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15 HIGHLIGHTS

16 ¢ Uniaxial tensile tests on UHPFRC dog-bone shaped specimens;

17 e Influence of different fiber dosages on mechanical properties;

18 e Use of Digital Image Correlation (DIC) to monitor displacements and strains during the
19 experimental tests;

20 e Phase-field model which schematizes UHPFRC as a mixture of brittle and elasto-plastic
21 phases, accounting for concrete matrix and fiber reinforcement, respectively.

22 e FE numerical implementation of the variational model and simulations to reproduce
23 different failure processes.

24

25 ABSTRACT

26  Ultra-High Performance Fiber-Reinforced Concrete (UHPFRC) is considered a promising
27  material for many structural applications where high strength and high energy absorption capacity
28  are required.

29  The purpose of this work is to study the uniaxial tensile behavior of soft cast (flowable at casting
30 time) UHPFRC by varying the amount of hooked steel fibers (30-mm long) from 0% up to 2.55%
31 by volume. Direct tensile tests have been performed on dog-bone shaped specimens and Digital
32 Image Correlation (DIC) has been used to measure displacements and deformations and to monitor
33 the evolution of cracks. Then, a phase-field model has been implemented in a FE code and
34  numerical simulations have been performed to better understand the effects of different fiber
35  dosages on the mechanical behavior of UHPFRC composites and on their post-elastic evolution.
36  Concrete matrix and fiber reinforcement have been modeled as brittle and elasto-plastic phases of
37  a mixture, whose internal energies are enriched by non-local damage and plasticity contributions.
38  The different failure mechanisms observed in experiments have been reproduced, including the
39  ductile failure experienced by specimens with sufficiently high fiber dosage, which distinguishes
40  for a strain-hardening phase of matrix multi- micro-cracking that anticipates material failure.
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1. Introduction

The interest of the scientific community on the development of Ultra-High Performance Fiber-
Reinforced Concrete (UHPFRC) is significantly increased in recent years. UHPFRC is a
composite cement-based material, usually reinforced with short steel fibers, characterized by high
compressive strength (>120 MPa) [1,2]. Furthermore, UHPFRC exhibits high tensile strength,
exceptional energy absorption before failure (toughness) and pseudo-ductility in tension, with the
formation of distributed small cracks prior to crack localization [3-5]. Thanks to its great
mechanical properties, this material can be used to realize building components (reducing the
weight by more than 50% compared to ordinary concrete structures under the same loading
conditions), architectural features, off-shore and hydraulic structures, impacts or explosions
resistant elements or even as external reinforcement for existing concrete structures [6—9].

To achieve ultra-high compressive strength, in addition to a high amount of cement and a low
water-to-cement ratio (usually < 0.2), fine powders such as quartz flour, ground granulated blast-
furnace slag and silica fume are normally added to the mixture to ensure a highly dense matrix
[10-16].

Studies from the literature have clearly demonstrated that the addition of fibers reduces the brittle
behavior of plain concrete under tensile and bending loading and allows the material to increase
its ultimate tensile strain capacity and ductility [10,17,18]. However, a cementitious material with
deflection-hardening post-cracking behavior in bending tests does not necessarily show a strain-
hardening behavior in uniaxial tensile tests [19,20]. To fulfill the second goal the UHPFRC matrix
must have a fiber content exceeding a certain threshold (>1.5% by volume) [21]. Mechanically
deformed fibers may improve the bond with the matrix and enhance the material ductility [20].
UHPFRC properties can be improved to such a point that, when the specimen is subjected to
uniaxial tensile stress, it may exhibit multiple fine cracks and strain-hardening behavior in the
post-cracking phase. This phenomenon, observed by some researchers [19-21], is generally
accompanied by the formation of multiple transversal cracks at different specimen cross-sections.
Tensile strength and post-cracking deformation capacity of UHPFRC can be evaluated through
uniaxial direct tensile tests. The advantage of using this type of test, despite some complexities in
the execution, is the capability to directly investigate the material tensile behavior over all the three
main stages that are usually observed: linear elastic, strain-hardening, associated to micro- and
multi-cracking within the matrix, and strain-softening, related to the development of macro-cracks
[21]. The strain-hardening stage is due to the stress bridging action of fibers among cracks, and it
confers enhanced ductility to the composite.

Some recommendations on how to perform direct tensile tests on UHPFRC materials have been
provided by few national guidelines, such as the French AFGC-SETRA [1] and the Japanese JSCE
[2]. The Fib Model Code 2010 [22], which serves as a basis for future code for concrete structures,
gives important information on the mechanical properties of Fiber Reinforced Concrete (FRC)
elements. However, it does not provide instructions on how to perform direct tensile tests. Some
indications on fiber reinforced concrete (with no references to UHPFRC) are provided by the
Italian guidelines issued by CSLLPP [23] and CNR [24].

Different tensile test setups have been proposed in order to obtain reliable results [8,21,25,26],
since there are still no standardized testing procedures to fully characterize the tensile properties
of UHPFRC. Furthermore, specimen’s geometry (dog-bone shape, unnotched and notched prisms
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or cylinders) and dimensions, together with the gripping method used during the test (fixed or
rotating boundary condition), can significantly influence the experimental results [21]. Notched
specimens, for example, are not suitable for characterizing cementitious materials with strain-
hardening tensile behavior due to stress localization and earlier crack initiation.

Strain-hardening behavior can be successfully captured by using dog-bone shaped specimens,
having a central part with constant cross-sectional area and larger areas at the specimen ends to
avoid support failure. Tensile tests on dog-bone shaped specimens with different dimensions and
different grip systems have been performed [16,20,21,25-31]. Wille et al. [21] experimentally
investigated the direct tensile behavior of nine dog-bone shaped UHPFRC specimens, by varying
the fiber type and the fiber volume fraction. The analyzed results showed a strong dependency on
the fiber volume fraction. In Yoo D. et al. [31], the effects of different steel fibers on the tensile
performance of UHPFRC were investigated. Four different steel fiber types were used: S-straight,
T-twisted, H-hooked, and HH-half-hooked. The order of effectiveness in enhancing the tensile
performance of dog-bone specimens was S-fiber, T-fiber, HH-fiber and H-fiber. Hassan et al. [16]
carried out direct tensile tests on two types of dog-bone shaped specimens with different
geometries. Specimens were glued with epoxy on two metal plates and strains were measured
using two LVDTs. Specimens geometry appeared to have no influence on the tensile strength of
UHPFRC. Jun and Mechtcherine [26] carried out tensile tests on dumbbell shaped prisms of strain-
hardening cement based composites (SHCC) by using non-rotatable boundary conditions and
measuring deformations by means of two LVDTs fixed to the specimen lateral surfaces.

In this study, the uniaxial tensile behavior of different UHPFRC mixtures has been investigated,
by varying the amount of hooked steel fibers (30 mm length) from 0.6% up to 2.55% by volume.
The UHPFRC matrices studied herein are easily reproducible on site, therefore they can be
produced with standard tools and without the need for special equipment. Before testing,
specimens were cured at laboratory conditions (20 °C, 70% RH) up to 28 days, which correspond
to the simplest way of producing soft cast UHPFRC [32] and could represent the real conditions
on site.

Uniaxial tensile tests have been performed on unnotched dog-bone shaped specimens (length of
330 mm and cross-sectional area of 45x30 mm?) by using a test setup which allows rotation of the
specimen around one axis. Digital Image Correlation (DIC) has been used to measure
displacements and strains and to monitor the formation of cracks and the damage evolution during
tensile tests.

