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Abstract The paper presents an experimental pro-

gram carried out to check the load bearing capacity of

a steel fibre reinforced concrete (SFRC) floor in

northern Italy. The extensive mechanical characteri-

zation focused on the suitability of 3 non-standardized

test methods for quality control and tensile constitu-

tive curve assessment was performed, this consisting

of: uniaxial tensile test (UTT), double edge wedge

splitting test (DEWST) and double punching test

(DPT) to characterize the post-cracking mechanical

properties of the material. The joint experimental

programme, carried out at the Politecnico di Milano

and at the Universitat Politècnica de Catalunya,

included the flexural characterization of four shallow

beams (1.5 9 0.5 9 0.25 m3) and six standard

notched beams (0.55 9 0.15 9 0.15 m3). All the

samples were produced from the same batch and with

the same SFRC mix which was applied for the floor.

After that, 192 cores were drilled from the shallow

beams and subjected to either UTTs, DEWSTs or

DPTs. The stress level, the scatter and the constitutive

curves derived from the non-standardized tests were

identified and analysed. The calculated constitutive

curves were used to predict the behaviour of the

shallow beams.

Keywords Fibre reinforced concrete (FRC) � SFRC
floors � Elevated slabs � Uniaxial tensile test (UTT) �
Indirect tensile tests �Double edge wedge splitting test
(DEWST) � Double punching test (DPT)

1 Introduction

Steel fibre-reinforced concrete (SFRC) is a well-

established building material [1, 2] widely used for the

construction of structures such as industrial pavements

[3–5], sewer pipes [6–8], shotcrete linings [9, 10],

precast segmental linings [11–14] and foundation

slabs [15, 16] which are structurally redundant. SFRC

is particularly attractive for such structures as it

enables reinforcement and cross-sectional
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optimizations, simplification of the casting procedure,

and durability improvement due to the enhanced crack

opening control. In comparison with the consolidated

applications mentioned, the use of steel fibres as the

main reinforcement in elevated slabs has increased in

the last 15 years, also because of the development of

dedicated codes [17–22]. Successful examples of

SFRC elevated slabs usually employ traditional steel

high-bond bars in conjunction with steel fibres in

critical regions to enhance robustness and to activate

ductile failure mechanisms at the onset of collapse.

The design philosophy foresees that the fibres are

entrusted with the ‘‘average’’ values of bending

moment acting on the elevated slab, while the peak

stresses are entrusted to ordinary reinforcement in

areas where a higher structural demand (bending

moments) is expected. The addition of fibres in a

reinforced concrete floor at the serviceability limit

state allows reducing the crack opening and thus the

stress levels in the steel bars in correspondence with

the crack. This leads to a potential increase of

durability of the structure. At the ultimate limit state,

the addition of fibres allows increasing the ultimate

bending capacity—the entire bending capacity in

those sections without reinforcing bars—and ultimate

shear capacity. SFRC slabs represent a competitive

solution from both economic and technical viewpoints

[23]. SFRC applications [24–31] generally entail the

execution of tests as a first step to assess the post-

cracking behaviour or constitutive equation [32–34] in

terms of stress–strain (r� e) or stress–crack width

(r� w) relationships, which are used for the structural

design or in the selection of a SFRC mix compliant

with the structural design requirements. During con-

struction, quality control tests have to be performed

systematically to confirm the continued suitability of

the SFRC mechanical performance. The uniaxial

tensile test (UTT) is the most representative method

to determine the uniaxial post-cracking behaviour of

FRC as the results obtained can be directly translated

into a uniaxial constitutive relationship. However,

uniaxial tensile tests are prone to a number of

execution challenges [2, 35] and present a high scatter

in residual tensile strength and toughness (coefficients

of variation above 30% according to Stroband [36]).

For practical reasons, standards and codes recommend

the use of flexural tests on prismatic specimens. The

two best-known and widely used tests are the three-

point bending test [37–39] and the four-point bending

test [40, 41]. These tests are simple but also have a

high scatter of the results, often above 20% [42, 43],

which compromises their use for systematic quality

control.

