforcement, and obtain a
more ductile behavior. This is a key advantage given the impossibility of placing transverse
reinforcements on slabs.

-A clear influence of the a/d ratio on shear strength and on shear behavior has also been detected.
-Model Code 2010 and European standard EN1168+A2 approaches were used to evaluate the HCS shear
capacity for both traditional and FRC elements assuming regions cracked in bending. In the EN1168
approach, the fibers effect was introduced as proposed by RILEM. Codes provisions are very similar and
are very conservative when the HCS made with FRC shear strength are calculated for loads applied with
low a/d and brittle failures caused by web shear tension failure (S). However, they are well adjusted for
high a/d ratio values and ductile failures caused by flexure (F) or shear-flexure (SF).

-The model proposed in EN1168 to evaluate the shear capacity in regions uncracked in bending was the

most adjusted for HCS with web shear tension failures (S).



-The HCS which were previously precracked in flexure show improved shear behavior, and obtain higher
safety margins (20-30%) than not precracked HCS.
-Use of fibers is a possible solution to overcome shear failure since fibers are capable of increasing

element strength to its full flexural capacity, thus attenuating Kani’s valley.
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FIGURE CAPTIONS

Fig.1. Cross-section of HCS. Dimensions in millimeters

Fig. 2. Extrusion process

Fig. 3. How the surface of HCS looked

Fig.4. Loads and supports distribution on HCS

Fig.5. Test set-up. Shear diagonal tension failure

Fig.6. Section took in consideration in web shear tension failure calculations.

Fig. 7. Shear-flexure failure

Fig. 8. Flexure failure



Fig. 9. Anchorage failure of strands
Fig. 9-a. Sliding of the strands in concrete
Fig. 9-b. Crack caused by anchorage failure
Fig. 10. Load-deflection response (Series I)
Fig. 11. Load-deflection response (Series I1)
Fig. 11-a. HCS with Okg/m? of fibers
Fig. 11-b. HCS with 50kg/m? of fibers
Fig. 11-c. HCS with 70kg/m? of fibers
Fig. 11-d. HCS with a/d=3.4
Fig. 12. Shear safety margins (Series I)
Fig. 13. Shear safety margins (Series II)
Fig. 14. Shear safety margins of HCS with web shear tension failure (Series I1).
Fig. 15. Precrack influence on shear strength for HCS with a/d=3.4

Fig. 16. Own database inside Kani’s valley



Table 1
Reinforcement characteristics

nital o REINFORCEMENT POSITION |~ _
H H inf | c
Series | Slab t[f\;l‘;';‘i losses (%) (mm) | U vV X  Z | ® (MPa
| PF2620 125 19.7 30 | 265 5093 = 445 | 05 287
Il | PF26.16 1255 27.2 25 | 2505 - 965 495 405 | 1 569




Table 2
Mix design of the HCS tested.

(kg/m®) TC FRC-50 FRC-70
Coarse aggregate (6/10mm) 843

Sand (0/4mm) 690

Sand (0/6mm) 311

Cement 411

Water (liters) 198

W/C ratio 0.48

Fibers 0 50 70
Superplasticizer (liters) 1.5 15 1.6
Admixture for extruded concretes (1) 0.8 0.8 0.7
Mixing time (min) 1.5 4.3 5.4




Table 3
Concrete mechanical properties. Average values.

Series Concrete f. [MPa] fr1 [MPa] fro [MPa] frs [MPa] fra [MPa]
TC 54.2 - - - -
H(PF2620)  ppclsp 50.4 2.75 2.85 2.83 2.66
TC 438 - - - -
Il (PF26.16)  FRC-50 38.2 4.5 4.66 4.70 4.37
FRC-70 35.9 5.74 6.03 5.80 5.47




Table 4

Shear tests description and Specimen ID to each HCS

Fibers — _,,  Cantilever I vV Failure
Series | HCS ~ Specimen ID  amount i span It (Mm) orit k‘e,\jt Mod
(kg/m®) ratio (mm)* (mm) (kN) ode

