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Abstract Recently, new constitutive tensile mod-
els for describing the post-cracking behaviour of
fibre reinforced concrete for different performance
classes were developed by the author(s). The models
are based on test data on notched beams with macro
fibres, including one type of glass fibres and two poly-
propylene fibres. Nowadays, a wide range of macro
fibres for reinforcing concrete mixtures is available.
The objective of this paper is thus to examine whether
the newly developed models are applicable for other

Rutger Vrijdaghs and Hans Pauwels have contributed
equally to this work.

B. Vandevyvere (D<) - J. Li (P<)

Department of Civil Engineering, KU Leuven Campus
Brugge, Spoorwegstraat 12, 8200 Brugge, Belgium
e-mail: brecht.vandevyvere @kuleuven.be

JT.Li
e-mail: jiabin.li@kuleuven.be

L. Vandewalle

Department of Civil Engineering, KU Leuven, Kasteelpark
Arenberg 40, 3001 Louvain, Belgium

e-mail: lucie.vandewalle @kuleuven.be

R. Vrijdaghs

Laboratory Structures and Building Systems, Buildwise,
Avenue Pierre Holoffe 21, 1342 Limelette, Belgium
e-mail: rutger.vrijdaghs @buildwise.be

H. Pauwels

Concrete Expertise Center, NV Bekaert SA, Oude
Heerweg 5, 8540 Deerlijk, Belgium

e-mail: Hans.Pauwels @bekaert.com

FRC mixtures. For this purpose, the experimental
results of 236 three-point bending tests on notched
beams, obtained from Vrijdaghs et al. and the inter-
national company Bekaert, are compared with the
model predictions. The results indicate that the pro-
posed model for performance class a & b and class ¢
exhibit a higher accuracy at CMOD, than the model
in MC10 and EC2 (next version). However, further
optimization is required at CMODj; for the model of
performance class a & b and class d. A strong cor-
relation is also found between the experimental fp,-
values, as well as the f;-values, and the predicted
compression zone height of the beam cross-section
at midspan by use of those new constitutive models.
Moreover, this paper also proposes a modification
to the model of Oettel et al. for better estimating the
residual flexural tensile strength of FRC mixtures
with 4D Dramix fibres.

Keywords Fibre reinforced concrete - Macro
fibres - Constitutive tensile model - Post-cracking
behaviour - Residual flexural tensile strength - Model
verification

1 Introduction

Fibre reinforced concrete (FRC) is a composite mate-
rial in which randomly distributed and oriented fibres
are added to the concrete mixture. The bridging effect
of the fibres results in an improved tensile cracking
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capacity that significantly enhances the low strain
capacity and the weak cracking resistance of plain
concrete. As a result, a more ductile material behav-
iour can be achieved, leading to growing interests in
FRC for a wide range of civil engineering applica-
tions, such as ground floors [1-3], precast tunnel seg-
ments [4], foundation slabs [5], etc. In the design of
FRC elements, the constitutive tensile model is one
of the most important models for FRC. Due to this
importance, numerous constitutive models have been
proposed during the last years [6]. The fib Model
Code 2010 (MC10) [7] provides the most recent con-
stitutive tensile models for steel FRC in which the
crack bridging effect of the steel fibres is described
by specific residual tensile flexural strength values,
denoted as f;—fr4. The magnitude of those parameters
depends on the steel fibre type and dosage, concrete
mixture proportions and quality [8, 9]. Therefore,
multiple empirical approaches [10-14] were proposed
to estimate those parameters. The equation proposed
by Schultz, as described in Oettel et al. [14], includes
the fibre length and considers that the post-cracking
performance does not increase linearly with the dos-
age of fibres. However, Schulz’s approach gives the
estimation of the residual flexural strength value fg,
instead of the residual flexural strength value fg;, as
required in the constitutive tensile model in fib MC10
[7]. Therefore, Oettel et al. [14] proposed a modi-
fied approach in which the residual flexural tensile
strength values f, and fg; are predicted based on the
used steel fibre type and dosage, as well as the con-
crete mixture. The corresponding formula is given in
Eq. (1).

1 fctﬂ
kV.(1-kV
0.37 7 f)o39

Jri = Liett (1
where fy; = the residual flexural tensile strength at the
specific crack mouth opening displacement (CMOD)
values (e.g. i=1 for CMOD, and i=3 for CMOD;)
(MPa); fctﬂ = flexural tensile strength (MPa); k=fac-
tor depending on the fibre type in which k=35 for steel
chips, k=9 for crimped wire strips, and k=[/d;.y for
steel fibres; [;=fibre length (mm); d;=equivalent
fibre diameter (mm); y = factor reflecting the anchor-
ing performance of the fibre with x =0.3 for hooked-
end steel fibres and y= 0.2 for straight steel fibres;
¢; = coefficient taking into acclount the length of 7tlslle
fibres, in which ¢, = 1.18 + —% and {; =042 + —Z
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for the prediction of f, and f;, respectively;
n,=coefficient for considering the non-linear influ-
ence of the fibre dosage=1/(0.7 — 0.2V)).
Nevertheless, in practice, it is often rather hard
to establish a correlation between the residual flex-
ural tensile strength of FRC and the required dos-
age of steel fibres. Therefore, the residual flexural
tensile strength values are usually determined by
the standardized three-point bending test on notched
beam specimens, as given in EN 14651 [15], and the
derived magnitude of those parameters is directly
used to describe the constitutive tensile model for
FRC in MC10 [1]. That constitutive model is divided
into two parts: the pre-cracking and post-cracking
zone. The pre-cracking zone is entirely determined
by the tensile behaviour of plain concrete. The black
branch OABC in Fig. 1 represents the constitutive
tensile model for plain concrete. The mathematical
formulas for those branches are given in Egs. (2)—(4).
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where o, =tensile stress (MPa); fCtm = mean uniaxial

it (o o8
Gp=fracture energy of plam concrete
(N/m)=73 £.,18; f.. = mean cylinder compressive
strength (MPa); €., =tensile strain (-); spzstrain at
peak stress=0.00015 (-); E, = E_,, =modulus of
elasticity (MPa); s.,,= mean distance between cracks
(mm); y=distance between the neutral axis and the
bottom of the tensile side of the cross-section (mm)
corresponding to the serviceability state, as indicated
by y, in Fig. 1; L = structural length (mm), which is
equal to min(s,,,,y) for FRC concrete with conven-
tional rebars.