Simpler non-standardized methods have been used

for material characterization, namely round determi-

nate panel tests [44, 45] and the wedge-splitting tensile

tests [46]. The latter was modified at the Politecnico di

Milano by di Prisco et al. [47], who introduced a

brasilian test with two-notched specimen leading to

the proposal of the Double Edge Wedge Splitting test

(DEWST) to obtain information about the uniaxial

tensile behaviour as a result of a compression test,

removing the interaction between compressive and

tensile stresses in the softening response. Another idea

related to the same aim is the double punch test

formerly presented by Chen [48] to measure the tensile

strength of plain concrete [49, 50]; the test was

adapted at the Universitat Politècnica de Catalunya by

Molins et al. [43] to assess the residual tensile strength

and toughness of FRC, leading to the so-called

Barcelona test or Double Punch Test (DPT). Exper-

imental investigations [43, 49, 50] reported an average

coefficient of variation lower than 13% in the DPT and

Galeote et al. [51] suggested that such a low scatter

could lend itself to the systematic control of FRC.

Blanco et al. [52] proposed a formulation to derive the

constitutive equation and Pujadas et al. [50] and

Blanco et al. [53] showed that the DPT can be used to

indirectly assess the influence of fibre orientation.

Both DEWST and DPT are shining examples of

recent non-standardised methods that have the poten-

tial to improve the reliability of the characterisation of

FRC while reducing sample size, waste and health and

safety risks for technicians. However, no study in the

literature reports an in-depth and balanced compara-

tive assessment of the suitability of these tests for the

determination of design parameters and the systematic

quality control of FRC. This study is the first part of a

larger study about the load bearing capacity of a SFRC

elevated slab in a two-story (1 underground floor and 1

ground floor) family house built in northern Italy. The

objective is to evaluate, in the context of the

construction of this building, the suitability of 3 non-

standardized test methods deployed in parallel for the

quality control and tensile constitutive curve assess-

ment: UTT, DEWST and DPT.

The building consisted of a SFRC foundation with a

thickness of 400 mm and an area of 290 m2 that is
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covered by an SFRC elevated slab at ground level with

a thickness of 250 mm and an area of 240 m2.

Figure 1 shows a plan view of the SFRC elevated

slab together with the supporting walls and columns.

Due to the geometry and size of the slab, a one-way

behaviour mainly characterizes the structural

response. For this reason, both the terms SFRC floor

and SFRC elevated slab are used along the paper to

describe the structure. The joint experimental program

conducted by the Politecnico di Milano and Univer-

sitat Politècnica de Catalunya included the flexural

characterization of 4 shallow beams

(1.5 9 0.5 9 0.25 m3) and 6 standard notched beams

(0.55 9 0.15 9 0.15 m3), all of which were produced

from the same batch and with the same SFRC mix

applied for the elevated slab. After that, 192 cores

were drilled from the shallow beams and subjected to

either UTTs, DEWSTs or DPTs. From the total of 192

drilled cores, 24 were used for UTTs, 112 for the

DEWSTs and 56 for DPTs.

The test results were used to evaluate residual

flexural strengths (fR1k and fR3k) and to deduce the

associated uniaxial tension constitutive relationships.

The constitutive curves calculated were used to

numerically simulate the behaviour of the shallow

beams, evaluating the accuracy of the prediction

provided by them. A closely-linked study [54]

addresses the effects of fibre distribution and orienta-

tion on the flexural behaviour of the full-scale SFRC

elevated slabs.

2 Experimental research

2.1 Material characteristics and mechanical

characterization

Table 1 shows the SFRC composition adopted in the

experimental programme and the production of the

slabs. The composition was designed for a target

compressive strength C28/35 (where 28 represents the

cylindrical and 35 the cubic compressive strengths in

MPa) and an S5 workability class according to the

Italian code [55]. The steel reinforcement was pro-

vided by 35 kg/m3 (0.44% by volume) of a low-carbon

cut-sheet indented steel fibre (60 mm long, 1 mm

equivalent diameter and a tensile strength higher than

1200 MPa).

A fresh state control test was carried out according

to [56] to determine the fibre content in seven concrete

trucks during the slab casting. The average fibre

content was 33 kg/m3 with a coefficient of variation

(CV) equal to 20.7%. For each fibre content assess-

ment at fresh state, one 150 mm cubic specimen was

produced and characterised at 28 days for compres-

sive strength, leading to an average of 55.6 MPa and

CV equal to 4.78%. The SFRC had a density equal to

2358 kg/m3.

The post-cracking behaviour of the material was

characterized according to [37] by means of three-

point bending tests (3PBTs) on beams with a 25 mm

deep notch and a span of 500 mm. The tests were

performed in an electromechanical press (INSTRON

5867) with a maximum nominal capacity of 30 kN.

