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ARTICLE INFO ABSTRACT

Keywords: This paper presents a study on the flexural behavior of Ultra-High-Performance Fiber-Reinforced
Ultra-high-performance fiber-reinforced con- Concrete (UHPFRC) beams, which included conventional reinforcing bars. The study focuses on
crete

critical design aspects, such as concrete shrinkage and cracking implications on the tension-
stiffening phenomenon. An experimental program with two different sized flexural reinforced
F R . UHPFRC beams was run. Beams were cast and tested in a four-point bending test (4PBT) using
our-point bending test X . X 3 ;

Experimental program UHPFRC with different amounts of fibers: 130 and 160 kg/m” (1.66% and 2.00% in vol.) to cover
Tensile parameters a wide range of strain-softening and strain-hardening constitutive UHPFRC behaviors. A non-
linear finite element model (NLFEM) was developed to validate the mechanical tensile charac-
terization of UHPFRC when applied to reinforced elements. Both shrinkage and tension-stiffening
effects were considered to improve the model. After the NLFEM simulation, very reliable results
were obtained at both the service and ultimate load levels compared to the experimental ones.
Finally, some aspects about the design of reinforced UHPFRC cross-sections under bending forces
are addressed and satisfactorily compared to the experimental results.

Beams
Finite element modeling

1. Introduction and objectives

Ultra-high-performance fiber-reinforced concrete (UHPFRC) can be considered an advanced modernization of conventional (CC)
and fiber-reinforced (FRC) concretes. It integrates specialized knowledge about its dosage and high technology to be produced and
poured, which can strongly influence its mechanical properties and structural response. A very dense microstructure, given its low
water/binder ratio (w/b below 0.25), fine-grained mix and adequate high-strength steel fiber content, leads to compressive strength
above 150 MPa, tensile strength higher than 7 MPa and flexural strength between 15 and 40 MPa. All these advantages allow slender
lightweight structures compared to conventional reinforced concrete constructions. However, due to the high cement content (about
800 kg/m?) and its mix design, UHPFRC can be prone to suffer high shrinkage at early ages. Therefore, slender UHPFRC structures can
be vulnerable to shrinkage cracking in the manufacturing stage [1-5].

UHPFRC can be considered an expensive material, but can provide a longer service life given its low maintenance requirements and
good durability. When UHPFRC structures are efficiently designed, they become considerably cost-effective compared to CC, and even
to steel ones. UHPFRC is being studied experimentally and analytically and numerically modeled as either a constituent material or a
strengthening component in elements like: shear walls [6,7]; slabs and plates [8-12]; columns [13-15]. With beams, studies have been
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Nomenclature

UHPFRC ultra-high-performance fiber-reinforced concrete

SH strain-hardening

SS strain-softening

SH-UHPFRC strain-hardening ultra-high-performance fiber-reinforced concrete
SS-UHPFRC strain-softening ultra-high-performance fiber-reinforced concrete
4PBT four-point bending test

NLFEM non-linear finite element model

CC conventional concrete

RC reinforced concrete

FRC fiber-reinforced concrete

RPC reactive powder concrete

HPFRCC high-performance fiber-reinforced cement composites

4P-1A simplified four point inverse analysis

JE-1 long reinforced beam with 20 mm diameter of reinforcement bars

JE-2 long reinforced beam with 16 mm diameter of reinforcement bars

XS1 UHPFRC’s basic dosage with 160 kg/m? of steel fibers

XS2 UHPFRC’s basic dosage with 130 kg/m?® of steel fibers

P Penetron crystalline admixtures

ANF alumina nanofibers

CNC cellulose nanocrystals

CNF cellulose nanofibrils

C.V. coefficient of variation

List of symbols

P load

corog equivalent bending stress

) deflection

L specimen length

b specimen width

h specimen height

0} reinforcement bar diameter

E elastic modulus

Es elastic modulus of reinforcement steel

fst tensile strength of reinforcement steel

fstu ultimate tensile strength of reinforcement steel

fi tensile strength

fu ultimate tensile strength obtained from the 4P-IA previous the softening correction application
Srue corrected ultimate tensile strength

% hardening ratio: quotient between ultimate tensile strength (f,,) and tensile strength (f,)
Ye corrected hardening ratio: quotient between corrected ultimate tensile strength (f,,c) and tensile strength (f)
Estel elastic strain of reinforcement steel

Estu ultimate tensile strain of reinforcement steel

€ty ultimate cracking strain

Ecomp average strain at the mid-span section at the compression displacement transducer’s height
Etens average strain at the mid-span section at the tension displacement transducer’s height
Wi crack opening at corrected ultimate tensile strength (f,c)

wo crack opening at the intersection that defines the initial slope to the w axis in the o-w diagram
b, material crack bandwidth or process zone

fe cubic compression strength

ecsunprre  total shrinkage strain of UHPFRC

€cs shrinkage strain obtained on the testing day using Eurocode 2

sh UHPFRC shrinkage

shinc percentage of UHPFRC shrinkage increment

Elexp experimental flexural stiffness of the section

El., flexural stiffness in the fully cracked section

El, flexural stiffness in the gross (uncracked) section

K coefficient of orientation

feeyl concrete compressive strength obtained in a cylinder
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Xo location of the neutral axis

My, cal maximum bending moment that the reinforced UHPFRC cross-section can resist
Myexp  maximum bending moment achieved in the test