In addition, MC10 [7] distinguishes two simplified
post-cracking constitutive models: the rigid plastic
model and the linear (hardening or softening) model.
The linear branch of the softening model is character-
ized by two characteristic points, i.e., D(&cyvop1 /s )
and E(ecyopsfros). as given in Fig. 1. The strain

tensile strength (MPa); €g =
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at 0.5 mm CMOD (gcpppp) and 2.5 mm CMOD
(ecmopy) are described by CMOD//L, and CMOD;,
/L., while the corresponding equations for the resid-
ual flexural tensile strength at SLS and ULS are given
by Egs. (5)—(6) [7]. For thin-walled elements, a shift
of the fi,, value to CMOD =0 mm prevents some spu-
rious situations where a class reduction could involve
a better performance in bending. Therefore, the stress
profile at ULS in MC10 considers that fg is associ-
ated with CMOD =0 mm.

Jrs = 045 fry )

Wl/t
( Fts — O-SfR3 + O.me) >0 6)

thu szlS - CMOD3

where fp= tensile strength at SLS (MPa); fg,=
tensile strength at ULS (MPa); f;; and fp; are the
residual flexural tensile strengths (MPa) at 0.5 mm
CMOD (=CMOD,) and 2.5 mm CMOD (=CMOD),
according to EN 14651 [15]; w, = maximal accepted
crack opening (mm), ranging between CMOD, and
CMOD;.

To better explain the concepts of the constitutive
tensile model for FRC in MCI10, di Prisco et al. pub-
lished a new paper in 2013 [16], in which fg, was
modified to 0.37 f;; at 0.5 mm CMOD. The value
0.37 will also be used to calculate the effective tensile
strength at SLS (CMOD),) according to Annex L of
the next version of Eurocode 2 (EC2) [17], as given
in Eq. (7). The effective tensile strength at CMOD,
will then be computed with Eq. (8).

Jrier = KokG0-37fR 11 @)

th3,ef = KoKG(O'57fR,3k - 0'26fR,1k) (8)

where fp 1, = characteristic residual flexural tensile
strength at 0.5 mm CMOD (MPa); f 3, = characteris-
tic residual flexural tensile strength at 2.5 mm CMOD
(MPa); k, is a function of the fibre orientation and is
equal to 1 for randomly distributed fibres; k; is corre-
lated to the size of the volume involved in the cracked
procedure and can be approximated to 1 for prismatic
specimens (EN 14651).

It should be noted that the post-cracking strength
of FRC is generally classified based on their charac-
teristic residual flexural strength values at CMOD,
and CMOD;, as given in MCI10 [7]. More precisely,

the FRC performance class is described by fz,, (rep-
resenting the strength interval) and a letter a, b, ¢, d,
or e (representing the frps./frie ratio). The strength
interval is defined by two subsequent numbers in
the series: 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 7.0,
8.0, ... (MPa), while the letters a, b, ¢, d, e corre-
spond to the following residual strength ratios: a if
0.5 < fr/frie <0.7; b it 0.7 < frap/frix < 0.9; c if
09 frsu/frux < 1.1; dif 1.1 < frgp/frie <1.3; and
e if 1.3< frsi/frix- Despite this classification, the
models shown in Eqs. (5)—=(8) in MC10 [7] and EC2
(next generation) [17] do not make a distinction for a

specific frs,/frix ratio.

2 New constitutive tensile models

The investigated glass FRC mixtures (GFRC) and
polypropylene FRC (PFRC) mixtures in the research
work of Vandevyvere at KU Leuven [18] revealed
that the constitutive tensile models for FRC in MC10
[7, 19] can be further optimized to better describe
the post-cracking behaviour of this material. The
used FRC mixtures in [18] have a concrete compres-
sive strength (f.,,) between 40 and 56 MPa and the
Young’s modulus (E,,,,) ranges from 27 to 43 GPa. In
addition, the measured f;- and f;-values are located
in the range 1.4-4.2 and 0.9-3.9 MPa, respectively,
mainly depending on the volume content of the fibres.
It was observed that a similar bilinear stress—strain
relation can be used in the pre-cracking stage, as
given in MCI10, see Egs. (2)-(3). However, the sec-
tional analysis results indicated that more accurate
results can be achieved when the peak strain (gp) in
the model is assumed to be 0.010% instead of 0.015%
[18, 19], while for the post-peak branch of plain con-
crete, the same formula, i.e., Eq. (3) can be used.
Next to this, it was found that a distinction can be
made between the post-cracking branch in the con-
stitutive tensile model for different FRC performance
classes. The general equations to describe this linear
post-cracking branch are given by Eq. (9) and (10), in
which different ', and &/ -values must be applied for
different FRC classes [20]. As a starting point, the £,
and k/ -values are derived by a simplified stress pro-
file at CMOD, and CMOD; [20]. Both stress profiles
neglect the concrete tensile stress and assume a lin-
ear stress—strain relation for concrete in compression
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[18], which are similar to MC10 [7] and di Prisco
etal. [16].

Jris = Kfri ©
w 1252 k.
Je =Jrs — CM(;D3 <ths T2 frs + ffm) 20
(10)

where k', and k! are specific design parameters; y is
the tensile zone depth at CMOD; (mm), as indicated
by y; in Fig. 1.