The crack mouth opening displacement (CMOD) was

measured by means of a clip gauge (having a range of

measurement of � 5 mm and a sensitivity of 2.5 mV/

V), positioned astride the notch at midspan. The tests

were carried out considering the CMOD as a control

parameter (up to 4.0 mm). A displacement rate of

0.05 mm/min was established up to a CMOD equal to

0.1 mm; from 0.1 to 4.0 mm of CMOD a displacement

rate of 0.2 mm/min was set. Figure 2 shows the

nominal stress rN—CMOD from three-point bending

tests together with the average result.

The limit of proportionality fLOP, the residual

flexural tensile strengths fR1, fR2, fR3 and fR4 for a

CMOD of 0.5, 1.5, 2.5 and 3.5 mm, respectively, were

assessed for all the specimens. Table 2 shows the

average values found. The characteristic fracture

properties f Rik were calculated with the well–known

expression given in [57] assuming a normal

distribution:

fRik ¼ fRm 1� knCVð Þ ð1Þ

The factor kn is a statistical coefficient that accounts

for the number ns of test results of the sample (kn =

2.18 for ns ¼ 6). The characteristic fracture properties

f Rik were also calculated by assuming a lognormal

distribution following the approach proposed in [57];

the corresponding values are reported in Table 2. The

FRC material was classified as ‘‘2.5c’’ according to

fib Model Code 2010 specifications [58] with refer-

ence to the characteristic values.
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Fig. 1 SFRC ground floor view, steel rebar position and reinforcement amount

Fig. 2 Nominal stress vs crack mouth-opening displacement

(CMOD) from three-point bending tests

Table 1 SFRC composition

Component Content (kg/m3)

Cement (CEM II/A–LL 42.5R) 370

Calcareous filler 150

Aggregate 1 (0–2 mm) 244

Aggregate 2 (8–16 mm) 993

Aggregate 3 (11–22 mm) 409

Water 185

Super-plasticizer 7.8

Straight cut-sheet indented steel fibre 35
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2.2 Shallow beam: test set-up and loading

protocol

Four nominally identical SFRC shallow beams were

tested in a four–point bending test set–up (Fig. 3). The

supports were 50 mm from the beam ends, while the

shear span was equal to 500 mm (Fig. 3). The shallow

beams—named A, B, E and F—were tested at the

Politecnico di Milano using a hydraulic press (CON-

TROLS ADVANTEST 9) with a maximum load

capacity of 300 kN. The tests were conducted under

displacement control by using the machine crosshead

displacement (stroke) as feedback parameter. The

deflection at mid–span was measured with two (one at

each side) Linear Variable Displacement Transducers

(LVDTs). Four transducers were placed in the beam

central zone (3 with a gauge length equal to 500 mm

on the bottom surface and one with a gauge length

equal to 200 mm on the top surface) to measure the

crack opening displacement (COD). Three loading

rates were adopted during the test: load control

(6000 N/min) up to a load of 30 kN, stroke displace-

ment control (50 lm/min) up to the post-peak phase

and stroke displacement control at a rate of 150 lm/

min up to the mean crack opening displacement

(CODm) of 5.0 mm. All beams exhibited a single

localized crack located in the constant moment region

(Fig. 3).

2.3 Experimental procedure for the evaluation

of non-standardized tests

UTTs were performed with rotating end-platens, while

DEWSTs and DPTs followed the procedure defined in

[43, 47], respectively. The tests’ configurations were

intended to evaluate (a) the test representativeness as

discussed later in this paper and (b) the effect of fibre

distribution and orientation as discussed in the closely-

linked study [54].

2.3.1 Core drilling strategy

After the execution of the shallow beam tests, 48

cylinders with a diameter of 100 mm were drilled

from the four beams along the x-, y- and z-directions

(Fig. 4). Cylinders cored in beam thickness direction

(z-direction) had a length of 250 mm while cylinders

cored along the x- and y-directions had a length of

400 mm. The cores presented no visible cracks after

the extraction process. Shallow beams E and F were

cored in the z-direction (Fig. 4), and beams A and B

were cored in the x- and y-directions (Fig. 4). Spec-

imens for the UTTs were obtained by cutting cylinders

cored in the x- and y-directions in three equal parts

with a length of 100 mm. Specimens for the DPTs

were obtained by cutting cylinders cored in the z-

direction in two equal parts and in the x- and y-

directions in three equal parts, all of which had a

length of 100 mm. Specimens for the DEWSTs were

obtained by cutting cylinders cored in the z-direction

in four equal parts and cylinders cored in the x- and y-

directions in six equal parts, so that all cylinders had a

length of 50 mm. In total, 24 specimens (12 x–

dir. ? 12 y–dir.) were subjected to UTT, 112 speci-

mens (24 x–dir. ? 24 y–dir. ? 64 z–dir.) were sub-

jected to DEWST and 56 specimens (12 x–dir. ? 12

y–dir. ? 32 z–dir.) were subjected to DPT. Details on

the univocal name assigned to the samples are given in

[54], where the effects of fibre distribution and

orientation are widely discussed.