Nc axial force on concrete

N¢ axial force on steel fibers

Ns axial force on longitudinal reinforcement bars

B tension-stiffening factor

Ie effective moment of inertia

done about the behavior of reinforced UHPFRC under shear force in different circumstances [16-19]: adapting well, proving theories
for CC to UHPFRC such as the Modified Compression Field Theory, and developing experimental programs with UHPFRC and com-
posite beams. Studies on flexural UHPFRC beams [17,20-25] have dealt with experimental large-scale UHPFRC beams by representing
the cracking pattern characterized by multiple microcracking in initial stages, followed by the evolution of a macrocrack in a singular
section while load increases. The tension-stiffening behavior of reinforced concrete (RC) and FRC is fundamental for the character-
ization of crack widths and separation. It is directly related to the crack pattern and effects such as shrinkage, and also to the
determination of the tensile response of FRC members with bar reinforcement [26-28]. Relevant research into tension-stiffening has
been addressed for UHPFRC. To better understand the serviceability behavior of concrete structures, Sturm et al. [29] developed and
extended a non-linear tension-stiffening approach to FRC and UHPFRC by considering its particular strain-hardening stress-strain
relation prior to macrocracking. Hung et al. [30] suggested a constitutive model capable of reasonably representing the
tension-stiffening behavior of UHPFRC up to failure. Tensile responses of steel-reinforced UHPFRC samples were evaluated using
multiple performance measures, including damage pattern, stiffness, load-deformation relation, rebar strain and tension-stiffening
behavior of UHPFRC. At the same time, the development of numerical models to predict the structural response in bending of
UHPFRC elements has emerged from studying the influence of different amounts of steel fibers, the interaction with reinforcement and
loading conditions. In this direction, it is important to set out how UHPFRC is mechanically characterized and how this behavior is
implemented into the material model. Very accurate solutions for modeling UHPFRC beam specimens on different scales have been
obtained by applying the damage plasticity model, where material properties are obtained from cubes and cylinders in compression,
and by using uniaxial tensile tests or three-point bending tests with inverse analysis to characterize tensile behavior [21,31-33].

As a result of its evolution, UHPFRC is considered in recommendations, standards and design codes worldwide. In Australia, the
recommendations of Ductal® properties [34] provide guidelines to design prestressed concrete beams cast using Ductal’s Reactive
Powder Concrete (RPC). Recommendations follow the philosophy of the limit state approach according to the design requirements of
the Australian Standard for Concrete Structures AS3600-1994 [35]. The Japan Society of Civil Engineering considerations [36]
address the design and construction of high-performance fiber-reinforced cement composites (HPFRCC) and steel-reinforced struc-
tures. They assume that the design process for HPFRCC structures are based on Standard Specifications for Concrete Structures [37], in
which limit states corresponding to each performance requirement are prescribed. These recommendations exclude non reinforced
HPFRCC structures. For these cases, they refer to the Standard Specification for Concrete Structures. In the USA, the Federal Highway
Administration [38] delivered a report that presents the state of the art for applying UHPFRC on highway transportation in-
frastructures. For design purposes, it summarizes information available about the structural design of UHPFRC members corre-
sponding mainly to articles in the AASHTO Load & Resistance Factor (LRFD) Bridge Design Specifications [39]. The French standard
for UHPFRC [40,41] is related to recommendations [42] and follows the plan of Eurocode 2 [43] for structural design purposes based
on a limit state design in conjunction with the partial factor method. The Swiss standard [44] is an adaptation of UHPFRC to the proper
national standards for concrete design [45], and is also based on the limit state design. Therefore, it can be concluded from the
principal standards and recommendations for UHPFRC structural design that they are practically all adaptations from CC design codes.

The research group has realized that the majority of research that has dealt with UHPFRC in the past 20 years has been related to
strain-hardening behavior (SH-UHPFRC). This behavior ensures excellent mechanical properties and durability, but with a high initial
cost related to raw materials, pouring system, curing and heat treatment once the UHPFRC is cast. The study of the behavior of
UHPFRC with strain-softening (SS-UHPFRC) has been considered to a lesser extent and this could result in the possibility of reducing
the use of these raw materials in its manufacture. Is it necessary to produce SH-UHPFRC to obtain excellent properties? Is it possible to
develop SS-UHPFRC that leads to lower initial costs and to maintain competitive mechanical and durability properties that result in an
effective structural design? The development of, what is considered in the French standard for UHPFRC [40-42], low strain-hardening
and SS-UHPFRC would lead to reduce its mechanical properties, but they can be optimized if they are studied and controlled. This
would lower the initial UHPFRC cost by, for example, reducing the amount of steel fibers used in its dosage. Therefore, in order to make
UHPFRC an efficient and economically competitive material for structural designs and applications a clear and robust definition of
material models and their interaction, a suitable numerical technique that allows complex analyses to be performed and an easy-to-run
UHPFRC material characterization procedure for both SH and SS-UHPFRC to accurately establish constitutive material parameters for
modeling have been addressed in the research group in previous work [46-51].

In this context, the aim of this paper is to study the contribution of reinforcement bars in UHPFRC elements under bending forces by
considering the effects of tension-stiffening mechanism and concrete shrinkage in numerical modeling for structural analysis and
design. Another intention is to validate the accuracy of traditional design methods for reinforced UHPFRC sections under serviceability
and failure conditions. To this end, a method for UHPFRC tensile characterization for numerical modeling and design in both: SH and
SS-UHPFRC was set up and validated by a non-linear finite element model (NLFEM). In the following sections, the experimental
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Table 1
Reference UHPFRC mix designs (kg/m?>).
kg/m® XS1 XS2
CEM I 42.5 R-SR 800 800
Silica Fume 175 175
Water 160 160
w/c 0.200 0.200
w/b 0.164 0.164
Silica sand — 0.8 mm 565 -
Silica sand — 0.4 mm 302 1092
Silica flour 225 -
Short steel fibers (13/0.2) 160 130
Plasticizer Sika 20 HE 30 30
Table 2
Functionalized additives used for UHPFRC.

1d. Additive

P Penetron crystalline admixtures

ANF Alumina Nanofibers

CNC Cellulose Nanocrystals

CNF Cellulose Nanofibrils

Table 3
List of functionalized UHPFRCs prepared from XS1 and XS2 basis.
XS1 (160 kg/m>) XS2 (130 kg/m%)
XS1 + 0.8% P XS2 + 0.8% P
XS1 + 0.8% P + 0.25% ANF XS2 + 0.8% P + 0.25% ANF
XS1 + 1.6% P + 0.25% ANF XS2 + 0.8% P + 0.15% CNC
XS1 + 0.15% CNF/CNC - (50% each) XS2 + 0.8% P + 0.15% CNF/CNC - (50% each)

XS1 + 0.8% P + 0.15% CNC
XS1 + 0.8% P + 0.15% CNF/CNC - (50% each)

program and test results, the developed NLFEM, the model application and validation, important aspects dealing with designing
reinforced UHPFRC cross-sections under bending forces, and comparisons of predicted and experimental values under serviceability
conditions and at failure, are presented.