However, it was found that the k' - and k' -values
can be further optimized to improve the predictive
accuracy of the models [20]. The optimization was
done by using the inverse analysis procedure [18],
in which the k’,- and k’_-values were numerically
optimized until a relative error AE smaller than 1%
was obtained at CMOD, and CMOD;. In this opti-
mization [19], the concrete tensile strength (f,)
and the parabolic compressive stress—strain model
for concrete under compression, as recommended
in MC10 [7], was included in the stress profile (at
CMOD, and CMOD;, see Fig. 1) [19]. It should
be pointed out that existing standards typically
neglect the contribution of the uncracked tensile
zone, aligning with the assumption of conventional
reinforced concrete structures. This is because the
contribution of the uncracked tensile zone is often
much less than that of steel rebars. However, in case
of FRC without steel rebars, the incorporation of

the concrete tensile strength is reasonable because
it is much closer to the tensile contribution of
the fibres, and consequently, the concrete tensile
strength was included in the optimized stress pro-
files, as published in [19]. In addition, this contri-
bution can also be considered in case the structural
member is subjected to the first loading condition
or the member is not originally cracked for other
reasons. Eqs. (11)—(12) give the derived optimized
post-cracking branch for FRC class a and b [19],
while the corresponding equations for FRC class
¢ and d are described in Eqgs. (13)—-(14) and Egs.
(15)—(16), respectively [18]. Figure 1 presents a
graphical illustration of the three new models.

e FRCclass a & b:

Jris = 0.34f, (11)
Wl/t
Jew =Jrs — m( ts — 0.57fg3 +0.35fz,) >0
(12)
e FRCclass c:
Jris = 0.37fgy (13)

Wu
——— (fis — 0.56f33 + 0.15fz,) = 0

thu =ths - CMOD3
(14)

e FRC class d:
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Jrs = 041, (15)

WM
MOD- (fits = 05833 + 0.09fz,) = 0
3
(16)

As can be seen from the equations above, a
higher performance class has a higher k/-value,
while the k/-value significantly decreases for FRC
of a higher performance class. The proposed ten-
sile model for FRC class a and b was developed
based on the test data from a total of 62 notched
GFRC specimens, while the models for FRC class
c and d were established using 12 PFRC notched
beam specimens for each FRC class. Also two dif-
ferent types of PP fibres were used for those two
FRC classes. The geometrical and mechanical
properties of the used glass fibres (M1) and the two
PP fibres (M2 and M3) are given in Table 1. The
longer length of the M3 fibre, compared to M2,
results in an improved crack-bridging effect which
slightly increases the 122_)522 ratio. Therefore, the %
ratio increases from 0.56 for FRC class ¢, see
Eq. (14) to 0.58 for FRC class d as shown in
Eq. (16). Those values slightly differ from the pro-
posed value (0.57) of EC2, while the % ratio for

FRC performance class a and b is similar as that in
EC2, as shown in Eq. (8).

thu =ths -

3 Objective and methodology

Nowadays, a wide range of macro fibres has been
developed to reinforce the plain concrete matrix.
Therefore, the objective of this paper is to examine
if Oettel’s estimation model for the post-cracking
behaviour (Eq. (1)) as well as the new constitutive
tensile models (Sect. 2) can be used for FRC mixtures
with other types of macro fibres (with different geo-
metrical and mechanical properties) than the used
fibres in the construction of the models. To this end, a
database was constructed in which the test data from
two sources was gained: (a) from the publication of
Vrijdaghs et al. [21]; (b) from the international com-
pany Bekaert. The whole database consists of 23 FRC
mixtures with 6 different types of macro fibres (steel
fibres and PP fibres). In total, 236 notched beam spec-
imens are included. Detailed information of the fibres

and concrete properties, included in the database, is
given in Sect. 4. However, not all the collected test
data was included in the verifications. More precisely,
a distinction is made as follows:

(1) Verification of the model of Oettel et al. [14]

The estimation formula of Oettel et al. (Eq. (1)) was
established based on test data on steel fibre reinforced
concrete, in which the fibre length, fibre diameter,
fibre anchorage, fibre content, and the concrete flex-
ural tensile strength are directly incorporated in the
model. However, previous research [22, 23] showed
that a well-designed fibre anchorage system signifi-
cantly affects the measured residual flexural tensile
strength values of FRC. The 4D Dramix fibres, devel-
oped by Bekaert, have been found to be able to signif-
icantly enhance the post-cracking behaviour owing to
its double-bended anchorage system. Because of this,
the model of Oettel et al. [14] is only verified for this
specific steel fibre type in this paper. Consequently, a
total of 204 notched beam specimens are included in
this verification.

(2) Verification of the new constitutive tensile mod-
els [18]

In the new constitutive tensile models (see Sect. 2),
the experimental residual tensile strength values
fr1 and frs are directly incorporated. Therefore, the
impact of the fibre type (and its mechanical behav-
iour) is directly reflected in the model. From this
perspective, all the FRC specimens collected in the
database, i.e., 236 notched beams, corresponding to
a certain FRC performance class, are included in the
verification of the new constitutive models.

To check the validity of the different models, the
experimental values of the residual flexural tensile
strength (e.g. fz; and fz3) are compared with the pre-
dicted values of the residual flexural tensile strength.
Therefore, the statistical analysis on the ratio of the
predicted values (fg; preq OF fz3 prea) tO the experimen-
tally observed values (denoted as fz) oy, and f3 exp)
is carried out. The calculated statistical parameters
include the expected value E(X) (=mean value of
fR],pred/fR],exp or that of fRS,pred/fR3,exp)’ the standard
deviation (s), the coefficient of variation (CoV), and
Qpos and Qg o5 denoting the 5 and 95% quantiles,

respectively.
nilem
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4 Database
4.1 Fibre and concrete properties

The collected test data for the model verifications
includes three macro steel fibres (S1, S2, and S3), and
three types of macro PP fibres (PP1, PP2, and PP3).
The geometrical and mechanical properties of the
fibres are given in Table 1. Note that the used steel
fibres S2 and S3 are 4D Dramix fibres, while the fibre
anchorage system of the S1 fibres is not mentioned in
[21].

Table 2 gives an overview of the used fibre con-
tent and the number of notched beam specimens that
are used in the model verifications in this paper. The
specimens from Bekaert were tested at a curing age
of 7 or 28 days, while all specimens of Vrijdaghs
et al. [21] were tested after 28 days. Next to this, the
corresponding FRC class for every mixture is also
included in the same Table, in which the character-
istic residual flexural tensile strength values (fz;) are
calculated by assuming a lognormal distribution in
accordance with Egs. (17)—(19). It must be noted that
in some mixtures the fy;, is too small (<1 MPa) and
could not be classified, as indicated by the abbrevia-
tion “NC” in Table 2. Nevertheless, those mixtures
are also included in the model verifications since the
Jrar/frix ratio is defined.

ka = exp(fin,m - kn : Uln) (17)

l n
i = 3+ 20 (18)

n

o = 4| — " (inj; —Fum)? (19)

n—1

where f;, ,,=the mean value of the natural logarithm
of the relevant residual strength values, k,=the 5%
quantile factor, which is dependent on the number of
specimens (n) and the variation coefficient which is
not known before the test. The k,-factor can be found
in Table D1 of EN 1990 [24].