2.3.2 UTT: test set-up and loading protocol

Figure 5 depicts the specimens’ geometries, sizes and

notching details as well as the UTT set-up carried out

at the Politecnico di Milano by means of an elec-

tromechanical press (Instron 8562) with a nominal

capacity of 100 kN and a precision equal to 0.5%. The

rotating end-platens solution was adopted to conduct

the UTTs following the procedure described by [59]

among others. With this solution, the specimens were

bound to two rotating loading platens that can rotate

with respect to the testing machine. The test procedure

does not allow a uniform crack opening along the

notched cracked cross–section. The upper and lower

face of the specimen were glued to two 10 mm thick

Table 2 Three-point bending test results: nominal strengths

fLOP, fR1, fR2, fR3 and fR4 according to EN 14651 [37]

Reference values fLOP fR1 fR2 fR3 fR4
(MPa) (MPa) (MPa) (MPa) (MPa)

Mean (mx) 5.52 4.78 4.63 4.06 3.65

St. dev. (sx) 0.30 1.02 1.01 0.78 0.67

fk (normal) 4.87 2.57 2.43 2.37 2.19

fk (log–normal) 4.88 2.99 2.79 2.56 2.35
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threaded steel plates of approximately the same

diameter as the specimen using a commercial bi-

component epoxy resin to guarantee a strong bond

with the specimens. Once the glue hardened, the

specimen was screwed by the top and bottom ends to

two cylindrical pins, which were previously screwed

onto the test machine.

UTTs were carried out under CODm control,

obtained as the average COD from two LVDTs placed

astride the notch, around the cylindrical specimen at

180� of each other. The two LVDTs were electrically

connected in parallel to obtain an average signal used

as the feedback parameter. Three additional LVDTs

were placed radially at 120� astride the notch to fully

register the specimen’s response. The LVDTs have a

range of measurement of � 5 mm, a sensitivity of

80 mV/V (at full-scale), and a gauge length of 40 mm.

The tests were conducted at a displacement rate of

6 lm/min up to a CODm = 0.07 mm. After the snap-

back phase of the crosshead displacement (stroke),

tests continued under stroke control at rates that

progressively increased from 12, 30, 60 to 300 lm/

Fig. 3 Dimensions (in mm) and test set–up for the shallow beams; crack pattern picture for beam A (bottom right)

Fig. 4 Schematic layout of the cores extracted from the shallow beams (dimensions in mm)
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min until the total force applied was less than 5% of

the maximum reached during the test.

2.3.3 DEWST: test set-up and loading protocol

Figure 5 shows the DEWST set-up, the specimen size

and the notch. The DEWSTs were carried out at the

Politecnico di Milano using an electromechanical

press (Instron 5867) with a nominal capacity of 30 kN

and a precision equal to 0.4%. Displacement control of

the actuator at a speed ranging from 30 to 60 lm/min

was applied depending on the crack propagating stage.

The crack propagation was detected through two clip

gauges placed at the mid–height of the specimen on

front and rear sides. The gauges have a range of

measurement of 10 mm, a characteristic tolerance of

� 0.2%, a linearity deviation of � 0.2% and a

sensitivity of 80 mV/V. Steel plates were glued to the

groove edges and the contact surface was lubricated

with graphite, having a friction coefficient (steel-steel)

l ¼ 0:11 and a splitting tensile force (resulting tensile

force on ligament) FSP ¼ 0:80P, where P is the

applied vertical load.

2.3.4 DPT: test set-up and loading protocol

Figure 5 shows the DPT set-up and the specimen size.

The DPTs were carried out at the Universitat

Politècnica de Catalunya using a hydraulic press

(Ibertest) and a circumferential chain to measure the

total crack opening displacement (TCOD). They were

performed by placing, two cylindrical steel punches

(24 mm height and with a diameter of 35 mm)

concentrically above and below the specimens. The

DPTs were carried out under stroke control at a rate of

500 ± 50 lm/min. The test can also be carried out,

with the same accuracy and representativeness, by

exclusively controlling the vertical displacement of

the actuator and avoiding the use of the circumferen-

tial chain [49, 51].