2. Experimental program and test results

To move toward the structure reality, and to model and design reinforced UHPFRC elements, an experimental program including
reinforced concrete beams on different scales was carried out. A set of 36 short beams and two large-scale beams were cast. At the same
time, prismatic and cubic specimens were cast and tested to characterize the tensile and compressive behavior of the employed
UHPFRC, respectively. All the reinforced concrete beams and specimens were tested 49 days after casting.

The different UHPFRC’s dosages used to cast the beams started from the basic dosages XS1 with 160 kg/m® of smooth-straight (13/
0.20) steel fibers and XS2 with 130 kg/m>, specified in Table 1. Therefore, to cover a wide range of SS and SH constitutive UHPFRC
behaviors and with the aim of varying the mechanical properties of UHPFRC also in a wide range, different combinations of the basic
dosages were made with the introduction of functionalized additives described in Table 2, in the proportions expressed in percentages
of cement content specified in Table 3. These mixes were developed by the research group in the ReSHEALience Project for Ultra High
Durability Concrete [52]. More details of the composition of the additives, the definition of the mixes and analysis of the mechanical
properties of these dosages can be found in [53,54]. In this sense, different types of UHPFRC with 160 kg/m> and 130 kg/m? of steel
fibers were used to cast the beams.

2.1. Short beams

Short beams were included in the experimental program to constitute a first step toward applying the model herein developed at a
structural level.

These specimens were cast at different UHPFRC dosages (see Table 3) by using two amounts of smooth-straight (13/0.20) steel
fibers: 130 kg/m3 (1.66% in vol.) and 160 kg/m3 (2.00% in vol.) to cover a wide range of SS and SH constitutive UHPFRC behaviors.
Beam dimensions were 750x150x100 mm. Fig. 1 shows the geometry and arrangement of the reinforcement of the developed short
beams. As observed, the length of the span between support rollers was 600 mm, the length between load rollers was 150 mm and,
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Fig. 2. UHPFRC short beams: (a) overview of the casting zone and (b) the 4PBT setup.

consequently, the shear span between the support and load roller was 225 mm. Regarding reinforcement, six ¢)6 mm B500SD stirrups
(three on each end zone of the beam) were symmetrically positioned to allow the development of the bending process by avoiding
shear failure; two couples of »8 mm B500SD longitudinal reinforcement bars were placed at the top of the section, one on each side and
symmetrically positioned; two ¢8 mm B500SD longitudinal reinforcement bars were situated at the bottom of the section.

Thirty-six UHPFRC short reinforced beams were cast and tested using a four-point bending test (4PBT) configuration: 13 specimens
with 130 kg/m? of fibers and 23 with 160 kg/m®. Fig. 2(a) shows an overview of the casting zone, and Fig. 2(b) depicts the 4PBT setup
for these short beams. As observed in Fig. 2(b), one Penny & Giles Controls Ltd displacement transducer was placed to obtain the load-
deflection curve at the mid-span. Load was applied by an IBERTEST universal testing machine with a bearing capacity of 1500 kN,
measured by a 350 bar/10 V GROBY-PDCR 4011 Druck.

According to Eq. (1) where the experimental load (P) expressed in N is transformed into equivalent stress at the mid-span (c), a
complete stress (c6)-deflection at the mid-span (8) curve was obtained from each experimental test. Fig. 3 depicts the results of the 4PBT
carried out for the 13 reinforced specimens with 130 kg/m3 of fiber content (Fig. 3(a)) and the 23 with 160 kg/m3 (Fig. 3(b)).

o =0.0003 - P (N/mm2> 63)

As observed in Fig. 3, and regardless of fiber content, curves depict two different stages: a first stage with greater stiffness, where
uncracked concrete and reinforcement work together; a second stage with lesser stiffness, where a microcracking process takes place
and the tension-stiffening phenomenon develops. In the second stage, microcracks grow in a smeared way by covering part of the span
between supports (the so-called process zone) as load increases. When this stage ends, the concentration in one macrocrack takes place.
Collapse is imminent at this point. This flexural behavior of UHPFRC is characteristic [1]. Fig. 4 shows one of these short beams after
collapse. The developed microcracks and the subsequent concentration in a macrocrack, which generated a very narrow and
concentrated compression head, along with the crush in the compression at the top of the section, are observed. Moreover, at collapse,
the reinforcement was yielded.

2.2. Long beams

To study large-scale specimens, two long reinforced beams were included in the experimental program. Both beams were cast using
XS1 UHPFRC with 160 kg/m3 (2.00% in vol.) of smooth-straight (13/0.20) steel fibers (see Table 1). Fig. 5 shows the geometry, the
arrangement of the reinforcement and the displacement transducer’s position of the developed long beams. Dimensions were
4500x300x100 mm (Fig. 5(a)). As shown in Fig. 5(b), reinforcement consisted of two longitudinal bars BS00SD of ¢20 or ¢16 (¢20 for
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Fig. 4. Collapsed short beam.
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Fig. 6. UHPFRC long beams: (a) overview of the casting zone and (b) testing setup.

one beam (JE-1) and ¢16 for the other (JE-2)) on the bottom face, with a concrete cover of 20 mm in both cases. Regarding the
displacement transducer’s position (Fig. 5(c)): two displacement transducers were placed at the mid-span to measure deflection, one
on the front face and the other on the back face; two displacement transducers were placed at the support level to register the pos-
sibility of vertical displacement there; four displacement transducers (two on the front, two on the back face) in the horizontal position
were located at the mid-span at two levels: 25 mm from the top, to measure average compressive strains, and 28 and 30 mm from the
bottom (at the reinforcement level), to measure average tensile strains.

Fig. 6(a) shows an overview of the casting zone. Fig. 6(b) depicts the testing setup for the long beams. As observed in Fig. 6(b), the
testing load was applied by using a hydraulic jack on an intermediate beam which, in turn, distributed loads on two loading plates,
each situated at 1.5 m from the supports, as set out in Fig. 5(a). Fig. 7 shows in detail the intermediate beam and loading plates (Fig. 7
(a)), along with details of the supports’ materialization: a sliding support (Fig. 7(b)) and a fixed one (Fig. 7(c)), both including a hinged
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Fig. 7. Testing frame details: (a) intermediate beam and loading plates, (b) sliding support, (c) fixed support and (d) hinged platform.
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Fig. 8. Load-deflection curve at the mid-span section for beams JE-1 ($20 mm) and JE-2 (¢16 mm).