For all the FRC mixtures, the compressive strength
was determined according to EN 12390-3 [25]. The
measured cube compressive strength (dimension:
150% 150 150 mm?) of the FRC mixtures tested at
Bekaert is given in Fig. 2. In this figure, the differ-
ent concrete mixtures are denoted by a specific letter,
and the corresponding fibre content for each mixture
is given in Table 2. It should be noted that only for
mixture O, the concrete compressive strength was
not measured. The compressive strength of the FRC
mixtures tested by Vrijdaghs et al. [21] ranges from
42 to 60 MPa. However, the compressive strength of
each individual FRC mixture is not given in [21]. Due
to this reason, the uniaxial tensile strength, compres-
sive strength, and E-modulus of all the FRC mixtures
are also calculated by using the proposed equations in
MCI10 [7], as given in Egs. (20), (21), and (22). To

Table 1 Geometrical and mechanical properties of the used fibres in concrete properties

Purpose Fibre type Shape Length (mm) Equivalent  Tensile E-modulus (MPa)
diameter strength
(mm) (MPa)
Ml CCM Glass fibres Straight, twisted helix 43 0.70 > 1000 42,000
M2 CCM Polypropylene fibres Straight, embossed 45 0.90 451 3350
M3 CCM Polypropylene fibres Straight, embossed 55 0.70 417 5740
S1  VCM Steel fibres Hooked end 50 0.80 1200 210,000
S2  VCM/VOM Steel fibres Hooked end 50 0.90 1600 200,000
S3  VCM/VOM Steel fibres Hooked end 50 0.75 1800 200,000
PP1 VCM Polypropylene fibres Embossed 55 0.90 465 3350
PP2 VCM Polypropylene fibres Twisted bundle monofila- 54 0.80 620 9500
ment
PP3 VCM Polypropylene fibres Crimped 40 0.77 400 5000

CCM = Construction of the new Constitutive Models [18]; VCM = Verification of the new Constitutive Models; VOM = Verification

of the Model developed by Oettel et al. [14]
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Table 2 Overview of

Vrijdaghs [21] Bekaert FRC class
the fibre content and the
corresponding FRC class of Sl 0.20 V% (5 beams—-28 days) - 15a
fﬁiﬁz‘ﬁﬁg Si?ﬁr:;t’ig‘;fs 2 - 15 kg/m> (F—12 beams—7 days) NC (<1 ¢)
in which the mixture - 20 kg/m* (G—12 beams—7 days) le
abbreviation (if applicable), - 20 kg/m3 (N—11 beams-28 days) lc
the number of notched - 25 kg/m? (O—12 beams—28 days) lc
E’E?{Sgsg:fﬁe:; fﬁﬁﬁﬁi q - 30 ke/m® (H—12 beams—7 days) 1d
in brackets - 30 kg/m® (P—12 beams—28 days) 1.5¢
- 35 kg/m? (I—12 beams—7 days) 2d
- 35 kg/m3 (Q—12 beams-28 days) 2¢c
S3 - 15 kg/m3 (A—12 beams-7 days) NC (<14d)
- 15 kg/m?® (J—12 beams—28 days) lc
- 20 kg/m* (B—12 beams—7 days) 1d
- 20 kg/m? (K—12 beams—28 days) 1.5d
- 25 kg/m? (C—12 beams—7 days) 1d
- 25 kg/m? (L—12 beams—28 days) 2d
- 30 kg/m? (D—12 beams—7 days) 1.5d
- 30 kg/m? (M—12 beams—28 days) 2d
- 35 kg/m? (E—12 beams—7 days) 2d
PP1 0.45 V% (6 beams—28 days) - NC (<1 a)
PP2 0.45 V% (6 beams—28 days) - la
1.00 V% (6 beams-28 days) 1.5b
PP3 0.45 V% (5 beams-28 days) - NC(<1Db)
1.00 V% (5 beams—28 days) 1.5¢
NC = not classified
80 T 0.7
70 F L] 7 duys 1 fctm = %f ctm.fl (20)
I 25 days 1+ 0.06/07
60 1
g % fom' )
VB s0L ES fck,cyl. _fcm 8= (03 > (21)
§ 30+
[ 1/3
20/ E, = Eqa (f—m> @)
cm c0*“E 10
10
oLl LI LTI where f,, ;=mean tensile strength due to the pres-

A B CDEF

Fig. 2 Measured compressive strength of the FRC mixtures
tested at Bekaert

obtain similarity, those computed values are used in
the verifications of the models.

ence of the notch (MPa) ~ limit of proportional-
ity (MPa), according to EN 14651 [15]; f.,,=mean
uniaxial tensile strength (MPa); f,., =mean cylin-
der compressive strength (MPa) and f, ., =char-
acteristic cylinder compressive strength (MPa);
ap=factor depending on the aggregate type (= 1.0);
E.,=21.5x10> MPa; hg,=notched beam height
(=125 mm).
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4.2 Monotonic bending test