Experimental results have been supported by a modelling study, aimed at a comprehensive
understanding of the influence of steel fiber amount on the tensile properties of UHPFRC and on
its failure mechanisms. The UHPFRC tensile behavior has been modeled by using the phase-field
model proposed in [33]. The model assumes that the composite is a mixture of two material phases,
the cementitious matrix and the reinforcing fibers. Concrete and reinforcement phases are
supposed to be brittle and elasto-plastic, respectively, and their internal energies are enriched by
damage and plastic contributions. The damage energy assigned to the brittle matrix depends on a
scalar damage parameter, and it is sum of a local and a non-local term, as typically considered in
phase-field models of fracture [34]. The plastic energy of the reinforcement is similar to that
proposed in [35-37], and it is constituted by a local non-convex term, which depends on the
cumulated plastic strain, having a dissipative nature, and a non-local term, depending on the
gradient of the cumulated plastic strain, and playing the role of strain localization limiter [38].
While damage and plasticity are combined within the same material in [39,40], in the present
model they are assigned separately to each component of the mixture. The two material phases are
linked through linear elastic bonds, which contribute to couple damage and plastic problems
associated to each phase. The model provides an accurate description of the micro- multi-cracking
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process observed in UHPFRC with high fiber content, significantly improving the description
given by the damage model [41], where multiple cracks were undistinguished, spread within zones
of diffused damage.

A key assumption of the proposed model is that damage and plastic properties of the two phases
account for all inelastic phenomena observed in experiments. Indeed, damage properties of matrix
allow to describe micro- and multi-cracking. Plastic properties of reinforcement account for the
plastic stretching of fibers and, mostly, for all inelastic phenomena that occur at the interface level
in real UHPFRC:s, such as fiber-aggregate interlocking and matrix-fibers frictional mechanisms.
Finally, matrix to fibers interface bonds have just the role of transferring stresses between the two
phases. They have been modeled by linearly elastic springs, since non-linearities related to
debonding and sliding are included into the plastic energy of the reinforcement phase. These
simplistic assumptions make the model phenomenological in nature, and, thus, not related to any
micro-mechanical justification. The advantage of this framework is that the effects of each
modelling ingredient are clearly recognized in the description of the failure process. Consequently,
the model constitutive parameters can be easily calibrated, by associating each of them to a single
mechanical phenomenon that can be observed and measured in experiments.

Damage, plastic and bond energies incorporates three different internal lengths, which are the size
of micro-crack process zone, the size of final macro-crack process zone, and the spacing between
adjacent micro-cracks, which represent crucial parameters in the description of the inelastic
evolution process of multiple cracking.

The variational model is implemented in a FE code, and numerical simulations are performed to
reproduce tensile tests. Experimental stress-strain curves have been accurately reproduced, as well
as the different stages of the cracking processes that lead samples to failure. Furthermore,
numerical simulations have given valuable insights into the influence of fibers amount on the
transition from brittle to ductile failure in the UHPFRC uniaxial tensile behavior.

The paper is organized as follows. In Sect. 2, the materials and mixture proportions of UHPFRC
are described, and the samples casting and curing process are outlined. The influence of the casting
process on the distribution of fibers within the samples is investigated in Subsect. 2.3. The
experimental set-up of direct tensile tests, the DIC acquisition system technique and the main
results are presented in Sect. 3. The variational model is described in Sect. 4, where the theory is
formulated in the one-dimensional format since, despite its simplicity, it preserves the key
modelling features, and provides formulas for parameters calibration. The general three-
dimensional problem is provided in Subsects. 4.3 and 4.4. Numerical results and comparisons with
experiments are presented in Sect. 5. The two different quasi-brittle and ductile behavior in the
cracking evolution process, associated to UHPFRC with different fibers content, are discussed.
Finally, conclusions are drawn in Sect. 6.

2. Materials and methods
2.1 Materials and mixture proportions

A Commercial Portland-limestone blended cement CEM I 52.5 R, in compliance with EN-197/1
was used [42]. The Blaine fineness of cement was 0.48 m?/g and its relative specific gravity was
3.15. As aggregate, two different types of quartz micro-sand with particle size 0-0.6 mm and 0.6-
1.0 mm were suitably combined. Silica fume was added at dosage of 125 kg/m>. In addition, an
acrylic-based water-reducing admixture (WRA) was added in powder at dosage of 1.1% by weight
of cement, and a water to cement ratio (w/c) of 0.20 was adopted in all mixtures.
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Hooked steel fibers (showed in Fig. 1), 30-mm long with aspect ratio equal to 43, were added at
increasing dosages: 50, 100, 150 and 200 kg/m?. The corresponding fibers volume fractions are
0.6%, 1.25%, 1.9% and 2.55%. The mixture proportions are shown in Table 1, while the main
characteristics of steel fibers, as reported by manufacturer, are listed in Table 2.

The concrete mixture without fibers (UHPC) was cast into three prismatic specimens having
dimensions of 40x40x160 mm?. After 2 days specimens were demolded and cured up to 28 days
at laboratory conditions (20°C, 70% R.H.) before testing in bending and compression, according
to the procedure described in EN 1015-11 [43]. Results obtained are listed in Table 3.

“

Figure 1. Hooked steel fibers and dog-bone shaped specimens manufacturing.

Table 1. UHPFRC mixtures proportions by weight.

. CEM I Sand Sand Silica
Mixture 525k WA 06 0.6/1.0 fume

UHPC_0% 1 0.2 0.4 0.6 0.125 0.011 -
UHPFRC 0.6% 1 0.2 0.4 0.6 0.125 0.011 0.05
UHPFRC_1.25% 1 0.2 0.4 0.6 0.125 0.011 0.10
1
1

WRA  Fibers

UHPFRC_1.9% 0.2 0.4 0.6 0.125 0.011 0.15
UHPFRC_2.55% 0.2 0.4 0.6 0.125  0.011 0.20

Table 2. Main characteristics of the steel fibers used.

Length  Diameter Aspect Young modulus  Tensile strength
(mm) (mm) ratio (GPa) (MPa)

Hooked

steel fiber 30 0.7 43 170 450

Table 3. Mechanical properties of the UHPC reference mixture (CoV in round brackets).

Compressive Flexural

Specimen strength strength
(MPa) (MPa)
122.5 15.8
0,
UHPC_0% %) (5%)

2.2 Dog-bone shaped specimens for uniaxial tensile tests
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Uniaxial tensile tests have been carried out on dog-bone shaped specimens with nominal cross-
sectional arca of 30x45 mm? and total length of 330 mm (Fig. 2). The dimensions of the specimen
cross-section have been defined in order to minimize the alignment effect along the longitudinal
direction and, at the same time, minimize the bending stresses and the eccentricity that could arise
during tensile tests for specimens with too large sections.

Specimens were cast in wood frameworks (Fig. 1) and after 2 days demolded and cured at
laboratory conditions (20 °C, 70% R.H.) up to 28 days before testing.

7/ S

Figure 2. UHPFRC dog-bone shaped specimens.

2.3 Fibers distribution analysis

Fibers dispersion and distribution within the concrete specimen can significantly affect the
mechanical behavior of the material [44,45]. In fact, while the fibers alignment along one axis of
the specimen could be favorable for an element subjected to uniaxial or flexural stress in that
direction, randomly oriented fibers would be required for such applications where multiaxial stress
states are present. In this study, the fibers distribution within the specimen cross-section has been
evaluated through image analysis.

One dog-bone shaped specimen for each group has been cut at three different sections (indicated
as S1, S2, S3 in Fig. 2), perpendicular to the main axis of the specimen, in order to check the fibers
distribution at different specimen cross-sections.