Fig. 9. (a) Microcracking and (b) collapse of a long beam.
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Fig. 11. (a) Compression test and (b) 4PBT.
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Fig. 12. (a) 4PBT and (b) assumed simplified constitutive tensile law.

platform, were used (Fig. 7(d)). Load was applied under displacement control by a servo-hydraulic HINE actuator with a bearing
capacity of 1240 kN (250 mm long). Between the intermediate beam and the actuator a 500 kN HBM-C6A load cell was attached to
measure the total load transmitted by the jack (Fig. 7(a)).

For the JE-1 and JE-2 beams, Fig. 8 shows the curves obtained from the experimental measurements taken of the vertical
displacement transducers at the mid-span, corrected by the measurements of the supports’ displacement transducers.

As in the short beams, the same pattern was developed while testing for the long beams (see Fig. 8). When concrete reached its
tensile strength, a microcracking phase took place and the tension-stiffening phenomenon develops (see Fig. 9(a)). Afterward, a
macrocrack was generated as load increased, and finally the beam collapsed. Fig. 9(b) depicts the macrocrack and the crushed
compression head of the long beam. As it can be observed in Fig. 8, the microcrack formation phase appeared at different load level due
to the different amount of reinforcement used for each beam. This circumstance generated the difference in the stiffness in the
microcrack stabilization phase and the consequent macrocrack apparition. Moreover, at the end of the test it was observed that even
though the reinforcement was yielded for both beams, the UHPFRC compression head was more crushed even generating spalling as
concrete was more stressed for the case of JE-1($20) than for JE-2($p16) due to the different amount of reinforcement used.

In addition, Fig. 10 depicts the equivalent bending stress () — average strain at the mid-span section at the compression
displacement transducer’s height (e:omp) and at the tension displacement transducer’s height (gzns), as it can be seen in the disposition
of the horizontal displacement transducers in Fig. 5(c). The equivalent bending stress was obtained after applying Eq. (2) to the
experimental load (P) expressed in N, and the average strains for compression and tension were obtained dividing the respective
horizontal displacements by the gauge length (here considered 160 mm).

o= 0.0005 - P (N/mm2> @

As it is shown in Fig. 10, the compression and tension stress-strain response changed the stiffness from the uncracked phase to the
microcrack stabilization phase when the microcraking formation developed. Due to the development of the UHPFRC’s characteristic
distributed microcracking pattern, the block of compressive stresses in the mid-span section changed its elastic stiffness and the tensile
stresses in the microcracked part of the section were transferred from the concrete to the reinforcement progressively via tension-
stiffening effect. Moreover, it can be observed that the stiffness in the microcrack stabilization phase remained relatively constant
until the macrocrack localization generated as a consequence of the coalescence of microcracks from previous phase. Therefore, it can
be emphasized this important consequence of the tension-stiffening effect for UHPFRC: the stiffness remains constant during the
microcracking stabilization phase from the microcrack formation to the macrocrack localization. This means that the microcraked
UHPFRC behaves linearly due to the presence of the fibers that generates an extra of strength in the concrete matrix when the
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Table 4

Average and CV of constitutive parameters of UHPFRC XS1 dosage.

Case Studies in Construction Materials 15 (2021) e00746

XS1: 160 kg/m?® of steel fibers

fi (MPa) S (MPa) ey (%0) E (MPa) W, (mm) fe (MPa)
Average 9.59 8.08 4.85 49,651 291 154.27
CV (%) 7.67 20.78 33.83 4.79 17.30 9.92
Table 5
Characteristic constitutive tensile parameters and softening correction.
130 kg/m?® of steel fibers
Charact. 6-8 fit (MPa) Sruec (MPa) et (%0) E (MPa) W, (mm)
5% 6.59 5.27 1.43 44,700 2.81
50% 7.56 7.05 1.18 49,000 2.43
95% 8.88 7.85 4.38 53,600 4.45
160 kg/m3 of steel fibers
Charact. 6-8 fi (MPa) Sfruec (MPa) ey (%0) E (MPa) W, (mm)
5% 7.01 5.57 4.09 46,300 2.55
50% 8.89 8.14 3.69 48,700 2.42
95% 10.22 10.23 7.56 51,800 3.31

Fig. 15. Geometry and mesh for reinforced short beams: 2D-NLFEM (a) and 3D-NLFEM (b).

microcrack appears allowing the development of more microcracks and not transferring entirely the stress to the reinforcement. This
extra strength could be translated in an extra crack energy in the microcracking process that is maintained during the microcraking
stabilization phase due to the fiber effect resulting in a relatively constant average behavior and therefore in a relatively constant
tension-stiffening effect. Therefore, in this work the tension-stiffening phenomenon was considered implicitly in the bending response
taking into account not only the collaboration of the tensile strength from the concrete between cracks, but also considering the re-
sidual strength in the proper crack due to the effect of fibers.

2.3. Material characterization

In order to characterize the mechanical behavior of the UHPFRC used in each mix, a set of 100 mm cubic specimens for the
compression test and 500x100x100mm unreinforced specimens for the 4PBT was cast together with beams (Fig. 11). Twenty-two
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Fig. 16. Geometry (a) and 2D mesh (b) for reinforced long beams.

UHPFRC batches were done in the experimental program: 8 batches for UHPFRC with 130 kg/m® (32 cubic specimens and 25 un-
reinforced 4PBT specimens) and 14 batches for UHPFRC with 160 kg/m® (61 cubic specimens and 38 unreinforced 4PBT specimens).
To obtain tensile behavior by using bending tests, it is necessary to apply inverse analyses. For this purpose, the authors chose an
inverse analysis method: a simplified Four-Point Inverse Analysis method (4P-IA) that was properly developed by the research group
for UHPFRC that exhibits strain-hardening (SH) behavior. It is explained in [49,55]. This method has also been calibrated and adapted
by the authors of this paper for UHPFRC that exhibits strain-softening (SS) (softening correction) [47,56]. This results in an optimized
UHPFRC material constitutive behavior for modeling and design, characterized by a direct reliable defined procedure [47]. According
to 4P-IA, to define the assumed tensile behavior (Fig. 12(b)), it is necessary to select specific key points from the experimental 4PBT
equivalent bending stress-displacement on the mid-span curve (Fig. 12(a)). Using these points, the parameters defining the assumed
simplified trilinear c-¢/w tensile law (Fig. 12(b)) can be determined by a back-of-the-envelope calculation and a softening correction
(ftue)- It is important to note that the tensile constitutive model proposed for both in SH- and SS-UHPFRC in the direct procedure for
tensile characterization [46,47] is considered in a simplified way for modeling and design, as in the French standard [40-42]. In the
direct procedure the transition between the UHPFRC tensile strength f; and the UHPFRC corrected ultimate tensile strength f;,,. is
considered linear (see Fig. 13(b)), neglecting the possible stress valley that could be generated when combining the phenomenon of the
softening of the concrete matrix after cracking and the consequent activation of the steel fibers present in it as described in [1,57,58]
and shown in Fig. 13. The simplification assumed in Figs. 12 and 13(b) applied to define the direct procedure to characterize the tensile
behavior of SH- and SS-UHPFRC for modeling and design was calibrated and validated in [46,47], where the ultimate tensile strain
(en) was defined as the relation between the crack opening at fi,c (Wswc) and the material crack bandwidth or process zone (by,).