3 Structural test results

Figure 6 summarizes the response of the four shallow

beams in terms of nominal stress (rN) versus average
crack opening displacement (CODm). The nominal

Fig. 5 Specimen dimension in mm and test set-up for uniaxial tensile test (UTT, left), double edge wedge splitting test (DEWST,

middle) and double punching test (DPT or Barcelona test, right)
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stress is calculated as rN ¼ M=W ,M being the applied

moment and W the section modulus. The CODm is

calculated as the average of the three transducers

located at the bottom surface of the beams. Shallow

beams E and F were tested after a rotation of 180�
along their longitudinal axis. This procedure was

adopted to exclude the role of possible fibre segrega-

tion on the mechanical response of the beams. Notice

that fibre segregation could positively affect the

behaviour of structures subjected to positive bending

since a higher concentration of fibres can be present in

the lower layers.

The beam mechanical response was characterized

by a large CV of about 40% for beams A and B, and

24% for beams E and F calculated at a COD equal to

2.5 mm. This trend was expected since the loading

scheme of the beams is statically determinate with a

limited possibility of stress redistribution. The average

structural response of beams A and B and of beams E

and F, are also included in Fig. 6 for comparison

purposes. The slightly lower curves for beams E and F

compared to beams A and B could indicate that fibre

segregation played a role in the mechanical response

but the data presented in this figure alone are not

sufficient to confirm this conclusion. This aspect will

be discussed in detail in the closely-linked study [54].

4 Material test results

In this section, the SFRC post–cracking tensile

behaviour obtained in UTTs, DEWSTs and DPTs is

presented and discussed. DEWST and DPT are

indirect tensile tests where the tensile stresses are

induced by applying a compressive vertical axial load

to the specimen. In this regard, the UTT will act as a

reference test to assess the advantages and disadvan-

tages of indirect tensile tests. In this section, the results

obtained for each type of test will be presented

separately. A broad comparison of the various types of

test is made in [54].

DEWST and DPT are attractive for their simplicity

and straightforwardness of the identification proce-

dure. Both have the peculiarity to use compact

specimens, which can be even cored from existing

structures. Moreover, in the DEWST a fracture plane

can be a priori selected in the specimen thanks to the

possibility of orienting the notch as required, so that

the plane can be aligned to any required tensile

direction, also with respect to the expected flow–

induced fibre orientation. On the contrary, in DPT at

least three radial cracked planes propagated allowing

an isotropic measure of the toughness given by the

nominal stress vs the average crack opening. The

description of these experimental techniques as well as

their advantages compared to direct tension and

bending tests is widely discussed in [47] and [43],

respectively.

The results of UTTs, DPTs and DEWSTs are then

used to simulate the shallow beams’ behaviour by a

multi–layer plane sectional analysis which is dis-

cussed in Sect. 5. In order to better simulate the

flexural behaviour of the beams, only the cores with a

cracked plane orthogonal to the beam x–axis are

considered here. In the closely-linked study [54], the

other samples are considered with reference to the

effect of fibre distribution and orientation. For the DPT

specimens it is not possible to pre–assign a fracture

plane as previously discussed; therefore, only the

cylinders cored in y- and z-directions were considered.

4.1 UTT results

The experimental results of the notched specimens

(see Fig. 5, left) tested under UTT are shown in Fig. 7

together with their average curve. For each sample, the

COD reported in Fig. 7 is calculated as the average

displacement measured from the five LVDTs con-

nected to the specimen. Of the originally 12 drilled

core samples with a cracked plane orthogonal to the

beam x–axis, the figure reports the results of 7

specimens. In fact, several samples were lost at the
Fig. 6 Structural beam response in terms of nominal stress vs

average COD for shallow beams A, B, E and F
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beginning of the experimental campaign, mainly due

to the use of a testing machine whose stiffness was not

sufficient to ensure a stable test. This reflects the

complexity behind the appropriate execution of a

UTT. Furthermore, of the 7 curves shown in Fig. 7, 4

are complete (curves with solid line) while 3 are

incomplete (curves with dashed line); for these last

curves, the peak load and the unstable crack propaga-

tion phase linked to the matrix were lost whilst the

fibre pull out phase was properly captured.

The post-cracking general trend can be grossly

schematized as a bilinear behaviour. The first branch

(COD smaller than about 0.1 mm) is characterized by

a sudden initial load drop. The second branch

(0:1�COD� 2:5 mm) displays a progressive

decrease of the mechanical post-cracking stress with

the COD increase. The mean tensile peak stress,

affected by the notch intensity factor, f ct is 3.67 MPa

(CV = 7.73%), while the residual strength evaluated

at COD equal to 0.5 and 2.5 mm are respectively equal

to f tR;0:5 ¼ 1:49 MPa (CV = 48.0%) and

f tR;2:5 ¼ 0:44 MPa (CV = 34.2%).