Pictures of the specimen cross-sections have been acquired using grazing light illumination in such
a way that the steel fibers, being reflective, were more evident in the image (see Table 4).

The acquired pictures were converted into binary image by using a picture processing software
developed with Matlab. The area 4;.. in pixels of each specimen section has been identified. White
pixels (4,) represent the sectional area occupied by steel fibers, therefore, the percentage of fibers
area within each section (4y) can be calculated as:
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The average fibers area evaluated on three sections for each specimen has been reported as Az4rc
in Table 4. Then, the ratio between As4rc and the nominal fibers volume within the mixture (V)
has been reported in the last column of Table 4.

From the cross-section pictures of Table 4 some fibers segregation can be observed in specimens
with low fibers content (UHPFRC 0.6% and UHPFRC 1.25%). The inhomogeneous fibers
distribution was probably due to the dosage of WRA, which has been kept constant in all mixtures,
thus producing too fluid matrices when a low percentage of fibers has been used. On the other
hand, when a higher fibers dosage was adopted (UHPFRC 1.9% and UHPFRC 2.55%) a more
homogeneous fibers distribution has been noticed. Despite the fact that some variability has been
observed in the fibers distribution at the three cross-sections analyzed for each specimen (see
Coefficients of Variation (%) reported in Table 4), it is interesting to observe that the rate between
the average fibers area within the cross section (Az4rc) and the nominal fibers volume within the
mixture (F7) is almost constant for all the mixtures, and equal to values comprised between 1.7 and
1.9.

Table 4. Fibers distribution within the dog-bone shaped specimen cross-sections.

Specimen Cross-sections of dog- Nominal | Fibers arca Average
bone shaped specimens fibers measured at | fibers area
volume different within the AoV,
within the Cross- cross section, | 47/
mixture, /'y | sections Arave
(% vol) (% area) (% area)
S1=1.08
1.08
0 =
UHPFRC 0.6% 0.6 S2=1.06 CoV = 1.9% 1.80
S3=1.10
S1=1.89
0 $2=3.00 2.36
UHPFRC _1.25% 1.25 CoV = 24.2% 1.89
S3=2.20
S1=3.83
0 _ 3.28
UHPFRC_1.9% 1.9 s2=3s52 | S8 | 173
S3=249
S1=3.79
0 _ 4.34
UHPFRC 2.55% 2.55 S2=3.79 CoV = 22.1% 1.70
S3=5.45
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3. Direct tensile tests on dog-bone shaped specimens
3.1 Test setup

A steel frame realized with welded steel plates and four steel cylinders (Fig. 3) was used to grab
the specimen and to transfer the tensile force without applying compression at the specimen ends
and allowing rotations around one axis. Tensile tests were performed in displacement control
(loading rate of 0.5 mm/min) with a tensile testing machine having a load capacity of 50 kN.
Tensile stress o was calculated by dividing the tensile load by the specimen’s cross section. Digital
Image Correlation (DIC) was used to monitor strains and displacements on a selected area of the
sample (the red area in Figure 3). More information on the DIC technique used in this study and
on the test apparatus are provided in the next section.

L 140 mm

[,
]
N T N

Figure 3. Direct tensile test setup and DIC acquisition area.

3.2 Digital Image Correlation (DIC) acquisition system

The measurement of displacements and deformations of UHPFRC specimens during tensile tests
was performed by using optical methods. In order to perform the Digital Image Correlation (DIC)
analysis, three digital cameras (model Pixelink® B371F) have been used to acquire pictures of the
frontal and lateral surfaces of the samples during all tests.

Figure 3 shows the measurement setup used: the camera 1, equipped with a lens having a focal
length of 25 mm and placed about 600 mm away from the specimen, was used to acquire the whole
frontal surface and the acquired images were then used to apply 2D-DIC measurements.

Cameras 2 and 3, equipped with a lens having a focal length of 12 mm and placed about 200 mm
from the sample, have been used to acquire the lateral and frontal surface in the central area of the
specimens, in order to apply stereo-3D-DIC measurements.

The specimen surfaces were properly prepared with a b/w speckle pattern for the subsequent DIC
analysis and illuminated using a neon spotlight during tensile tests. The size of the spots was
chosen in relation to the size of the specimens and the position of the cameras.
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(b)
Figure 4. Speckled surfaces with superimposed DIC subsets grid in 2D-DIC (a) and stereo-3D-
DIC (b) test samples.

An example of images of the speckled samples, with superimposed the virtual grid used in the DIC
analysis, is given in Fig. 4 for frontal and lateral cameras.

The pictures acquired during the tests have been post-processed by an in-house developed DIC
software. The correlation method is based on the global DIC approach [46], and, for stereo-3D,
incorporates the epipolar constraint and the assembling approach of Finite Element Method.

The random error, principally due to gray level noise, was evaluated by processing a sequence of
images of the fixed samples; the RMS of the random error was 40 pe for the 2D-DIC set-up, while
it increased to 70 pe for the stereo-3D-DIC.

Displacements of all nodes of the grid, with subset size of 24x24 and 28x28 pixel for the 2D-DIC
and stereo-3D-DIC setups, respectively, are obtained by minimizing the correlation error
computed all over the current frame with respect to the reference frame [46]. The zero-mean sum
of square difference (ZSSD) criterion was adopted to avoid the effects of lighting offset and
inhomogeneity.

The strain maps have been computed by means of the Cauchy-Green theory, within the framework
of large displacements and large deformations, starting from the node displacements. The
components of the Hencky strain tensor &, &y, and &, have been computed.

The stereo-3D-DIC measurements were used to calculate any possible out-of-plane displacement
of the specimens during the test, due to the particular setup used to grip the specimens. The out-
of-plane displacements thus obtained were used to correct the strain measured by the frontal
camera with the 2D-DIC technique, according to [47,48].

Strains reported in Table 5 (&sc, &max), and those of the experimental curves of Fig. 5, were
calculated by using the 2D-DIC technique. Global strain was calculated by measuring the mean
strain over a length equal to 140 mm (Fig. 3), in order to include all the cracks found during the
tensile test. A sequence of axial displacement and strain maps, measured at different instants, is
reported in next section (Fig.6).

3.3 Tensile test results
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Results of direct tensile tests in terms of tensile stress at first cracking o, maximum tensile
Stress oimax, axial strain at first crack &;. and strain at maximum tensile stress &:mqx have been
reported in Table 5 as average values of 3 specimens for each group, with corresponding

Coefficient of Variation (%) in round brackets.

Table 5. Experimental results of direct tensile tests on dog-bone shaped specimens (CoV in

o [MPa]

round brackets).

Specimen Oic Ot,max Erc Et,max
P (MPa)  (MPa) (%) (%)
5.65 5.65 0.037 0.037
0
UHPC_0% (17%) (17%) (28%) (28%)
3.74 4.49 0.029 0.07
0,
UHPFRC_0.6% (17%) (14%) (31%) (19%)
4.90 5.40 0.035 0.20
o,
UHPFRC_1.25% 525 o amy
3.93 5.88 0.036 0.56
)
UHPFRC_1.9% (14%) 17%)  (25%) (5%)
6.14 8.11 0.062 0.87
o,
UHPFRC_2.55% (14%) 10%) — (34%)  (40%)
0 % Vol. i (MPal] 0.6 % Vol. ¢ [MPa] 1.25 % Vol.
7 7
6 6
5 5
4 4
3 3
2 2
€ 0 : € ot €
0.005 0.01 0.015 0.02 0 0.005 0.015 0.02 0 0.005 0.01 0.015 0.02
(a) (c)
A [MFd] 1.90 % Vol. o (MPal 2.55 % Vol.
7 7
6 6
5 5
4 4
3 3
2 2
1
00 0.005 0.01 00;: OO 0.005 0.01 0.015 00;

(d)

(e)

Figure 5. Stress-strain curves of direct tensile tests on dog-bone shaped specimens.