Fig. 14 depicts the 4PBT 6-5 experimental curves obtained from 25 specimens with 130 kg/m® of fiber content and 38 with 160 kg/
m® of fiber. The curves for the average and the bound values (5% and 95% characteristics) are emphasized in Fig. 14.

The compressive strength obtained from the cubic specimens fell within a range of [99.88, 130.56] MPa for the 130 kg/m?> fiber
content, and [114.23, 172.08] MPa for the 160 kg/m3 fiber content.

The tensile parameters obtained from the prismatic specimens are included within the following ranges: (a) for the specimens with
130 kg/m3 of fiber content: f;in [6.48, 9.31] MPa, f,, in [4.65, 8.06] MPa, &4, in [1.09, 5.20] %o, E in [39100,53800] MPa, wy in [2.00,
4.45] mm and y in [0.65, 1.08]; (b) for the specimens with 160 kg/rn3 of fiber content: f;in [6.88, 11.41] MPa, fy, in [4.97, 13.75] MPa,
& in [1.37, 8.75] %o, E in [44100,55100] MPa, wyp in [1.75, 4.06] mm and y in [0.59, 1.25].

Moreover, to evaluate the grade of variability of the constitutive parameters for the material characterization of the UHPFRC, the
average and the coefficient of variation (CV) of the tensile parameters from the 4P-IA application and the compressive strength ob-
tained from the prismatic and cubic specimens cast using dosage XS1 are shown in Table 4. Even though the f;;, and the ¢,, parameters
exhibited high values of CV that could be attributable to the 4P-IA methodology, they could be considered acceptable for UHPFRC due
to the heterogeneity generated by the fibers.

Table 5 summarizes the tensile constitutive parameters of the characteristic curves, which were obtained after applying 4P-IA and
the softening correction.

The B500SD steel used for the reinforcement bars was characterized by a bilinear stress-total strain constitutive behavior with
strain hardening considering: tensile strength (f;) of 500 MPa, ultimate tensile strength (f;,) of 550 MPa, elastic strain (g ¢;) of 0.0025,
ultimate tensile strain (e;,) of 0.05 and elastic modulus (E,) of 200,000 MPa.

3. Numerical model

Non-linear 2D and 3D finite element models (NLFEM) were developed to model the reinforced UHPFRC specimens using the DIANA
FEA Finite Element software [59]. These models start from the NLFEM defined by the authors in [47,48,56,60]. In this case, the main
task was to adapt the capabilities of the NLFEM, even with reinforced concrete beams.

To model tensile UHPFRC constitutive behavior, two different approaches were followed: a Smeared Cracking Approach and a
Discrete Cracking Approach. In the smeared approach, the constitutive model for UHPFRC was based on a fixed total strain crack model,
expressed according to the crack opening curve. For the discrete approach, the constitutive model for UHPFRC was based on the discrete
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Table 6
Shrinkage values for the UHPFRC with short beams.

130 kg/m? of steel fibers

Charact. Testing day £cs (mm/m) shipe (%) €csunprre (Mm/m)
5% 49 0.34 120 0.75
50% 49 0.34 120 0.75
95% 49 0.35 120 0.77

160 kg/m? of steel fibers

Charact. Testing day £cs (mm/m) shinc (%) €csunprre (INM/m)
5% 49 0.34 120 0.75
50% 49 0.35 120 0.77
95% 49 0.38 120 0.84

cracking model as interface behavior. This behavior was implemented only at the central specimen section. The rest of the specimen
was modeled by the Smeared Cracking Approach.

Reinforcement was modeled using Von Mises strain-hardening elasto-plastic behavior for the steel with a bond-slip behavior be-
tween reinforcement and the UHPFRC matrix by the Dorr constitutive model for the interface bond-slip elements.

The results of the UHPFRC characterization obtained by the 4P-IA with softening correction were implemented into the constitutive
behavior of the above-described NLFEM. Therefore, the effect of fibers on constitutive tensile behavior was considered with these
parameters. Another important effect that was contemplated was concrete shrinkage and its consequences for concrete and rein-
forcement. In this case, it was taken into account as a material function when the UHPFRC model was defined in the NLFEM using the
total strain crack model. Accordingly, the shrinkage function from EN 1992-1-1 Eurocode 2 [43] was employed. From it, the obtained
values were incremented as a percentage to be adapted to the UHPFRC response. That is, the total shrinkage strain of UHPFRC
(ecsunprre) is defined as Eq. (3), in which the value obtained on the testing day using Eurocode 2 (g¢s) is incremented by different
percentages (shjp) to take into account the influence of shrinkage on UHPFRC. It is important to note that in the numerical model the
effect of shrinkage was implemented without considering the possible relaxation of stresses in UHPFRC as a consequence of the effect
of creep, i.e. considering the free shrinkage.