4.2 DEWST results

Figure 8 presents the experimental results of the

specimens tested under DEWSTs and the average

curve. For each sample, the nominal stress is calcu-

lated as rN ¼ FSP=An where FSP is the splitting force

(see Sect. 2.3.3) and An is the net area along the notch,

while the COD reported in Fig. 8 is calculated as the

average displacement measured from the two clip

gauges used to control the COD. Of the original 44

cores with cracked plane orthogonal to the beam x–

axis, the figure reports the results of 30 specimens.

Several samples were lost at the beginning of the

experimental campaign before the optimization of the

test set-up was obtained. The average curve (thick

continuous line in Fig. 8) was calculated excluding

results in which a loss of control occurred in the post-

peak region. The thick dashed line indicates the region

of the curve without any experimental valid data (from

COD of 9.1 lm to COD of 47.6 lm).

The post-cracking general trend in Fig. 8 is similar

to that previously obtained from UTTs, where a

sudden initial load drop is followed by a small stress

decrease at increasing COD. The average tensile peak

stress, also affected by the two notches, f ct is

3.00 MPa (CV = 19.2%), while the residual tensile

strengths evaluated at CODs equal to 0.5 and 2.5 mm

are respectively equal to f tR;0:5 ¼ 1:03 MPa (CV =

47.9%) and f tR;2:5 ¼ 0:71 MPa (CV = 65.6%). The

very high CV also is the result of the smallest cracked

area of the different tests.

4.3 DPT results

It is worth noting that with the DPT technique the

fracture planes do not follow a pre-defined plane.

Instead, larger cracks tend to form perpendicular to the

weakest plane and never perpendicular to the height of

the specimen. Therefore, out of the 56 specimens

extracted and tested, those parallel to the x-direction

were not considered in the analysis, as they did not

Fig. 7 Nominal stress vs Crack Opening Displacement (COD)

from UTTs

Fig. 8 Nominal stress vs Crack Opening Displacement (COD)

from DEWSTs
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have a cracking plane orthogonal to the x-direction (12

in total). Of the original 44 specimens cored in y- and

z-directions, Fig. 9 reports the results of 41 specimens

in terms of nominal stress rN—COD.

DPTs are characterized by three stages. In Stage 1

the load is initially applied and the radial stress

generated inside the specimen is resisted by the

concrete matrix. In this stage cracks are not observ-

able. Stage 2 starts once the stress reaches the tensile

strength of the material. During this stage upper and

lower conical wedges are suddenly formed; at the

same time between 2 and 4 major cracks appear,

dividing the specimen in parts that are kept together by

the fibres bridging the cracks. Stage 3 begins when the

cracks are stabilized. During this stage a vertical

displacement of the conical wedge can be observed

which produces a lateral displacement of the frag-

ments of the specimen and an increase of the total

crack opening displacement (TCOD). The debonding

and pull-out of the fibres fully characterize this stage

and allow dissipating energy thus providing a signif-

icant increase in toughness. The alignment of the

fibres due to the acting stresses (in the plane perpen-

dicular to the load direction) improves the post-

cracking response due to a greater number of effective

fibres that cross the crack.

In order to allow a direct comparison with the other

test methods (i.e. UTT and DEWST), the original data

in terms of axial load versus the total crack opening

displacement (not shown here for the sake of brevity)

have been transformed into stress rN—COD (Fig. 9)

through the procedure described in Appendix 1.

Figure 9 shows the rN—COD curves for the DPTs,

which yield an average tensile peak stress f ct equal to

3.15 MPa (CV = 5.07%), while the residual strength

evaluated at COD equal to 0.5 and 2.5 mm are

respectively equal to f tR;0:5 ¼ 1:10 MPa (CV =

24.6%) and f tR;2:5 ¼ 0:38 MPa (CV = 40.6%).