The post-cracking behaviour of all the collected
FRC mixtures was investigated according to EN
14651 [15], in which the notched beam specimens
were subjected to a displacement-controlled three-
point bending. All FRC mixtures were cast in rec-
tangular moulds with a cross-section of 150 % 150
mm?, and a length of 600 mm. Those beams were
stored in a climate chamber at a temperature of
20+2 °C and relative humidity >95% until a few
days before testing. After the curing period, a notch
of 25 mm was sawn at midspan of the beams. The
three-point bending tests were performed in two
laboratories, namely in the laboratory of the Bel-
gian Building Research Institute (BBRI) and in the
laboratory at Bekaert, as indicated in Table 2. At
BBRI, a constant loading rate of 0.05 mm/min was
firstly used up to a midspan deflection of 0.125 mm,
then it was changed to 0.17 mm/min until the end
of the test. Those midspan deflections were meas-
ured by two linear variable displacement transduc-
ers (LVDT) attached at each side of the specimens.
In the Bekaert laboratory, a constant loading rate
of 0.0425 mm/min was used for a midspan deflec-
tion ranging from O to 0.125 mm, while a constant
rate of 0.17 mm/min was used to the end of the test.
In addition, the midspan deflection was measured
by the use of one LVDT at the moulded side of
the specimens. It should be noted that the CMOD-
values at BBRI were measured exactly at the bot-
tom side of the specimens, while that of the speci-
mens tested at Bekaert were calculated based on the
measured midspan deflections of the beams, using
the equation given in EN 14651 [15]. This calcula-
tion was done because the CMOD-values were not
directly measured during the testing. At BBRI, a
total of 7 LVDTs were also glued to one side of the
beam at 7, 23, 55, 69, 83, 99, and 115 mm from the
bottom of the specimens [21]. Those LVDTs were
used to locate the neutral axis of the beam cross-
section at midspan at a specific CMOD-value. In
general, it can be concluded that the 236 monotonic
bending test results are located between the bounda-
ries fr3/fr1=0.5 and fr3/fr;=1.5, respectively (as
shown in Fig. 3). Moreover, by considering the
characteristic residual flexural tensile strength val-
ues, all FRC mixtures can be classified into perfor-
mance class a, b, ¢, or d.

® FRCclassa&b
7+ FRC class ¢
® FRCclassd
6 . _ .
fos/fe, =13 S e
st ‘o
Q? .‘ L) ... °
g 4 X
< 'b L,
o~ (]
b ]
3 PS4
):. o
2 ik ]
&" ° o‘ frs/fRy =05
1 (G
0 \
0 1 2 3 4 5 6
f, (MPa)

Fig. 3 Boundaries of the f;; and fg; values of the collected
FRC mixtures

5 Comparison between model predictions and test
data

5.1 Empirical formula of the residual flexural tensile
strength

The model proposed by Oettel et al. for predicting the
residual flexural tensile strength of FRC, as shown in
Eq. (1), was developed based on three-point bend-
ing tests in accordance with EN 14651 [15]. The
steel fibres used in the FRC mixtures for establish-
ing the model have hooked-ends, a length between
25 and 80 mm, a diameter between 0.2 and 1.2 mm,
an aspect ratio between 37.5 and 120, and a tensile
strength ranging from 1100 to 3100 MPa. The fibre
content varied from 0.1 to 2.0 V% and the concrete
cylinder compressive strength was between 24 and
108 MPa, while the flexural tensile strength of the
concrete was in the range of 2.5-8.5 MPa.

Figure 4a-b compare the experimentally observed
fr; and fps-values with the predictions of Oettel’s
model [14] for the tested FRC specimens with the
collected 4D Dramix fibres in the database. As can
be seen from the figures, all specimens can be clas-
sified into FRC class ¢ or d, and a weak correlation is
generally found between the measured values and the
model predictions for both residual flexural tensile
strength, i.e., fp; and fg;, irrespective of FRC perfor-
mance class. The expected value E(x), which repre-
sents the mean value of the predicted to experimental
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Fig. 4 Comparison between the experimental f, or fz;-values, and predicted f; or fz;-values according to Oettel’s model (a—b) and
the modified model (c—d), by including the fibre reinforced concrete specimens with the 4D Dramix fibres

residual flexural tensile strength ratio at CMOD, and
CMOD; for both FRC classes, is found to be 0.79 and
0.67, respectively. This indicates that the model of
Oettel et al. [14] underestimates the residual flexural
tensile strength values of the FRC mixtures, implying
that the model predictions tend to be conservative.
Due to the limited test data of FRC specimens with
non-Dramix fibres, it is hard to conclude whether the
model of Oettel et al. [14] is also conservative for
FRC mixtures with other types of steel fibres. The
main reason for the underestimation of the residual
flexural tensile strengths of the FRC mixtures with
4D Dramix fibres, is believed to be due to the less
adequate consideration of the fibre anchorage in the
model. As shown in Eq. (1), the x-factor does not

differ for FRC mixtures with a single and a double
bending at the end of the fibres. To improve the pre-
dictive accuracy, the value of the x-parameter in the
original model of Oettel et al. [14] is optimized for
the FRC mixtures with 4D Dramix fibres, taking into
account the specific double-bended anchorage sys-
tem of this type of fibres. This was done by using the
least-square method. The optimization yields a new
x-value for FRC with 4D Dramix fibres, which is
x =0.44. A comparison between the experimentally
observed fg;- and frs;-values and the predictions of
the model of Oettel et al. [14] with x =0.44 is shown
in Fig. 4c—d. It can be seen from the figures that the
modifications of the original model yield a better pre-
diction of the f; and fr;-values of the FRC mixtures.
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The mean value of the predicted to the measured
residual flexural tensile strength ratio at CMOD, and
CMOD; for both FRC classes (i.e., ¢ and d) is 1.13
and 0.97, respectively. However, a high scattering is
still observed between the experimental and predicted
fr1 and fgps-values, which is believed to be mainly
attributed to the randomness of the fibre distribution
in the concrete mixtures [26].