Fig. 5 shows the tensile stress-strain curves of UHPFRC with different amount of hooked steel
fibers. Specimens without fibers (UHPC) showed a linear elastic behavior in tension up to failure

10
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(Fig. 5a), with the formation of a single pass-through crack. Failure was brutal, after the formation
of one unique crack.

The addition of hooked steel fibers, even at the lowest dosage (0.6% by volume), was able to avoid
brutal failure and allowed the specimen to undergo plastic deformation after the formation of the
first crack (Fig. 5b). An increase in the fibers volume from 0.6 to 2.55% results in an increase of
the tensile strength of the composite o;ma from 4.5 to 8.1 MPa, as well as an increase in the
maximum post-cracking strain &;mqx from 0.07 to 0.87%. The bridging action provided by steel
fibers across the cracks was manifested in all the samples, regardless of the amount of fibers used.
It is interesting to note that the post-cracking behavior changed by varying the fibers volume
fraction. Looking at the stress-strain curves, for low dosages of steel fibers (0.6% and 1.25%) a
strain-softening behavior is observed after the formation of the first crack (Figs. 4b,c), while in
specimens reinforced with higher dosages of fibers (1.9% and 2.55%) the post-cracking behavior
changed from strain-softening to strain-hardening (Figs. 5d,e).

For low fibers dosage (0.6% or 1.25%) only one or two visible cracks formed within the specimen
cross-section (Fig. 6a), and one of them propagated and continued to grow in the strain-softening
branch up to failure. In this phase, the stress-strain curve can be no longer expressed as a function
of average deformation but rather as localized deformation. The amount and shape of steel fibers
govern the slope and length of the strain-softening branch. In this study the use of hooked steel
fibers guaranteed a long softening branch and a slight load decrease, due to limited slippage of
fibers within the concrete matrix. The non-homogeneous fibers distribution observed in specimens
with low fibers content (see UHPFRC 0.6% and UHPFRC 1.25% in Table 4) may have caused a
non-uniform stress distribution across the specimen section, thus reducing the slope of the stress-
softening branch (which in fact is lower than that of numerical simulations).

The post-cracking behavior changed when a certain threshold in the fibers volume fraction was
exceeded (a value between 1.25% and 1.9%), leading to the formation of multiple cracks along the
entire length of the specimen (Figs. 6b) and a shift from strain-softening to strain-hardening
behavior. The fibers volume that allows to obtain a strain-hardening behavior, in the case of
hooked steel fibers, is usually equal to or greater than 2%, as also confirmed by other studies from
the literature for different UHPFRC mixtures [19,21].

The tensile stress at first cracking (o,c) did not show any improvement by increasing the fibers
volume fractions. On the contrary, when a low fibers dosage was used, the formation of the first
crack was reached at lower tensile stresses with respect to the plain UHPC specimen. This was
probably due to a bad dispersion and to some segregation of the fibers within the cross-section
(see the cross-section of UHPFRC 0.6% in Table 4) that might have constituted a discontinuity,
or to the presence of some air voids that reduced the resistant section and anticipated the formation
of the first crack (see the cross-section of UHPFRC 1.9% in Table 4). Only when the highest
dosage of fibers was used (UHPFRC_2.55%) the tensile strength at first cracking increased, since
the high amount of fibers was able to counteract the possible presence of defects in the matrix.

11
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4. Variational model

The general theoretical principles governing the theory used to formulate the variational model are
briefly recalled in this section. These principles are referred to the case of a mixture constituted by
brittle and elasto-plastic phases, describing the cementitious matrix and the reinforcing fibers of
UHPFRC composites, respectively.

The following notation is used. Scalar quantities are denoted by italic letters, while vectors and
tensors are denoted by boldface letters (lower-case for vectors and upper-case for tensors). A
superposed dot indicates derivative with respect to time ¢, df (¢)/dt= f(1).

Let s=s(x,f) be the list of state variables defined at any point x of the body €, and at any time
instant ¢ >0 of the evolution process. The total internal energy of Q is W= W), and the external

work expended in the time interval [0,7] is L =L(¢). The set of equations that govern the

evolution process are deduced by three principles, which are listed below, according to the
energetic formulation for rate independent systems [49].
1. Stability condition. 1t is a local directional stability condition, which states that a state s is

stable if, for any admissible state § , a scalar h>0 exists, such that for any % [0, 4]

W(s) < W(s +78) .
A necessary condition for the above inequality to be satisfied is that the first variation of
W be non-negative for any admissible perturbation, i.e.,

oW(s)[§]>0, VS. (SC)
2. Energy balance. It states that for any ¢, the internal energy expended in the interval [0,7]
is equal to the external work expenditure

Ws(2)) - Ws(0)) =L (),

which is equivalent to the energy rate balance equation

12
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Wis(1))—L () =0. (EB)
3. Dissipation (irreversibility) conditions. Certain irreversibility conditions are assigned,
such as the condition that damage cannot reduces in an evolution process. These constrains
guarantee the fulfilment of the second law of thermodynamics.

4.1 1D formulation
In this section, the model is deduced from the three principles of stability, energy balance and
dissipation, in the one-dimensional case of a tensile bar. The simplified 1D setting is proposed for
three reasons.

1. Although the 1D hypothesis represents a drastic geometrical restriction, however it
preserves the key modelling aspects, providing a thorough mechanistic understanding of
the model predictive possibilities.

2. The 1D format can be easily extended to the general 3D framework. The reader interested
in the 3D formulation can refer to [33], where the model is first deduced in the general
multi-dimensional case, and, then, it is adapted to the 1D problem.

3. Calibration formulas are deduced from the 1D problem and used to assign the model
parameters. They are based on experimental data, which can be easily determined from the
tensile tests discussed in the previous sections.

In the following, indices m and r are used to refer quantities to matrix and reinforcement phase,
respectively. Furthermore, a prime is used either for derivative with respect to the spatial
coordinate x, and for derivative with respect to the argument of the function, i.e.

df (x,0)/dx = f"'(x,0), or df (y)/dy = ().

Geometry, variables and boundary conditions. The geometrical scheme of the 1D problem is
plotted in Fig. 7(a). A bar of length L is composed by two parallel sub-bars, representing the two
composite phases (matrix (gray bar) and reinforcement (blue bar)), which are connected by elastic

springs. The longitudinal coordinate through the bar is x € (0,L). Displacements of matrix and
reinforcement phases are u, =u,(x) and u, = u (x), respectively. Fracture in the matrix phase is
described by the damage field d =d(x) €[0,1], where d=0 means sound material, and d=1 means

fractured material, as usually assumed in damage models. To avoid material self-healing, damage
satisfies the irreversibility condition

d>0. (1)
The plastic strain in the reinforcement is denoted by ¢, = ¢,(x) , and the cumulated plastic strain
is
t -
p=| &, dt, )
as typically defined in plasticity.

Summing up, the variables vector is s = (u,,,u.d,€,, p).

Strains in the two phases are ¢, =u,' and & =u, ', with & sum of plastic contribution & and
elastic contribution ¢, — ¢, . Conditions at the bar’s endpoints are

U, (0)=u,(0)=0, u,(L)=u(L)=e)L,

d(0)=d(L)=0, £,(0)=¢,(L)=0,
where the assigned deformation € =&(f) is a monotonical increasing function of time ¢, with

£(0)=0,

3)
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Energies and stresses. The internal energy of the bar is

V\(um,urd,a‘p,p) = j[va”(um,d) +vr|_:,,(u,,€p,p) + Eb(um,u,)de,

(4)

where E , E and E are the energy densities of matrix, reinforcement, and interface, respectively,

whose expressions are specified in the following, and v, and v, are the volume fraction of matrix
and reinforcement phases.
1.