EcsUnPFRC = Ecs* (1 4 Shipe /100) 3)

Both the short and long reinforced beams were modeled with 2D quadratic plane stress elements (in the 2D model) and 3D
quadratic structural isoparametric solid brick elements (in the 3D model) when the Smeared and Discrete Cracking Approaches were
followed. Besides for the Discrete Cracking Approach, a quadratic 2D line interface element (in the 2D model) and a quadratic plane 3D
interface element (in the 3D model) were placed at the mid-span section to model macrocrack behavior. Fig. 15 shows the mesh used
for the Discrete Cracking Approach of the NLFEM with short beams: for 2D-NLFEM (Fig. 15(a)) and 3D-NLFEM (Fig. 15(b)). The same
concept was applied to long beams (Fig. 16). For the 2D and 3D-NLFEM of the short beams, an element size of 20 mm was used. For the
2D-NLFEM of the long beams, an element size of 50 mm was considered. As the Discrete Cracking Approach is not mesh size dependent,
it was possible to optimize the time and calculation resources with the mesh size. Reinforcement was modeled discretely using truss
bond-slip elements. Load was applied to the steel load plates by gradually increasing displacement. A non-linear analysis was carried
out by an incremental-iterative solution procedure.

4. Numerical simulation and discussion

Here the reliability of using the constitutive parameters obtained from the characterization test to evaluate the mechanical response
of the UHPFRC-reinforced elements through the NLFEM is analyzed.

4.1. Short beams

In short beams, the characteristic tensile parameters in Table 5, obtained by applying 4P-IA and its softening correction to the
characteristic 4PBT 6-8 curves of the 500x100x100 specimens, were implemented into the NLFEM. The numerical response of the
obtained short reinforced beams was compared to the experimental response depicted in Fig. 3.

Fig. 17 shows the characteristic experimental 4PBT 6-8 curves for 5%, 50% and 95% of the short reinforced beams tested for the
experimental program (continuous black lines) compared to the characteristic response of the NLFEM when the discrete approach is
used (discontinuous ones). As observed, the model curves accurately fit the experimental ones for each level. This demonstrates not
only the reliability of the developed NLFEM, but also the coherence of the process. That is, if the characteristic tensile constitutive
parameters used to mechanically characterize UHPFRC were implemented into the NLFEM of the reinforced beams, the numerical
response would accurately fit the experimental one at the 5%, 50% and 95% percentile levels.

It is important to pay attention to the shrinkage value used to calibrate the model. To fit the results with this accuracy, a 120%
increment in the shrinkage value calculated from EN 1992-1-1 Eurocode 2 [43] was needed in the NLFEM. In Table 6, the shrinkage
values (e.s) for each characteristic level and the 120% increment (sh;,c) required to accurately fit the results are provided. The total
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Fig. 19. Comparison between the NLFEM approaches for 160 kg/m?> fiber content.

Table 7
Mechanical UHPFRC properties for long beams.

160 kg/m? of steel fibers

Beam fi (MPa) Srue (MPa) €q (%o0) E (MPa) w, (mm) fe (MPa)
JE-1($20 mm) 9.43 10.44 6.25 54,500 3.13 165.77
JE-2($16 mm) 8.95 8.48 3.74 50,000 3.14 172.08

shrinkage strain of UHPFRC (e.synprrc) was calculated using Eq. (3), and fell within the range of [0.75, 0.84] mm/m. Fig. 18 depicts the
stress consequences that the shrinkage effect on the UHPFRC beam with 160 kg/m® of steel fiber content generates by taking into
account the 50% characteristic tensile parameters in 3D NLFEM in both reinforcement (Fig. 18(a)) and the UHPFRC body (Fig. 18(b)).
In Fig. 18(b), only the tensile stress range is illustrated to emphasize the stresses due to the shrinkage effect on UHPFRC. This effect
followed the reinforcement path.

Fig. 19 compares both NLFEM approaches (smeared and discrete) to the experimental 6-5 response for the characteristic 50% level.
The tensile constitutive parameters for 50% in Table 5 were implemented in both NLFEM approaches and compared. As observed, the
numerical model fits the experimental response very well. The elastic and multicrack stages are accurately represented. Unlike the
behavior achieved with the unreinforced specimens in the 4PBT in [48], it can be noted that the differences between both the NLFEM
hypotheses were not significant, allowing the use of either of the two depending on the convenience when reinforced specimens are
modeled. This means that the presence of reinforcement notoriously influenced specimens’ mechanical behavior when the macrocrack
appeared. At that time, UHPFRC lost its bearing capacity and stress was progressively transmitted to reinforcement through the
“tension-stiffening” mechanism. This effect gave a close response between the smeared and discrete NLFEM approaches. We can also
observe how the differences between the 2D and 3D NLFEM are negligible. The model’s accuracy was good and both the models with
the smeared and discrete approaches proved completely reliable. This fact justified that, for long beams, only the 2D model was used to
avoid the amount of calculation time and sources spent for the 3D one. The 3D model was employed only to observe such important 3D
effects like shrinkage (Fig. 18).

4.2. Long beams

Table 7 contains the average tensile parameters for the 500x100x 100mm unreinforced specimens cast together with the beams for
the UHPFRC mechanical characterization. Specimens were tested in a 4PBT and the 6-5 average curves were obtained for the spec-
imens cast with JE-1 ($p20 mm) and JE-2 (¢$16 mm), respectively. These 6-8 curves were located near the 95% percentile curve in
Fig. 14(b). Therefore, a good tensile response of these UHPFRC batches can be expected. Then the 4 P-IA analysis and softening
correction were applied to obtain the average tensile constitutive behavior for each beam. In Table 7, the average compressive strength
from the 100-mm cubic specimens is also reported. The obtained UHPFRC mechanical parameters were implemented into the discrete
approach of 2D-NLFEM. Several results were analyzed after running the model for long beams.

Fig. 20 shows the equivalent bending stress (¢)-displacement at the mid-span(5) curves for the experimental test obtained after
applying Eq. (2) to the experimental load expressed in N (P)-displacement at the mid-span curves (Fig. 8), and compared to the
response of the applied model by considering three cases based on how shrinkage was taken into account from Eq. (3): with no
shrinkage (“model no sh”), with shrinkage calculated as in EN 1992-1-1 Eurocode 2 [43] considering shjy. = 0 in Eq. (3) (“model 0%
sh-inc”), and with a 90% incremented shrinkage value considering shj,. = 90 in Eq. (3) (“model 90%sh-inc”) in beam JE-1% and 120%
considering shj,. = 120 in Eq. (3) (“model 120%sh-inc”) in beam JE-2. As seen in Fig. 20 the shrinkage variation in the NLFEM defined
by means of Eq. (3) affected directly the microcrack formation phase (see Fig. 8) which in turn affected the initiation of the
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Table 8
Shrinkage values at 49 days for long beams.