5 Identification of the constitutive law

It is interesting to observe that the cracked areas of the

specimens selected are significantly different: in fact,

we pass from a critical area of 18,750 mm2 for 3PBT,

to 12,726 mm2 for DPT, 5026 mm2 for UTT and only

3000 for DEWST. Analysing the coefficients of

variation, we pass for the two reference CODs

(0.5 and 2.5 mm) from 0.21–0.19 for 3PBT respec-

tively to, 0.25–0.41 for DPTs, 0.48–0.34 for UTTs, to

0.48–0.66 for DEWSTs. This means that, in terms of

characteristic values of residual tensile strengths, UTT

and DEWST specimens do not have a fracture area

large enough to consider as homogeneous the mechan-

ical behaviour identified by these tests. To overcome

this problem, a simple yet effective way is to

normalize the UTT and DEWST experimental data

to the same fracture plane area as that of 3PBT. The

fractured areas ratio between 3PBT and UTT is equal

to 3.73:1, while between 3PBT and DEWST it is equal

to 6.25:1. The normalization procedure carry out for

UTTs and DEWSTs consists of:

(a) The whole data set is randomly permuted and

n values are selected (n = 4 for UTT and n = 6

for DEWST);

(b) The mean value is calculated from this subset of

n values;

(c) Steps (a) and (b) are repeated to have a final set

of ns curves which corresponds to the original

set of specimens;

(d) From the set created in Step (c), the character-

istic value is calculated and is directly compared

to the characteristic value from 3PBTs and

DPTs.

This normalization procedure is equivalent to

creating virtual samples of larger area (At), which

are composed of n smaller real samples of area

A working like springs in parallel and combined by

random permutation.

Fig. 9 Nominal stress vs Crack Opening Displacement (COD)

from DPTs
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The uniaxial tension response obtained through

UTTs, DEWSTs and DPTs is used to simulate the

shallow beam tests using a multi–layer sectional

approach [60] in terms of nominal stress versus

COD. The cross–section is discretized into several

layers assuming a linear distribution of the strains. The

constitutive model is characterized by a parabola

rectangular law in compression. In tension, a linear–

elastic law in pre-peak and a linear–softening law in

post-peak were adopted as suggested by fib Model

Code 2010 [58]. Since no steel reinforcement was

included in the shallow beams, the structural charac-

teristic length (lcs) adopted corresponds to the beam

height (h). The unfactored ultimate bending moment is

computed by imposing both translational and rota-

tional equilibrium of the cross–section and assuming

that the ultimate crack opening (wu) is reached at the

bottom layer. As proposed in [58], an ultimate crack

opening equal to wu = 2.5 mm was chosen.

The two parameters fFts and fFtu, necessary to

identify the tensile constitutive law and representing

the uniaxial tensile residual strengths at serviceability

and ultimate limit state conditions, respectively, are

directly deduced considering the nominal stress at 0.5

and 2.5 mm of COD. Then, for the three test methods

(UTT, DEWST and DPT), the stress measured at a

COD of 0.5 mm has been linearly extended to a COD

equal to zero for the construction of the constitutive

law as suggested by [61]. The values of fFts and fFtu for

the three test methods are reported in Table 3, while

the constitutive laws for the four testing methods

(including 3PBT) are compared in Fig. 10. The

constitutive law for 3PBT has been derived in

accordance to [61].

The experimental (average values for beams A and

B and for beams E and F) and analytical beam

responses are compared in Fig. 11 adopting the plane

section approach for the characteristic values of the

UTT, DEWST and DPT specimens. The numerical

response obtained adopting the characteristic (assum-

ing a normal distribution) and design (including the

strength FRC class) results of the 3PBT tests are also

included in Fig. 11 for comparison purpose. The

characteristic 3PBT curve slightly underestimates the

experimental mean response confirming the need of

characteristic and design value adoption if a structure

has a limited capacity to redistribute the stresses, as for

the statically determinate shallow beams considered

herein [62]. The selected UTT specimens provide

results that slightly underestimate the mean experi-

mental beam results. The numerical response obtained

adopting the characteristic results from DEWSTs and

DPTs underestimate the beam experimental results.

The fracture area already discussed plays a role in this

underestimation, but it should be also taken into

account that the specimen has been cored and sliced,

leading to a cut of some of the fibres and a consequent

loss of anchorage. This means that, even with the same

number of fibres, the performance measured in these

tests (UTT, DEWST and DPT) could be lower than

that obtained from 3PBT, where all the fibres are

effective. It is worth noting that the characteristic

curves shown in Fig. 10 are quite close, the lowest

curve experimentally shown in Fig. 6 remaining in

favour of safety. It is important to remark that for

DPTs, the fracture planes are not necessarily perpen-

dicular to the beam’s x-axis.