The matrix energy density has the expression usually assumed in phase-field models of
fracture [34,50]

E,(u d)—l(l—d)zE u'2+6—'i d+ran (5)
m? 2 m~ m E 16 m s

where the first term is the matrix elastic energy density, with E, the matrix Young’s
modulus, and the second term is the damage energy term, which is sum of local and non-
local contributions, depending on damage and on damage first derivative, respectively. The
function (1—d)> in the first term is the so-called degradation function. It produces a
reduction of the elastic energy density when d increases. The damage energy depends on
the peak stress o, , at which damage initiates, and on the internal length /,, representing

m?

m

the width of the zone where damage localizes (process zone size).

Since the local damage term is a linear function of d, the functional (5) is usually labeled
by the acronym AT1, where the letters AT recall the names of Ambrosio and Tortorelli,
who first introduced an analogous functional to regularized free-discontinuities problems
[51,52], and the number 1 refers to the fracture energy first order dependence on d.

The reinforcement energy density is
1 \ 2 1 .
E(t,.5,,p) = E,(4,'=2,) +w(p)+—wip", (6)

where the first term is the elastic energy density, with E, the reinforcement Young’s
modulus, and the second and third terms are plastic energies, depending on the cumulated

plastic strain p (local contribution) and on its derivative p' (non-local contribution). The
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clastic energy depends on the elastic strain (M, '-¢ p) . The local plastic energy is a convex-

concave function whose expression is
lo.-oc . ~
—O-’AO-'"p2+o_'rp, if 0<p<p,
2.p
w(p) = (7)

Rl -p)’ +6,(p—p)+w(p), if p>p,

where &, is the plastic yield stress, &, is the peak stress at which the softening regime

initiates, and S is the softening modulus. Graphs of w(p) and its derivative is drawn in Fig.
8. The plastic response strongly depends on the convexity properties of w [35-37]. If w is
convex, the plastic strain diffuses within the body in regime of hardening, while, if w is
concave, the plastic strain localizes in portions of the body in regime of softening. In this
latter case, the width of the localization band is equal to the internal length /., appearing in
the non-local plastic energy. The second coefficient w; of the non-local plastic energy is
calibrated by a specific formula deduced in [36] and proposed in the next Sect. 4.2.
Aifantis’s gradient plasticity theory [53,54] is variationally deduced from functional (6)
(see [55,56]).
3. Finally, material phases are connected by elastic springs, whose energy density is

1 E 2
E(um’ur)zgl_zb(um_ur) 2 (8)
b

which is a quadratic expression of the relative displacement (Um - ur) between phases. The

springs’ elastic coefficient is written as ratio E, /7 , where E} is an elastic modulus, and /

is an internal length. The mechanical meaning of /,, and the expression of £} are given in
the next Sect. 4.2.

We point out that damage and plastic local energies are dissipative since their time derivatives are
non-negative
d

_ A- d )
—(0.d[E,)=G,d[E, 20, —w(p)=w(p)p>0. ©)

Furthermore, since external loads are assumed to be null, the internal energy coincides with the
bar’s total energy.

Normal stresses within each phase are obtained by differentiating the elastic energy densities with
respect to strain, and the shear force exchanged by phases is obtained by differentiating the bond
energy density

E
o,=(1-dYE,,, o,=E(-¢,), T:l_zb(um_ur)' (10)
b
The total stress is
o=v.0, +v.0. (11)
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Equilibrium. Equilibrium relations are obtained from the first-order stability condition (SC). By
requiring the first variation of the energy to be non-negative, and following the standard variational
procedure, we obtain

1. the macroscopic balance equations

v, 0, —7=0, v.o, '+7=0, (12)
for each phase, which are coupled by the exchanging shear stress 7;
2. the fracture yield condition
l0,1<6,{(1-d)’(1-1,d") =5, (), (13)

which states that the stress in the matrix cannot exceed the damage yielding stress o

m,y "

Since o, (0)=0o

m?

the stress &, is the stress at which damage can form;
3. the plastic yield condition
lo, [Ew(p)—wip" =0, ,(p) (14)
where the plastic yielding stress o, | is an upper bound for the stress in the reinforcement.
Since o, ,(0)=w'(0)=5G,, &, represents the yield stress at which plastic strains can

initiate and, eventually, develop.

Consistency conditions. The following consistency conditions are obtained from the energy
balance (EB)

(o;i,y - o;i)ci’ =0, (O',,’y —sign(ép)o;)p =0, (15)

which state that damage and plastic strain growth, i.e., d >0 and p>0,onlyif |o, |- c,., and
|o, |= o, ,, respectively. Being &, =sign(¢,)p, equation (15)2 leads to the plastic flow rule
¢, =sign(o,)p . Accordingly, if we restrict to the case of tensile tests for which o, >0, we get

E,=P, and, thus, ¢, coincides with p, and one of the two variables can be skipped.
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Remarks on the evolution process. In a process, which starts from the initial undeformed and
unfractured state =0, and evolves according to the deformation ¢ that monotonically increases,
the bar experiences an initial uniform elastic stretching, with ¢, =& = &(¢). The elastic stage

terminates in two possible ways:
1. the stress o, = E ¢ in the matrix reaches the peak value &, , and a first crack forms;

2. the stress o, = E ¢ in the reinforcement attains the yielding stress &, , and the plastic

strain initiates and evolves.
Since in tensile tests on UHPFRC fractures open into the matrix only after the purely elastic
stretching, the condition

6.>2—"o, (16)

must be fulfilled. The strain and stress pair (&,,0,) at which the first crack opens (see Fig. 9a) is
o vE +vE _

&, ’ , O, E o,
The first crack opening, and all the subsequent fracture openings, are accompanied by stress drops
(see the numerical stress-strain curves of Fig. 11b,c), which are followed by increasing stress-
strain branches. The hardening behavior in between consecutive stress drops is due to the fibers
bridging action. The stress in the fibers significantly increases around cracks, leading to the
development of plastic strains, and it is gradually transferred from fibers to matrix within the so-
called “stress transfer zone”. On the contrary, the matrix stress decreases in the stress transfer zone,

going to zero in correspondence of cracks. New cracks form when the peak stress &, is attained

(17)

at points which are typically placed in between preexisting cracks. The saw-tooth stress-strain
branch of Fig. 11b,c corresponds to this process of progressive formation of cracks, which ends
when the peak stress &, is reached in the reinforcement at a certain crack. The reinforcement

enters the plastic strain-softening regime, and the plastic strain progressively localizes around that
crack. This process leads to bar’s failure.

We noticed that in order to have a strain-hardening process of multi-cracking, in which multiple
cracks progressively open, it must be
_ _ 0,
5 > (18)
v

4.2 Parameters calibration

The model parameters can be calibrated based on experimental data which can be easily measured
in a tensile test performed on a sample with a specific amount of fibers. Here, we consider 2.55 %
Vol. of fibers. The experimental data required to calibrate the model parameters can be extracted
by a stress-strain curve and by a strain contour map, made by DIC technique. They are drawn in
Fig. 9a,b, selected as the most representative of experimental results on 2.55 % Vol. fiber samples.
Quantities directly used for calibration are highlighted in red color, and their values are
&=0.133*107, 0v=5.75 MPa, &ea=1.2%10", Opear=7.95 MPa, E=8.5%10° MPa, /=10 mm, and
/=15 mm.