5.2 New constitutive tensile models
5.2.1 The sectional analysis

To verify the new and existing constitutive tensile
models (see Sect. 2), a layer-by-layer sectional anal-
ysis, formerly applied by Kooiman [27], was per-
formed on the test data of Vrijdaghs et al. [21] and
Bekaert (see Sect. 4). The analysis is based on a plane
section approach, and consequently, any non-linearity
in the strain distribution along the height of the cross-
section is neglected. The procedure of the used sec-
tional analysis in this paper can be summarized in the
following five steps:

e The cross-section of the notched beam is divided
into 125 layers with a height of 1 mm for each
layer. Those layers are connected above the notch
by virtual springs. In this way, the total beam
response is determined by all springs together
[28].

e To transform the crack opening to an equivalent
tensile strain and equivalent compressive strain,
the relationship between strain and crack open-
ing is needed. In this paper, the transformation is
made by the use of a fictitious length method and
is determined by the ratio between CMOD and the
structural length (L), according to MC10 [7]. In
MCI10, the parameter L is defined as the minimum
of the average crack distance (s,,,) and the tensile
zone length at SLS (). It is important to note that
the parameter L is not a static parameter but may
evolve in the different load steps. Despite this vari-
ability, the plane section approach admits only two
kinematic parameters: the centre of gravity strain
and the curvature which are the same for all the
fibres of the section that remains plane in the generic
load step. Consequently, L, is always considered
equal to the notched beam height (hy,=125 mm)
in a specific load step. This assumption is in line

with MC10 for FRC sections under bending with-
out containing traditional reinforcement [7]. Similar
method was also used in [29, 30].

e Stresses in the tension and compression zones of
the cross-section are determined by the pre-defined
constitutive laws. In this approach, the experimen-
tal tensile stress-CMOD curves can be verified with
the new and existing constitutive tensile models, as
described in Sect. 1. For the new constitutive ten-
sile models, the peak strain (g¢p) in the constitutive
tensile model for FRC, as shown in Egs. (2)—(4) is
assumed to be 0.010%, and the newly developed
post-peak branches in Egs. (11)-(16) are used
to describe the post-cracking behaviour of FRC
(according to the performance class). In the com-
pression zone of the beam cross-section, the uniax-
ial compressive stress—strain model of MC10 [7] is
applied to determine the compressive stress accord-
ing to the concrete compressive strain, as shown
in Eq. (23). A similar stress profile at CMOD, and
CMOD; as in Fig. 1 is also used to verify the model
of EC2 and MCI10, and consequently the assumed
simplification in the stress profile of the standards
are not considered to be in line with the newly
developed model.

I __(_knzm_
fcm - 1+(k_2)’7

where n=¢./e., (-); k=E,/E, (-); &.=com-
pressive strain (—); €., =compressive strain at f,,,
(=); f.,=mean cylinder compressive strength
(MPa); E_ =secant modulus from the origin to f,,;
E_,=E_,=the modulus of elasticity (GPa).

> for|e,| < |ecim| (23)

e The assumed neutral axis location is changed itera-
tively to obtain the horizontal force equilibrium.
The resulted horizontal force(AH) is calculated
according to Eq. (24 ), which must be equal to zero
in order to obtain equilibrium.

Yya h
AH =b. [/ o-ct(ec,)dy+/ oe(ec)dy}
25mm Yna

6, Ahb =0
i=1 (24)

where b=beam width (150 mm); Yy, =Ilocation
of the neutral axis; A=beam height (150 mm);
o-c(ec)zcompressive stress determined by the
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compressive constitutive model of MC10 [7] and
o, (€.;)=tensile stress determined by one of the new
or existing constitutive tensile models; Ah =height of
one layer=1 mm and o;=the mean tensile or com-
pressive stress in the ith layer.

e Once the horizontal force equilibrium (AH =0)
is satisfied, the corresponding compressive and
tensile stresses can be used to calculate the bend-

ing moment M_,, according to Eq. (25). Conse-

quently, the residual flexural tensile strength at a
specific CMOD-value can be identified.

YNA h
Mcal =b. / 6(‘!( YNA dy + / Uc y YNA dy
0
n
~ 2 0;.y;. Ah.b
i=1
(25)

where y;=distance from the centroid of layer i to the
neutral axis.

5.2.2 Tensile stress—CMOD curves

A comparison of the measured and calculated ten-
sile stress—CMOD curves, using the new constitu-
tive tensile models for the different FRC mixtures, is
shown in Fig. 5. The solid lines represent the average
of the experimental stress-CMOD curves, whereas
the dashed lines are the predicted curves by use of
the new constitutive tensile models for a specific
FRC performance class through the sectional analy-
sis. Overall, a good agreement is found between all
experimental and predicted curves.

To better evaluate the predictive accuracy of the
newly developed constitutive tensile models for FRC,
the absolute errors (AE) between the predicted and
experimental f, 4, fg; and fgs values are calculated
according to Eq. (26), and the calculated results are
shown in Fig. 6.

AE =

exp f pred (26)

where f,,,=experimental (residual) flexural tensile
strength (MPa), obtained from the three-point bend-
ing test (EN 14651 [15]); f,q=predicted (resid-

ual) flexural tensile strength (MPa), by the use of a

specific constitutive tensile model (according to the
FRC performance class).

As illustrated in Fig. 6a, the use of a peak tensile
strain (gp) of 0.010% in the constitutive tensile model
yields a more accurate prediction of the flexural ten-
sile strength of the specimens, in comparison to the
assumption of that parameter as 0.015%, as recom-
mended in MCI10 [7]. A similar finding was previ-
ously reported in [18]. However, it is noticed that the
predicted flexural tensile strength of the FRC mix-
tures with £,=0.010% still exceed the measured val-
ues, which is mainly related to the assumption of a
linear deformation profile of the cross-section of the
specimens in the pre-cracking stage of the FRC mix-
tures [18]. The use of a bilinear deformation profile
has been found to be able to improve the predictive
accuracy of the calculations [18]. In addition, Fig. 6b
indicates that the median of the calculated absolute
error for the fg,-values only ranges between 0.06
and 0.14 MPa, depending on the FRC performance
class. However, the absolute error of the fz;-values
increases for a higher FRC class, but its value is still
relatively small (with the median smaller or equal to
0.49 MPa).

Due to the high accuracy of the new constitutive
tensile models, the 236 beam specimens also show
a good 1:1 ratio between the experimental and pre-
dicted fg, or frs-values. This is visualized in Fig. 7.
Logically, the highest deviation between the predicted
and experimental f;-values is also observed for FRC
performance class d.

The statistical parameters for evaluating the predic-
tive accuracy of the new constitutive tensile models,
as shown in Fig. 7, are also summarized in Table 3.
Since the statistical analysis is carried out to verify
the accuracy of the predicted models, the expected
value E(x) (i.e. mean value of the ratio fgy yrea/fr1exp
OF fr3 predlfR3,exp) ShOUld be close to 1.00, when the
models are realistic. In addition, a small standard
deviation (s) or a low coefficient of variation (CoV),
and a narrow band in Qs and Qs are needed to
ensure the reliability.