160 kg/m? of steel fibers

Beam Testing day £cs (mm/m) shipe (%) €csunprre (Mm/m)
JE-1 (¢20 mm) 49 0.37 90 0.70
JE-2 (¢16 mm) 49 0.37 120 0.81

tension-stiffening effect that allows the microcrack stabilization phase in the bending response of the beams. Therefore, the shrinkage
value was calibrated in the NLFEM according to the experimental microcrack formation phase trying to fit the experimental micro-
crack stabilization phase. As observed in Fig. 20, the model very well fits the experimental curve when a 90% shrinkage increment was
applied at 49 days for JE-1 and one of 120% for JE-2. Table 8 presents these values for the two tested beams. The total shrinkage strain
of UHPFRC (ecsupprre), calculated by Eq. (3) for these two beams, fell within the range of [0.70, 0.81] mm/m.

As a result, the values of the concrete shrinkage strains obtained for both short (Table 6) and long beams (Table 8) fell within the
range of [0.70, 0.84] mm/m. This is consistent with the range of [0.60, 0.90] mm/m for UHPFRC with a non heat treatment and a
water/cement ratio of < 0.25, which other researchers considered in [1,3-5].

For more details, Fig. 21 offers the stress profile at the mid-span section of the two beams due to UHPFRC shrinkage (e.sunprrc) 49
days after they were cast before starting the experimental test. As we can see, the generated stress is very important given the influence
of the reinforcement bars embedded in the UHPFRC matrix. So it can be deduced that the UHPFRC in the vicinity of reinforcement was
highly stressed in tension, and even came close to the f; value before the test started. This means that the concrete there was pre-
stressed near cracking and, consequently, its bearing capacity reduced. The effect on reinforcement was the opposite. Longitudinal
bars were compressed and, as a result, they displayed pre-compression before the test, which led to a higher bearing capacity for the
bending test. When comparing both graphs, it is worth noting that the JE-1 beam achieved more stress in both compression (h =
300 mm) and tension (h = 0 mm) than the JE-2 beam. Furthermore, reinforcement was less compressed in JE-1 than in JE-2. These
results are absolutely logical if the different amounts of reinforcement between JE-1 (2¢20 mm) and JE-2 (216 mm) are considered.
So after analyzing these results, it can be concluded that the shrinkage effect was very strong on UHPFRC and, consequently, its in-
fluence on the beam’s structural response was not at all negligible.

Regarding the cracking process under load and the corresponding reinforcement stresses, Figs. 22 and 23 illustrate the crack
opening and reinforcement stress in the central part of the JE-1 and JE-2 beam in two stages: microcracking stage (¢ = 30 MPa for JE-1
and 6 = 20 MPa for JE-2) and upon collapse. As observed, Figs. 22 and 23 show that when using NLFEM, the cracking process of the
UHPFRC beams develops as in the experimental test. This figure very well illustrates the appearance of microcracking and how this
affects reinforcement stresses, while concrete loses its tensile capacity. Upon collapse, the cracking process concentrated on one
macrocrack and, consequently, the tensile stress of reinforcement increased at this point until its plasticity level was reached. As seen in
both figures, the cracking pattern differed depending on the corrected hardening ratio (y.), defined as the quotient between the
corrected ultimate tensile strength (fy,) and tensile strength (f}) of the developed UHPFRC constitutive behavior. As JE-1 exhibited
strain-hardening (y. > 1) (see Table 7), the cracking pattern was smeared with mapped cracking in the microcracking stage and
progressed to a more concentrated area with a wider crack width as the macrocrack appeared. For JE-2, the cracking pattern was also
smeared in the microcracking stage, but was slightly different from JE-1. As the UHPFRC of JE-2 exhibited strain softening (y. < 1) (see
Table 7), the microcracking stage had cracks concentrated in clear zones and the macrocrack developed from one of these zones.
Therefore, the cracking process simulated by the NLFEM was most reliable and represented reality very well at both the service and
ultimate load levels.

5. Design considerations for UHPFRC

Some design aspects of the bending section under serviceability and ultimate conditions were considered. This was done to know if
the traditional design under bending and normal forces would be accurate enough for the reinforced UHPFRC cross-sections, and it also
aimed to evaluate how fibers actually contributed to flexure strength.

5.1. Serviceability level

In cracking behavior terms, it is worth mentioning that no clear formation of macrocracks up to the failure conditions was observed
on either short beams or long ones. Under service conditions, the following three stages were noted instead for both beam types: (1)
uncracked; (2) microcrack formation; (3) stabilized microcracking (see Figs. 17 and 20).

In load-deflection response terms, flexural stiffness remained relatively constant in the stabilized microcracking stage. The
experimental flexural stiffness (Elexp) was determined in all the tested beams. The obtained values are shown in Table 9. Moreover, the
flexural stiffness (EI.,) calculated when considering the contribution of only the uncracked concrete part and longitudinal rein-
forcement was also obtained. This simplified way of calculating flexural stiffness followed the traditional approach, which considers
the cracked section, just as several codes suggest for estimating RC member deflections; e.g. as in EN 1992-1-1:2004 [43].

It can be outlined that the flexural stiffness of long beams under serviceability conditions came very close to the fully cracked cross-
section stiffness. However in short beams, the value of the calculated stiffness was higher than that of the experimental one. In any
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Table 9

Cross-section flexural stiffness under serviceability conditions.
Beam Elpyp [kN-m?] El, [KN-m?] Elep / Elr
Short 130 kg/m® 182.8 228.9 0.799
Short 160 kg/m3 208.3 228.7 0.911
JE-1 (¢20 mm) 5349.6 5395.4 0.992
JE-2 (¢16 mm) 3843.0 3817.5 1.007

case, the poorest reinforced beam (the short beam with 130 kg/m?®) reached nearly 80% of total flexural stiffness.