In the following, we enumerate each single constitutive parameter of the model, indicating the
strategy to calibrate it, and giving its value based on the above experimental data.
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ii.

Young’s modulus of concrete E,. In this study, the elastic modulus £, has been estimated
by using the simplified formula proposed by [1,21]

Em:k()*ﬂ 1/3
Where f. is the concrete compressive strength and k9 can be assumed equal to 9000.
According to that, En, is about 40*10°> MPa.
Young’s modulus of reinforcement E,. It differs from the modulus of each single steel fiber,
since it accounts for the overall effect of fibers embedded into the matrix. Fibers are
assumed to be homogeneously distributed with random orientation to ensure an isotropic
response. It can be determined from (17). Indeed, by inverting it, we obtain

E_=i(ﬁ—vamJ. (19)
€o
For the application at hand, its value is E,=170*10° MPa.

For the fracture energy of the matrix phase, the parameters to be assigned are /,, and &, .

iii. The internal length /,, measures the size of the process zone of micro-cracks (see [50] for

iv.

the analytical justification). It is assumed to be 2-3 times the maximum size of concrete
aggregates (in general, 2-3 times the size of the matrix constituent grains [57]). We assume
[n=1 mm.

The fracture stress &, is determined by inverting equation (17)2

- E,
c,=——""——
vE +vE

m—m

o (20)

The resulting value is &,, =5.31 MPa. In the simulations presented in the next Sect. 5, the
matrix peak stress o, has been perturbed through a random function of amplitude 1% to

account for material inhomogeneity. The perturbation reduces the possibility that multiple
cracks simultaneously open, promoting the formation of single cracks at a time.

Regarding the plasticity parameters, the following parameters are assigned. They differ from those
of a single fiber, because they account for the overall response of homogeneously distributed and
randomly oriented fibers.

V.

vi.

Plastic yield stress &,. The stress &, must satisfies inequality (16). Since

Eo,/E, =225 MPa, we assume the value &, =50 MPa. Not reported simulations
have shown that different values of &, within the range 25<&, <75 MPa do not
significantly modify the numerical results.

Peak stress o, . It is assigned by using inequality (18). Let v,min be the reinforcement
volume fraction for which inequality (18) is satisfied as an equality

&r' = GO/vr,min . (21)

The volume fraction v,min 1s the minimum amount of fibers that allows for a hardening
process of multi-cracking (although small). For v, > v a tensile samples experiences
the

sample undergoes a single crack opening, and a softening stage, which directly follows the
elastic phase (quasi-brittle failure). The graph of function &, /o, =1/v, ., is plotted in

7,min 2

multi-cracking in strain-hardening regime (ductile failure), while, for v . <v

r,min %

Fig. 9c, and the two ductile and brittle branches are distinguished by different colors.
Experiments have shown that v, .i» is between v,=0.0125 and v,=0.0190. If we assume

Vr,min=0.0185, from (21) we have o, =312 MPa.
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vii. The plastic strain p corresponding to &, is related to the mean plastic strain, which is

practically equal to &ear of Fig. 9a. Since at the end of the multi-cracking stage, p is not
homogeneous through the bar, localizing across the cracks, where it attains the maximum

values p , the inequality p = max (p(x))> mean(p(x))=¢,,, holds. Thus, a value of p

eak
larger than &.. should be assigned. Accordingly, we assign p =1.4*10" (larger than
Greak=1.2%107).

Vviil. Internal length /.. The size of the band where the plastic strain localizes in the phase
of macro-cracking is related to the fiber’s length. This size can be directly measured form
the strain contour maps of Fig. 9b, where its value is about /=10 mm.

ix. The softening coefficient S of the plastic energy density (7), and the coefficient w; of the
non-local plastic energy in (6). They are calibrated by using formulas (4.58) in [33],
deduced from the analytical solution of the 1D elastoplastic problem [36]. They relate S
and w;, to the slope E; of the softening branch of the stress-strain curve (see Fig. 9a), and
to other known quantities, like the Young’s moduli, the bar’s length L, and the internal
length /.

-1
/ E S
S=-E.=|1-=8| | W o= . 22

SL( EJ "Ar’ @2
The resulting values are S=-1.012*10°> MPa, and w,=25.63 MPa.

A simplified 1D problem was formulated and solved in [33] in order to characterize the parameters
Iy and E} of the interface energy density (8), and, then, to calibrate them. Here, we recall the main
ideas of the model, referring to [33] for a detailed description. The model geometry is that drawn
in Fig. 7a, considered for the 1D variational model of Sect. 4.1. The simplified model assumes that
fracture and plasticity localize at points (differently, fracture and plasticity are smooth field
variables in the variational model), according to the following constitutive assumptions.

1. Fractures open in the matrix at points where the peak stress o, is exceeded.

2. The reinforcement admits the development of plastic hinges at points where fractures
are opened in the brittle phase, and the plastic displacement A at each skate evolves
according to the bilinear hardening-softening expression

9: "% A+ G, if0<A<A,
c.={ A (23)
_S(A-A)+6,, ifA>A.

This stress-displacement law is the first derivative of the plastic energy (7), with p replaced
by A.
3. The bond elastic springs exchange the shear force (10); between the two phases.

For an increasing deformation &, the evolution problem is solved analytically in the simplified case
that cracks always maintain equidistant. Accordingly, we suppose that, at a certain instant of the
evolution process, n equally spaced fractures have opened in the bar, and that plastic hinges have
formed at fracture points, and they have experienced the plastic displacement A. The equilibrium
configuration can be determined by solving the equilibrium equations (12) and the kinematical
compatibility equation

!
gL =2n I £.(x)dx +nA, (24)
0
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where the first term on the right side is the stretching of the sound parts, with / = L/(2n), and the

second term accounts for displacement at plastic hinges. The analytical solution has been found in
[33], which we refer to for the explicit expression of the solution at any instant of the evolution
process.

At equilibrium, the distributions of &, and o; within any sound portion of the bar have the profiles
shown in Fig. 10. The maximum stress o, in the matrix is attained at midpoint, while the

maximum stress o™ in the reinforcement phase is reached at fracture points. In order to

r

characterize the constitutive parameters /» and Ep, we suppose that, at a certain instant of the
evolution,
o =6, o' =0,. (25)

The first equation states that the crack opening at midpoint of the sound portion of the bar is
incipient, and the second equation says that plastic hinges are going to enter the softening plastic
regime. If the first event happens, a new crack forms and the crack spacing halves, reducing to /,
which is the minimum spacing that can be achieved at the end of the hardening stage.

We assume that the internal length /, is the distance between adjacent crack at the end of the
microcracking process, which can be measured from experiments (see Fig. 9b). Under this
assumption, the analytical solution of [33], allows to determine the expression of the modulus £}

such that equations (25) be satisfied with /=/;, which is

2
E, =| arcsech| 1-(1+ %) E’”i(f’" L + ! , (26)
vE "~ Eo, v,E, VE,

And it depends on known parameters. With this value, the softening stage of macro-crack
evolution initiates when the spacing between adjacent micro-cracks is at least equal to /.
Using the above calibration criteria, we set ;=15 mm, and, from (26), E;=14.96*10° MPa.

c [MPa
" [ | 2.55 % Vol.
Gpeak XE
S Pay
7 /d/*/ 5
Gy
G, 6. .
) &
4 €
brittle regim -
3 V/\
2 >E
1 ductile regime
0 & e e Vv
0 0.005 4.01 0.015 0.02 1.25 1.85[1.90 2.55 r
P I V.. min
0 peak

(a) (b) (c)
Figure 9. Data from tensile tests that are needed for model calibration: (a) stress-strain curve and
(b) strains map at failure for fibers volume fraction 2.55 % Vol.; (c) curve &, /0, =1/v

r,min ?

marking ductile and brittle failure regimes.