1 1-0-4.1 4.1 600 785.66 131.15 SF

2 1-0-4.3a 0 4.3 630 400.20 815.66 131.11 SF

3 1-0-4.3b 4.3 630 815.66 134.90 SF

4 1-50-3.1 3.1 120 305.66 160.19 A

5 1-50-3.9a 3.9 700 885.66 162.10 SF

| 6 1-50-3.9b 3.9 700 885.66 162.10 SF
7 1-50-4.3 4.3 860 1045.66  152.61 SF

8 1-50-4.4 0 44 870 42007 105566 15862 SF

9 1-50-3.0a 3.0 120 305.66 172.95 SF

10 1-50-3.0b 3.0 2120 2305.66  200.63 SF

11 1-50-3.1c 3.1 2035 2220.66  189.43 SF

12 11-0-2.3 2.3 210 395.66 310.80 A

13 11-0-3.4 0 3.4 270 350.62 455.66 213.10 S

14 11-0-3.4 (P) 34 2105 ' 2290.66  266.20 S

15 11-0-8.6 8.6 250 435.66 131.60 SF

16 11-50-2.3 2.3 500 685.66 410.00 S

17 11-50-3.4a 3.4 225 410.66 236.70 S

18 11-50-3.4 (P) 50 3.4 260 384.10 445.66 288.70 S

1 19 11-50-3.4b 3.4 2500 2685.66  202.00 S
20 11-50-8.6 8.6 270 455.66 146.10 F

21 11-70-2.3a 2.3 225 410.66 310.70 S

22 11-70-2.3b 2.3 215 400.66 310.70 A

23 11-70-3.4a 3.4 250 435.66 266.70 S

24 11-70-34 (P) [ 290 40033 47566 31500 S

25 11-70-3.4b 3.4 290 475.66 251.40 S

26 11-70-8.6 8.6 230 415.66 135.20 F

SF: Shear-flexure failure; S: Web shear tension failure; F: flexure failure; A: Anchorage failure of
strands. (P)=Hollow core slab precracked in flexure; *Values correspond to the cantilever span nearest
the failure side; ly: basic value of the transmission length; l;: distance between the end of the slab and

the critical section.



Table 5
Shear resistance (kN) of the regions uncracked in bending according to EN 1168+A2 and RILEM

H Vtheoy
HCS | Specimen D Vs Fl\?llt!gge (EN1\1/Féd§+A2) RI |\_/|sz uncracked ?\'\/;I
in bending
12 11-0-2.3 310.80 A 191.58 0.00 191.58 1.62
13 11-0-3.4 213.10 S 207.30 0.00 207.30 1.03
16 11-50-2.3 410.00 S 230.04 78.77 308.81 1.33
17 11-50-3.4a  236.70 S 170.22 78.77 248.99 0.95
19 11-50-3.4b  202.00 S 258.44 78.77 337.21 0.60
21 11-70-2.3a  310.70 S 159.29 98.83 258.12 1.20
22 11-70-2.3b  310.70 A 156.75 98.83 255.58 1.22
23 11-70-3.4a  266.70 S 165.45 98.83 264.28 1.01
25 11-70-3.4b  251.40 S 174.87 98.83 273.70 0.92




Table 6
Current Codes shear formulas for elements without stirrups for regions cracked in bending.

Code Theoretical Shear (V)

Concrete contribution V,

Fibers contribution Vjy,

EN 1168+A2 [18] + |V, =[(0.18/y)-&-(100-p;- Co)™*+ 0.15-64]-b,-d

RILEM [21] Vi =kr0.7-&-0.18 (fra/yc) -Do-d

MC2010 [19, 20]

Voo =ky:(Vfuelve)-z-bo  (Level Il Approximation) | ==-----
Without fibers:

MC2010 [19, 20] Ve + Vi = [(0.18/y)-E-(100-py- C)*+ 0.15- 6] by-d

With fibers: Co=(1+7.5- (fruw/fer)) - Tk




Table 7
Shear values (kN) calculated without safety factors using current Design Codes
(average values for mechanical properties: compression and residual flexural strength).

HCS | Specimen ID Viest F&gz;e VELEXURE ?2/; VEN1168+RILEM EN?l’ZLEZ\Ii)EM Vmczo10 S’\:\(/:IZSZ)
1 1-0-4.1 131.15 SF 133.86 0.98 100.55 1.30 104.16 1.26
2 1-0-4.3a 131.11 SF 126.63 1.04 102.25 1.28 101.80 1.29
3 1-0-4.3b 134.90 SF 125.21 1.08 102.25 1.32 101.31 1.33
4 1-50-3.1 160.19 A 196.42 0.82 149.18 1.07 128.10 1.25
5 1-50-3.9a 162.10 SF 153.86 1.05 149.18 1.09 128.10 1.27
6 1-50-3.9b 162.10 SF 153.86 1.05 149.18 1.09 128.10 1.27
7 1-50-4.3 152.61 SF 139.87 1.09 149.18 1.02 128.10 1.19
8 1-50-4.4 158.62 SF 137.79 1.15 149.18 1.06 128.10 1.24
9 1-50-3.0a 172.95 SF 199.25 0.87 149.18 1.16 128.10 1.35
10 1-50-3.0b 200.63 SF 197.82 1.01 149.18 1.34 128.10 157
11 1-50-3.1c 189.43 SF 197.12 0.96 149.18 1.27 128.10 1.48
12 11-0-2.3 310.80 A 560.58 0.55 150.10 2.07 182.42 1.70
13 11-0-3.4 213.10 S 373.72 0.57 150.10 142 182.42 1.17
14 11-0-3.4 (P) 266.20 S 373.72 0.71 150.10 1.77 182.42 1.46
15 11-0-8.6 131.60 SF 149.49 0.88 150.10 0.88 115.25 1.14
16 11-50-2.3 410.00 S 546.11 0.75 224.62 1.83 200.81 2.04
17 11-50-3.4a 236.70 S 364.07 0.65 224.62 1.05 200.81 1.18
18 11-50-3.4 (P)  288.70 S 364.07 0.79 224.62 1.29 200.81 144
19 11-50-3.4b 202.00 S 364.07 0.55 224.62 0.90 200.81 1.01
20 11-50-8.6 146.10 F 144.13 1.01 224.62 0.65 200.81 0.73
21 11-70-2.3a 310.70 S 540.50 0.57 243.15 1.28 207.60 1.50
22 11-70-2.3b 310.70 A 540.50 0.57 243.15 1.28 207.60 1.50
23 11-70-3.4a 266.70 S 360.34 0.74 243.15 1.10 207.60 1.28
24 11-70-3.4 (P)  315.00 S 360.34 0.87 243.15 1.30 207.60 1.52
25 11-70-3.4b 251.40 S 360.34 0.70 243.15 1.03 207.60 121
26 11-70-8.6 135.20 F 144.13 0.94 243.15 0.56 207.60 0.65