According to Bischoff [61], tension-stiffening factor § can be obtained for defining the element’s member response. Setting f to
equal 1 gives a bilinear response with constant tension-stiffening that represents an upper bound on member stiffness, as shown in
Fig. 24 for long beams. A § value of 0 gives a lower bound with no tension-stiffening, which essentially provides the I.; response. Both
long beams showed a nearly full-tension stiffening response as an experimental p value close to 1 was obtained under serviceability
conditions (Fig. 24). Therefore, the control of deflections in those beams exhibiting full-tension stiffening can be carried out in the
whole service stage (stabilized microcracking) by assuming an effective moment of inertia I given by Bischoff’s proposed expression
[61] and considering (f = 1):

1

< — (M, /M,) <1, where n= 1-1I,/I, (€))]

l,= ——
1— n.ﬁ-

5.2. Ultimate level

The constitutive equation to be used in the axial and bending analysis in the ultimate limit state requires converting the stress-crack
opening branch of the tensile properties obtained in Table 7 into a continuous stress-strain diagram. To do so, a characteristic length
that equaled 2 h/3 = 200 mm was assumed according to NF P18-470 [40], along with a coefficient of orientation K = 1.25, to model
the tensile properties of UHPFRC [40]. Finally, the concrete compressive strength was assumed as that obtained in a cylinder (f¢,cy1),
which can be related to cubic strength with a difference of —15 MPa [40]. By way of example, Fig. 25(a) presents the constitutive
equation assumed in the design analysis under bending for the JE-2 beam. The cross-section’s possible plain strain distributions in the
ultimate limit states are limited by either a peak strain in the most compressed fiber that equals f ¢y / E or a maximum tensile strain in
the longitudinal reinforcement of 10%o. So by applying the axial equilibrium equation, the location of the neutral axis (%) is obtained,
and the moment equilibrium equation allows maximum bending moment (M, ca1) that the reinforced UHPFRC cross-section can resist
to be evaluated (Fig. 25(b)). In the presented calculations, no safety coefficients were taken into account to be compared to the
maximum bending moment achieved in the test (My,exp)-

The calculations for both long beams (JE-1 and JE-2), and the comparison made to the obtained experimental results, are sum-
marized in Table 10. It is worth mentioning that predictions are relatively accurate, but very much depend on not only the axial tensile
force that fibers in tension can carry, but also on the tensile force on longitudinal bars, which reach their yielding stress on both beams.
Fibers carry a tension of 34.1% in JE-1 and one of 38.7% in JE-2 of the total tensile force required in the section equilibrium. Therefore,
fibers play a significant role in the beam’s flexural strength despite them not collaborating directly with the resisted bending moment.
For instance, only 2.0 kN-m was resisted by the fibers in the JE-2 beam (Fig. 25(c)). It should be noted that predictions were based on
the tensile properties affected by a K coefficient of 1.25, which would result in a lower flexure strength estimation. In the studied cases,
K= 1.25 can be considered a reasonable orientation factor given the obtained My exp/My,ca ratios.

6. Concluding remarks

This paper presents a study on flexural reinforced UHPFRC tensile behavior that deals with important aspects, such as the shrinkage
and the particular crack pattern of this concrete. An experimental program of reinforced UHPFRC beams was carried out on two
different scales. Furthermore, a non-linear finite element model (NLFEM) was developed to validate the employed UHPFRC charac-
terization method and its numerical implementation at material level. Finally, some design aspects of reinforced UHPFRC cross-
sections with bending and axial forces under serviceability and failure conditions are addressed and compared to the beams
included in the experimental program. The following conclusions can be drawn:

In the experimental bending response of the reinforced UHPFRC beams, two different stages were distinguished: a first stage with
greater stiffness, where uncracked concrete and reinforcement work together; a second stage with lesser stiffness, where a micro-
cracking process takes place and the tension-stiffening phenomenon develops. In the second stage, microcracks grow in a smeared way
by covering part of the span between supports (the so-called process zone) as load increases. When this stage ends, the concentration in
one macrocrack takes place as a consequence of the coalescence of microcracks from previous stage leading to the collapse.

During the experimental test of the reinforced UHPFRC beams, the stiffness in the second stage of the bending response remained
relatively constant until the macrocrack localization. Therefore, in this work the tension-stiffening phenomenon was considered
implicitly in the bending response taking into account not only the collaboration of the tensile strength from the concrete between
cracks, but also considering the residual strength in the proper crack due to the effect of fibers.

When the characteristic tensile constitutive parameters used to mechanically characterize UHPFRC are implemented into the
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Table 10

Comparison between the predicted and experimental values upon failure.
Beam My, exp [KN-m] My,cqr [kN-m] My,exp / Muy,cal Xo [mm] Nc [kN] N¢ [kN] N; [kN]
JE-1 (420 mm) 107.4 114.2 0.94 69.6 524.5 178.9 345.6
JE-2 (¢16 mm) 79.1 76.4 1.04 55.8 360.6 139.4 221.2

NLFEM of reinforced beams, the numerical response accurately fitted the experimental one at the 5%, 50% and 95% percentile levels.
This result demonstrates the reliability of the developed NLFEM, as well as the coherence of the UHPFRC tensile material charac-
terization process.

The model was developed using two different approaches: smeared and discrete. The differences in the results obtained with the two
approaches were negligible, unlike the response acquired with the unreinforced specimens in 4PBT. It is stated that reinforcement
notoriously influences the mechanical behavior of specimens when macrocracking appears via the “tension-stiffening” mechanism.

From the NLFEM application, it was deduced that the UHPFRC’s shrinkage affects the second stage of the bending response of the
reinforced UHPFRC beams where the microcrack formation and microcrack stabilization phases take place.

Given its particular dosage, UHPFRC is a concrete type that undergoes a high shrinkage level. By using the NLFEM, the shrinkage
strain was deduced within a range of [0.70, 0.84] mm/m, which is consistent with other research works. This can generate internal
stresses before test starts, which need to be taken into account given the potential influence on the beam’s service response. According
to the NLFEM simulation, the internal tensile stresses in the UHPFRC matrix came close to the tensile strength (f;). Therefore, the
developed NLFEM is able to predict the structural response of UHPFRC by considering the shrinkage effect.

NLFEM is able to simulate and identify the different cracking pattern based on the UHPFRC constitutive behavior; that is,
depending on the corrected hardening ratio. Consequently, the cracking process simulated by the NLFEM is completely reliable and
very well represents reality at both the service and ultimate load levels.

The flexure strength predictions of long beams are quite accurate and very much depend on the tensile force that fibers can carry
out. Both beams showed a nearly full-tension stiffening response (p ~ 1) under serviceability conditions, which simplifies the eval-
uation of the effective moment of inertia to control deflections.
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