20



O 0 IO\ B~ Wi~

—_
- O

—_—
W N

14
15

16

17

18
19
20
21
22

23

24

25

26
27

4 fracture fracture 4
gHM_HIHfL?M%
plastic hinge. + mc hinge
o
'y a9 S S

max
(o JAa -
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4.3 3D formulation
In this section, we recall the main equations that govern the evolution problem in the general 3D
setting (see [33] for a detailed description).
Let Q be a three-dimensional body, with points x e Q2. We define the state variables vector
s=(u,,u,d,P, p), which collects the displacements u, =u,(x) and u, =u, (x) of matrix and

reinforcement, the fracture variable d =d(x), the plastic strain tensor P =P(x), which is
assumed to be symmetric, and the cumulated plastic strain p = J t| P|dt.
0

The internal energy of Q is

E(s) = .[Q {vm ((1 -d) e, (E,)+ Z’: (d + %lﬁvzdn +v, ((pr(E,_ —P)+w(p)+ %wrlfvzpj + %f—s”(um -u,)’ }dx
(27)
where
¢.(E)= pnE* + %iitr(E)z, i=m,r (28)

are the elastic energy densities of matrix and reinforcement, with E, = symVu, the strain tensor,

and £ and A; the Lame’s parameters. We notice that the damage and plastic energy densities are
equal to the densities of the 1D formulation (see the energy densities (5) and (6)), since they still
depend on scalar fields, i.e., the damage field d and the cumulated plastic strain field p. The
convex-concave expression (7) is assumed for the local plastic energy density. Stress tensors of
the two phases and the bond force are

E E E
Tm :(l_d)2 dwm( m)’ Tr — d@r( r)’ T:_zb
dEm dEV lb
The equilibrium equations are deduced from (SC), and they are
v,divl, —z=0, vdivIl +7=0,

(u, -u,). (29)

~2
fm(um,d)!=2(1—d)¢m(Em)+%(éliAd—1]S0, (30)

m

dw
fp(uMP:p): :| Tr(ur,P) | _E(p) + errzAp < 0’

and they represent the 3D counterpart of (12), (13) and (14), respectively. The energy balance
equation (EB) provides the consistency conditions
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fm(um’d)d:()’ fp(urﬁl)’p)p:()’ (31)

and, in addition, the plasticity flow rule

- . T o
P=pN, with N =—"-=—-L 32

»

which is typical of associative plasticity.
4.4 Evolution problem

Hereinafter, the evolution problem, formulated as an incremental minimum problem, is briefly
presented, and the reader is referred to [33] for an in-depth description. Time ¢ is discretized into
finite intervals of size 7, and, within each time step # — ¢ + 7, the variable vector is approximated
by the linear expressions

s(x,t+7)=s(x,t)+78(x,1), (33)
and the energy (4) (or (27)) for the 1D (or 3D) formulation is developed up to the second order,
around the configuration S(x,?),

Es(x,t+7)) = Es(x,1)) + tEs(x,7),$(x,1)) + %rzE(s(x, 1),8(x,1)), (34)
which can be rewritten as sum of a constant term and a quadratic functional of § in the form
E(s(x,t+ 7)) = const+ 7F(s(x,7)). (35)

The configuration S(X,f+7) is determined by (33), with s solution of the constrained minimum
problem

$(x,t) =arg min{F(é(x, 1), d>0, + boundary conditions} (36)

This problem is numerically solved by means of a finite element code which implements an
iterative alternate minimization procedure, consisting in minimizing the energy functional with
respect to the unknown fields separately, as thoroughly described in [33].

5. Results of numerical simulations

In this section, results of numerical simulations are presented and compared with experimental
results. Both 1D and 3D problems are solved.

Geometry and finite elements discretization. For the 1D problem, a bar of length L=80 mm is
considered, corresponding to the thinner central part of the dog-bone sample of Fig. 2, discretized
by finite elements of size 0.25 mm. On each finite element, the variables u,, u, and d are
approximated by quadratic shape functions based on three nodal values (at element endpoints and
midpoint), and the variable &, is approximated by affine shape functions, depending on endpoints
nodal values.

For the 3D problem, the hypothesis of plane stress state is assumed, thus reducing the problem to
2D. The domain considered in simulations is plotted in Fig. 7b. A portion of the domain is
considered, which includes parts of the sample enlargements. A small portion is considered in
order to limit the computational cost. Indeed, to accurately describe the process of damage and
plastic strain localization, the mesh size must be smaller than the minimum internal length between
Im and [,. Discretization is performed by an unstructured triangular mesh of size 1 mm, and reader
is referred to the Appendix for an analysis of the effects of mesh size on the solution. On each
element, variables u,, u- and d are approximated by quadratic shape functions (six nodes quadratic
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triangular element), and &, is approximated by affine shape functions (three nodes linear triangular
clement).

Results. Fig. 11 shows the stress-strain curves resulting from 1D (red line) and 2D (blue line)
simulations for different fiber volume percentage. Curves capture the experimental results,
reproducing the main phases of the evolution process. In case of 1.25 % Vol., after the initial
elastic phase, a single crack forms in the domain (both in the 1D and 2D simulations), which
produces a stress drop of the response curve. Then, after a very short strain-hardening phase due
to the reinforcement capability of bridging stresses across the crack, the curve presents a long
decreasing branch, as in experiments, associated to the progressive crack opening, that leads to the
sample failure. In this phase, the reinforcement experiences plastic strain localization in a band
across the crack. In the case of 1.90 and 2.55 % Vol., the initial elastic branch is followed by an
increasing saw-tooth curve, which is related to the process of progressive multi-cracking. Each
stress-drop corresponds to the opening of a single (sometimes double) crack, which always passes
through the whole cross-section. The final softening branch corresponds to plastic strain
localization across one of the pre-existing cracks. Although the numerical curves capture the key
phases of the evolution process, nevertheless they also exhibit evident differences with the
experimental curves. The presence of very pronounced stress drops is one of these differences. In
simulations, stresses exhibit considerable discontinuities, because fractures always open brutally
as lines that pass through the whole cross-section. Differently, in experiments, the crack patterning
is much more irregular and fragmented. Small crack form and progressively evolve. Eventually,
they merge with other cracks, and they branch in multiple cracks. This very gradual process of
crack diffusion reflects on a more regular o-¢ curve, where the saw-tooth branch exhibits smaller
stress discontinuities. This gradual process of multi-cracking is driven by the many
inhomogeneities inherent in real experiments. Inhomogeneities are related to the material, such as
inhomogeneous distribution of fibers, segregation of matrix components due to the casting process,
or to the sample geometry, which can present imperfections, or to the test setup, where
misalignments and loading eccentricities are inevitable. All these inhomogeneities are absent in

simulations, where only the fracture stress &, has been slightly perturbed. This explain the

process of abrupt passing-through fracture opening, captured by simulations and related to the
pronounced stress drops of the o-¢ curves.

In the next subsection, the evolution of damage d and cumulated plastic strain p is analysed in the
cases of 1.25 and 2.55 % Vol.. According to point iv. of Sect. 4.2, the sample undergoes quasi-
brittle failure in the first case, since v. =0.0125<v__. =0.0185, and ductile failure in the second

7, min

case, being v, =0.0255>v__. =0.0185. First, 1D numerical results are presented, and, then, 2D

7,min

numerical simulations are discussed.