As can be seen from Table 3, the new model for
FRC class a and b indicates an fg; yeq/fpiexp and
Jr3prealfg3.exp Tatio of 1.04 and 0.86, respectively.
A higher accuracy is observed for FRC class c, as
revealed by an expected value closer to 1 at CMOD;,
and CMOD; than for FRC class a and b. In spite of
an increased deviation between the predicted and
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Fig. 5 Comparison of the
mean experimental (solid
line) and the predicted
stress-CMOD curve with
the new constitutive tensile
models (dashed line) for the
FRC mixtures

a) FRC class a and b (1) b) FRC class a and b (2)
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measured residual flexural tensile strength values at
CMOD; for FRC class d, a high accuracy at CMOD,
is also obtained for this specific FRC class. Table 3
also includes the statistical parameters for the pre-
dicted and experimental residual flexural tensile
strength values, when the constitutive tensile model
in MCI10 [7] and EC2 (next generation) [17] are used.
As can be seen, the new constitutive tensile model for

FRC class a and b as well as FRC class ¢ has a higher
accuracy than the proposed model of MC10 [7] and
EC2 [17] at CMOD,.

Furthermore, the Q,s—Q¢s band for the ratio
of the predicted residual flexural tensile strength
to the experimental strength for FRC class a &
b, especially at CMODj;-values, is significantly
smaller than that with the models in MC10 [7]
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and EC2 [17], as illustrated in Fig. 8a and c. As
earlier mentioned, MC10 [7] and EC2 [17] also
consider a decreasing post-cracking branch in the
constitutive tensile model for FRC class ¢ and d,
which is not always the case from a mechanical
point-of-view (FRC c if 0.9 < frs, /fric<1.1; FRC
d if 1.1 < fra/frix<1.3). Therefore, the accuracy
of those constitutive tensile models is not visual-
ized in Fig. 8. But overall, the expected values at
CMOD, and CMOD3, by including the EC2 model
at the different FRC classes, show the highest accu-
racy. Consequently, it is also evident from Figs. 7
and 8b, that especially the &’ in Eq. (10) can be fur-
ther optimized to obtain a higher accuracy. Never-
theless, it is worth noting that the newly developed
constitutive models also show a quite accurate
reproduction of the characteristic residual flexural
tensile strength of the specimens. The maximal
absolute error between the experimental and pre-
dicted characteristic residual strength at CMOD,
and CMOD; is observed to be 0.18 MPa for FRC a
& b; while for FRC d, it is 0.67 MPa.

Based on the above observations, it can be con-
cluded that the new constitutive tensile models for
FRC seem to be not only applicable for the inves-
tigated GFRC and PFRC mixtures, that were used
to calibrate the models [18], but also for FRC

mixtures with a broader range of fibres. However
further optimization is needed at CMOD, and
CMOD; for FRC a & b and FRC d.

5.2.3 Neutral axis location

Based on the measurements of the side LVDTs, glued
on the surface (one side) of the specimens in [21], the
neutral axis location of the investigated beam cross-
section, i.e., that at midspan can be determined. Pre-
vious research [18] indicated that a linear deforma-
tion profile along the height of the beam cross-section
can be assumed, and the neutral axis is located where
the horizontal deformation is equal to zero. This
assumption is valid for tests where time effects do not
play a major role [21]. In Fig. 9, the solid line illus-
trates the (mean) neutral axis evolution for all the col-
lected FRC mixtures in [21], based on the measure-
ments of the LVDTs attached on one side surface of
the beams specimens [21] and by the assumption of a
linear deformation profile. The test data indicates that
in the CMOD-range of [0.5-2.5 mm)], the neutral axis
of the midspan cross-section for all the investigated
mixtures is located in the 125-150 mm range (meas-
ured from the bottom of the beam specimens), which
is similar to that of the GFRC and PFRC mixtures

niem
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«Fig. 7 Ratio of the predicted and experimental f5; or fzs-val-
ues by use of the new constitutive tensile models for FRC class
a & b (a-b), FRC class ¢ (c-d), FRC class d (e-f)

which were used to develop the new constitutive ten-
sile models [18].

Figure 9 also presents the predicted neutral
axis evolution in the beam cross-section at mid-
span (dashed line), based on the measured mean
stress-CMOD curve and with the new constitutive
tensile models. The predicted neutral axis evolu-
tion with the new model for FRC class a and b is
found to be very close to the measured one. Three
FRC mixtures, namely PP1-0.45 V%, PP2-0.45 V%,
and PP2-1.00 V%, exhibit a lower measured Yy,-
location than the predicted one. As such, this is not
only related to the higher fibre content (1.00 V%),
but also to the increased fibre length of the PP fibres
(55 and 54 mm) in comparison to the glass fibres
(length: 43 mm; fibre content: 0.50 and 0.75 V%)
that were used to develop the new model. The other
FRC mixtures with performance class a and b show
the opposite behaviour, that is, a lower predicted
neutral axis location than the measured one. This is
apparently related to the lower fibre content or the
smaller fibre length, compared with the glass fibres,
used in the development of the models [18]. A simi-
lar conclusion can be made for the FRC mixture of
class c, see Fig. 9c). The small difference between

the predicted and measured Yy,-values only slightly
influence the predicted stress—CMOD curve.

Figure 10 presents the predicted Yy,-evolution
of all the specimens of a specific FRC class. As
revealed from the figure, a lower Yy,-value is found
for a higher FRC class. Obviously, this is reason-
able because of the improved post-cracking perfor-
mance with the increase of the FRC performance
class. However, the median of the predicted Yy,-
values at 0.5 mm CMOD only decreases from 138.2
to 1357 mm when the FRC performance class
increases from a & b to d. At CMOD;, the differ-
ence between that value for different FRC classes
becomes even smaller.

As mentioned in Sect. 1, the model in MC10 [7]
assumes a fixed value for the k;-parameter, which is
0.45. The assumption of that value can satisfy the
equilibrium condition for bending moment, but not
(necessarily) for the horizontal force. Therefore,
Vrijdaghs et al. [21] indicated that the use of the
MC10 model consistently overestimates the height
of the compressive zone. However, although the
scattering of the compression zone height, the new
constitutive models show a good one-to-one rela-
tionship between the experimental and predicted
compressive zone height (x), as plotted in Fig. 11.