Fig. 10 Linear softening constitutive law based on 3PBT, UTT,

DEWST and DPT results (circles indicate fFts and fFtu values)

Table 3 Uniaxial tensile residual strengths at serviceability

and ultimate limit state conditions for UTTs, DEWSTs and

DPTs

Test type fFts fFtu
(MPa) (MPa)

UTT 1.04 0.34

DEWST 0.66 0.34

DPT 0.64 0.12
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6 Conclusions

A 240 m2 SFRC floor was designed and built in a two–

storey family house in Erba (Italy). The flexural

strength characterization of the SFRC on notched

beam specimens according to EN 14651 led to a

‘‘2.5c’’ strength class. The fib Model Code 2010

approach was used to predict the behaviour of four

bent shallow beams made of the same material and

without any traditional reinforcement. With cores

taken from the shallow beams, the tensile-strain

constitutive models suggested by fib Model

Code 2010 for tensile (pre- and post-cracking) were

compared with those results derived from performing

two other alternative characterization tests based on

indirect tension: DEWST and DPT. The following

conclusions are derived from the study.

• Both, DEWST and DPT have revealed some

advantages and limitations with respect to the

traditional flexural test on prismatic specimens. In

Fig. 11 Average experimental responses for the shallow beams

and characteristic plane section model (linear–elastic pre-peak;

linear–softening post-peak) based on 3PBT, UTT, DEWST and

DPT results

Fig. 12 Frontal and top views of the specimens after cracking [52]

Fig. 13 a Forces at the conical wedge, b balance of forces at the conical wedge, c forces at the specimen and d balance of forces at the

specimen [52]
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particular, their characteristic values approximate

the design value obtained by the 3PBT. The

significant differences in fracture areas between

3PBT and DEWST must be duly considered when

calculating the characteristic value.

• The post-cracking tensile strengths obtained from

DPT and DEWST results are quite similar despite

the different fracture mechanism associated with

each of those. The main deviations of the average

tensile stresses between both tests occur within the

range from 0 to 0.5 mm crack opening, which is

generally governed by the unstable crack propa-

gation. In this regard, the post-cracking tensile

strength obtained from DEWST tends to be lower

compared to that derived from DPT. This variation

is attributed to the complex fracture mechanism

developed in the DPT sample; the analytical model

is unable to consider the specific energy dissipated

for the formation of conical wedges.

• Conversely, dealing with the failure mechanism

characterizing DEWST specimens, both cracks

start from the opposite notches and these converge

rectilinearly without involving additional frictional

energy. Usually, the post-cracking behaviour

shows, after initial cracking, a drop of load

followed by a pull-out plateau.
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Appendix 1: Derivation of rN—COD law

from the DPT

This Appendix reports the derivation of the of rN—
COD law from the axial load (Fp)—TCOD result

obtained through the DPT. In this regard, Blanco [52]

developed a formulation to predict the tensile

behaviour of FRC based on the results of the

Barcelona test (see Figs. 12 and 13). COD was

derived from dividing TCOD by the counted number

of cracks (2–5). In those cases that COD does not reach

the reference value of 2.5 mm, a linear approximation

of the curve tail can be considered.

From imposing equilibrium and compatibility con-

ditions in the force diagrams of Fig. 13, Eq. (2) can be

derived.

rN ¼ Fp

2pA
� cos b� lksenb
senbþ lk cos b

¼ xFp ð2Þ

Equation 2 relates Fp, at different displacements of

the actuator (0.02, 0.75 and 4.00 mm), to the radial

stress (rN) through a coefficient x, which depends on

the failure angle b and the static friction coefficient

(lk). According to [52] and the results obtained in the

experimental program carried out for this research,

values of b ¼ 22� and lk = 0.7 were found to be

representative of the FRC tested.

A r–e diagram can be established by particularizing

Eq. (2) for different levels of conical wedge vertical

displacement (dp), which are related to specific values
of TCOD and COD:

r1 ¼
FPmax

2pA
� cos b� lksenb
senbþ lk cos b

¼ xFPmax MPað Þ; e1

¼ r1
Ecm

&ð Þ

ð3Þ
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r2 ¼
F0:02mm

2pA
� cos b� lksenb
senbþ lk cos b

¼ xF0:02mm MPað Þ; e2
¼ e1 þ 0:1 &ð Þ

ð4Þ

r3 ¼
F0:75mm

2pA
� cos b� lksenb
senbþ lk cos b

¼ xF0:75mm MPað Þ; e3
¼ 4:0 &ð Þ

ð5Þ

r4 ¼
F4mm

2pA
� cos b� lksenb
senbþ lk cos b

¼ xF4mm MPað Þ; e4
¼ 20:0 &ð Þ

ð6Þ

Equations 3–6 were derived in [52] by imposing

compatibility and kinematic conditions of the fracture

mechanism. A stands for the area involved in the

mechanism and an equation based on geometric

boundary conditions is also proposed in [52] to assess

its magnitude.
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