P=Hollow core slab precracked in flexure; *Bond failure.
Failures: SF: Shear-flexure failure; S: Web shear tension failure; F: flexure failure; A: Anchorage failure of strands.



Appendix A. Notation

Cross-sectional area of prestressed reinforcement

Cross-sectional area of longitudinal tension reinforcement

flange width

web width

effective depth

characteristic value of the tensile strength for the concrete matrix

characteristic ultimate residual tensile strength value for fiber-reinforced concrete

stress in strands when the strain in the surrounding concrete is zero

residual flexural tensile strength corresponding to CMOD=2.5mm (according to EN 14645)
residual flexural tensile strength corresponding to CMOD=3.5mm (according to EN 14645)
yielding strength of shear reinforcement steel

second moment of area

factor to take into account the flanges contribution in the T-sections (RILEM)

upper bound value of the transmission length of the prestressing element: l,,=1.21,
distance of section considered from starting point of the transmission length

first moment of area above and about the centroidal axis

design shear resistance attributed to concrete

design shear resistance attributed to fibers

design shear resistance

internal lever arm corresponding to the maximum bending time. In the shear analysis, an
approximate value of z=0.9-d can normally be used.

=I,/l,p<I for pretensioned tendons

reduction factor referred to the transmission length (=0.9)

partial safety factor for concrete material properties

partial safety factor for the material properties of reinforcement and prestressing steel
longitudinal strain at the element’s mid-depth

inclination of compression stresses

factor that takes into account size effect

reinforcement ratio for longitudinal reinforcement

average stress acting on the concrete cross-section for an axial force due to prestressing actions
reduction factor (¢p=0.8)



Appendix B. Parameters determination and their limitations

Common limitations for all Codes:

£ =1+V(200/d) < 2.0

pi= (AstAp)/(by-d)< 0.02

Particular limitations of each Code:
oac=[(Ni+P/(by-d)]<0.2-f (EC2 and MC2010 for FRC)
k= 1+n-(hi/b,)- (he/d) < 1.5 (RILEM)

n=[(bs-b,)/h¢]<3 and n<(3-by/hy) (RILEM)

Veu, min = [0.035-32.£, Y24+ 0.15-64]-b,-d (EC2 and MC2010 for FRC)
Parameters influencing V., (MC2010):

0 =29°+7000-¢&,

&=[Mgd/z + Vgg + 0.5-Ngg — Ap-Too] / [2-(Es-As + Ep-Ap)]
k,=0.4-1300 / [(1 +1500-&,)-(1000 + 0.7-kyy'z)] if p,=0
k,=0.4 /(1 +1500-&,) if pyy>0.08Vfy / f

(B.1)
(B.2)

(B.3)
(B.4)
(B.5)
(B.6)

(B.7)
(B.8)
(B.9)
(B.10)
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Fig.1. Cross-section of HCS. Dimensions in millimeters




Fig. 2. Extrusion process



Fig. 3. How the surface of HCS looked
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Fig.4. Loads and supports distribution on HCS



Fig.5. Test set-up. Shear diagonal tension failure
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Fig.6. Section took in consideration in web shear tension failure calculations.



Fig. 7. Shear-flexure failure.



Fig. 8. Flexure failure.



Fig. 9a. Sliding of the strands in concrete Fig. 9b. Crack caused by anchorage failure

Fig. 9. Anchorage failure of strands
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Fig. 10. Load-deflection response (Series I).
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Fig. 11-c. HCS with 70kg/m? of fibers
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Fig. 11. Load-deflection response (Series I1).
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Fig. 12. Shear safety margins (Series I).
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Fig. 13. Shear safety margins assuming regions cracked in bending (Series I1).
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Fig. 14. Shear safety margins of HCS with web shear tension failure (Series I1).
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