In addition, it is very interesting to find that the
collected 236 monotonic test data shows a strong
correlation between the experimental fg,-values, as
well as the fg;-values, and the predicted compression

Table 3 Statistical
parameters for evaluating

Evaluation of f; 1’pred/fm’exp

Evaluation of f,-elpmd/fm,exp

the predictive accuracy of EX) s CoV  Qpgs Qoos EX) s CoV  QOgos  Qoos
different models
FRC class a, b
MC10 1.35 0.06 004 126 1.43 .13 0.18 0.16 0.79 1.41
EC2 1.11  0.05 0.04 1.05 1.19 1.05 0.08 0.08 0.96 1.20
New model 1.04 0.04 003 099 1.11 0.86 0.04 004, 0.82 093
FRC class ¢
MC10 125 0.05 004 1.19 1.37 1.05 0.07 0.07 0.97 1.18
EC2 1.02 0.05 0.05 096 1.14 095 0.05 0.05 0.90 1.03
Newmodel 099 0.05 0.05 0.93 1.08 1.06  0.07 0.06 0.99 1.18
FRC class d
MC10 123 0.04 0.03 1.18 1.30 092 004 004 08 097
EC2 1.00  0.05 0.05 0095 1.08 1.01  0.05 0.05 0.95 1.12
New model 1.05 0.04 004 1.00 1.11 1.16  0.05 0.04 1.09 1.23
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Fig. 8 Comparison of the accuracy of the new constitutive
model and the model in MC10 [1] and EC2 [17] at CMOD,
and CMOD; for FRC class a & b (a and c), and the accuracy

zone height of the beam midspan cross-section at the
corresponding CMOD level, as indicated in Fig. 12.
The empirical relations derived through regression
analysis of the data are presented in Egs. (27) and
(28), respectively. As can be observed from Fig. 12,
these two equations are valid irrespective of the FRC
class. An increase of the fg- or fz;-values leads to an
increase of the compression zone height of the beam
cross-section at midspan, and vice versa.

b) New models for specific FRC classes - le
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d) New models for specific FRC classes - fR3
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of the new constitutive tensile model for a specific FRC perfor-
mance class at CMOD,; and CMOD; (b and d)

x= 4.3 for fry € [0.6 MPa, 6.8 MPa] @7
x=10f,]" for f, € [0.8 MPa, 5.6 MPa] 28)

where x=height of the compression zone (mm); f,
and fpy=residual tensile strength (MPa) at 0.5 and
2.5 mm CMOD, respectively.
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Fig. 10 Predicted neutral axis location at 0.5 and 2.5 mm
CMOD for all investigated FRC mixtures with the new consti-
tutive tensile models for different FRC classes
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Fig. 11 Ratio of the measured and predicted compressive zone
height according to the new constitutive tensile models
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Fig. 12 Relation between the experimental f; or fgs;-values
and the predicted compression zone height x for different FRC
classes

6 Conclusions

This paper presents a verification of the three newly
developed constitutive tensile models [18] for FRC,
as well as the model for predicting the residual flex-
ural tensile strength of FRC mixtures proposed by
Oettel et al. [14]. This was done by using the test data
in [21] and that of the international company Bekaert.
The whole database consists of a total of 236 notched
FRC beams with three types of macro steel fibres and
three types of macro PP fibres. Based on the research
results, the following conclusions can be drawn:

e The proposed model of Oettel et al. [14] underes-
timates the residual flexural tensile strength values
at CMOD, and CMOD; for FRC mixtures with
4D Dramix fibres. This is believed to be related to
the underestimation of the y-parameter in Oettel’s
approach if a double-bended anchorage system is
used. Therefore, the y-parameter is optimized for
the specific 4D Dramix fibres. This is done by
the least square method. The optimized y-value is
0.44, and the mean value of the ratio of the pre-
dicted fg; and fgs-values to their measured coun-
terpart is 1.13 and 0.97, if this specific y-value
is used. However, further research is required to
clarify if the underestimation, by using Oettel’s

niem

model, is also observed for other steel fibres or
just for this specific anchorage system.

The magnitude of the parameter €,, which repre-
sents the strain at peak stress in the constitutive
tensile model for FRC in MCI10 [7], has a large
influence on the predicted flexural tensile strength
of the FRC specimens. The numerical results
indicate that when that parameter is assumed as
0.010%, the predicted flexural tensile strength is
closer to the measured value, in comparison to
that with £,=0.015%. (as recommended in MC10
[7]). Similar results were also found in [18].

The new constitutive tensile model for FRC class
a & b, FRC class ¢, and FRC d provide quite accu-
rate predictions of the residual tensile strength at
CMOD,. The smallest fg| req/fg1exp ratio is 0.99
for FRC ¢, while FRC class a & b and FRC class
d indicate a ratio of 1.04 and 1.05, respectively.
Next to this, an increased deviation at CMOD is
observed when the model of the future EC2 (next
version) [17] and MCI10 [7] for FRC class a & b
and FRC class c is used.

The new constitutive tensile model for FRC class ¢
indicates a high accuracy not only at CMOD, but
also at CMOD;. The fgs jredf3 exp 1atio is found to
be 1.06. Nevertheless, although there is a narrow
Qpos and Qs range at CMOD; for the different
FRC classes, there is a scope to further optimize the
newly developed FRC a & b and FRC class d model
at CMOD:;.

The use of the new constitutive tensile models for
FRC leads to a small difference between the pre-
dicted and measured neutral axis location of the
beam cross-section at midspan. In addition, a good
one-to-one relation between the measured and pre-
dicted compression zone height of the midspan
cross-section is found for all the FRC specimens.
There is a strong correlation between the experi-
mental f;-values, as well as the fz;-values, and the
predicted compression zone height of the midspan
cross-section with the newly developed models for
FRC, as shown in Egs. (27) and (28), respectively.
An increase of the fp- or fis;-values leads to an
increase of the compression zone height of the beam
cross-section at midspan, and vice versa.
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