0 0 o,
]1:|-2A$ef:,,\/0|< ; 1.90 % Vol. .o [MPa] 2.55 % Vol.
— :2D sim.
— 1D sim. 6

.o [MPa]

[ exp.
— : 2D sim.
— : 1D sim

8
7
6
5
4
3
2
1
0

€ 0 ! . € g
0 0.005 0.01 0.015 0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02 0.025

Figure 11. Stress-strain curves at three different fibers volumes. Comparison of experimental
results (gray region), 1D simulations (blue curve) and 2D simulations (red curve).
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5.1 1D tensile tests

Quasi-brittle failure. Profiles of d and p at two different instants of the evolution process (A and
B) are plotted in Fig. 12 in the case of 1.25 % Vol. of fibers. A single crack opens into the bar at
the stress drop of the response curve (&=0.13*107). It forms near the bar’s midpoint within a zone
of size /,=1 mm, as shown by Fig. 12b (zone where d grows from 0 to 1). The plastic strain
localizes around the fracture according to the profiles plotted in Fig. 12cd, and its growth obeys to

two different evolution regimes: a regime of hardening plasticity for p < p=1.4-10", which

produces an ascending response branch (0.13-107 < £<1.00-107), and a regime of softening

plasticity for p> p, which corresponds to the softening branch of the response curve (

£>1.00-107).

€ X [mm]
0.01 0.015 OO 10 20 30 40 50 60 70 80
p (c)
single fracture 0.06
0.8
0.6 0.04
0.4
0.02
0.2
X [mm] X [mm]
ol
0 10 20 30 40 50 60 70 80 00 10 20 30 40 50 60 70 80
(b) (d)

Figure 12. 1D tensile tests for 1.25% Vol. of fibers. Profiles of fracture field d (b), and plastic
field p (c,d) at two different instants of the loading process.

Ductile failure. Samples with 2.55% Vol. of fibers experiences multi-cracking, as shown by Fig.
13, where profiles of d and p are drawn for different values of &. The sequence of plots labeled by
letters A, B, C and D show the progressive opening of cracks, always accompanied by stress drops
in the o~¢ curve. As in the previous simulation, the first fracture forms near the bar midpoint
(picture A), and, at the end of the multi-cracking stage, nine fractures have formed, spaced about
10 mm. The internal length /,=15 mm provides an overestimate.

Pictures on the right column of Fig. 13 represents the profiles of p. The plastic strain attains
maximum values at the crack points, where only the reinforcement can bear the tensile load,
bridging it between the crack lips.

Plastic strain profiles B and C show that peak values are all equal except for one, that attains a
smaller value. Indeed, if we analyze the plastic strain evolution in the interval between two
consecutive fracture openings, we notice that the plastic strain at the new formed crack attains a
peak value which is smaller than those at preexisting cracks. Then it grows, and, when the value
of the preexisting peaks is reached, plastic strains increase in the whole bar. These two plastic
strain evolution regimes correspond to the two different slopes of the response curve that can be
noticed in some curve parts included between consecutive stress drops.
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Picture E refers to the softening stage of macro-crack development in which plastic strains
localizes around a single crack, and it grows in a region of size /=10 mm.
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Figure 13. 1D tensile tests for 2.55% Vol. of fibers. Profiles of fracture field d (b,c,d,e), and

plastic field p (f,g,h,1,]) at two different instants of the loading process.
5.2 2D tensile tests

In this section, beside discussing the evolution of d and p predicted by 2D simulations, we compare
the numerical strain field at different values of ¢ with the strain contour plots of experiments,
obtained from DIC. As described below, a close correspondence between simulations and
experiments has been found, although the computational domain covers a small portion of the
sample area.

Quasi-brittle failure. In case of 1.25% Vol. of fibers, a single fracture leads to the sample failure,
as in the 1D case. Comparison of experimental and numerical longitudinal strain &, is proposed in
Fig. 14. The simulation predicts the opening of a crack at an extremity of the thinner central part
of the sample. Also in experiments, samples mainly fracture at the end of the fillets, because the
inhomogeneous stress flux makes those zones more vulnerable. Snapshots labelled by letter B
show that the thickness of the strain localization band predicted by the simulation matches that
detected by DIC in experiments.
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Figure 14. 2D tensile tests for 1.25% Vol. of fibers. Comparison of longitudinal strains &
measured in experiments by DIC, and resulting from numerical simulations at different
deformations &, and damage field d from simulations.

Ductile failure. Experimental and numerical snapshots of strain patterning are compared in Fig.
15, for samples with 2.55% Vol. of fibers. Damage field maps are also plotted in Fig. 15. Even in
this case, the first crack opens at the extremity of the reduced-section zone (A), and, in the next
steps of the evolution processes, further fractures open throughout the sample (B and C). We notice
that cracks homogeneously distribute through the sample, and, going on with the tensile process,
they increase in number, and reduce the inter-spacing. This process is closely predicted by the
simulation. Indeed, the numerical strain maps B and C accurately match the experimental ones in
terms of cracks number, inter-spacing, width of the strain localization bands (about /=10 mm) and
strain values.

Experimental results show an irregular and fragmented strain patterning, with many localization
bands that do not pass through the whole cross-section. This irregularity cannot be predicted by
simulations because the computational domain is too small and, as above pointed out, the many
inhomogeneities of tensile tests are not considered by the numerical model.

Regarding the damage field, fracture band are often larger than /,=1 mm, and this is also due to
the mesh size, which is not too fine. However, this inaccuracy does not affect significantly the
results as shown by the mesh sensitivity analysis reported in the Appendix.

Finally, pictures D depict the situation of macro-crack opening. In the experiment, the macro-
fracture mainly opens outside the area covered by DIC analysis, as shown by the red line, and just
a small crack portion is captured inside the DIC rectangular region. We notice that the numerical
strain values attained in the macro-crack localization band (red zone) are very close to those
measured in the small fractured region at the bottom left corner of the DIC area. They attain the
maximum value of about £=0.03.
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Figure 15. 2D tensile tests for 2.55% Vol. of fibers. Comparison of longitudinal strains &,
measured in experiments by DIC, and resulting from numerical simulations at different
deformations &, and damage field d from simulations.

6. Conclusions

In this study, the uniaxial tensile behavior of soft cast UHPFRC has been investigated by varying
the amount of hooked steel fibers, up to 2.55% by volume. Direct tensile tests have been carried
out on dog-bone shaped specimens, with total length of 330 mm and cross-sectional area of about
45x30 mm?. The full displacement field during tensile tests on UHPFRC specimens was obtained
using DIC technology. Strain maps recorded on the specimen surface were useful to evaluate the
damage evolution during the test and to compare experimental results with numerical simulations.
Experiments showed that the addition of hooked steel fibers significantly modified the uniaxial
tensile behavior of UHPFRC specimens, by avoiding brutal failure even at low fiber dosage (0.6%
by volume). By varying the amount of steel fibers, two main different failure processes, quasi-
brittle and ductile, have been identified. For low fiber dosage (<1.25% Vol.), the initial elastic
stretching is followed by a strain-softening phase in which a single crack progressively opens. For
high fiber dosage (>1.9% Vol.), a strain-hardening phase, characterized by multi- micro-cracking
in the matrix, anticipates the softening process of single crack opening.

Then, a novel variational model has been proposed to better investigate the evolution of these
different failure modes by solving an incremental energy minimization problem. The model

27



—_—
SO0 LN W —

NN NN/ /= = = = = =
W= OO0 AN NIk W —

24
25

26
27

allowed to capture the main features of the mechanical behavior and the failure process
experienced in UHPFRC by varying the amount of steel fibers. In particular, the model was able
to identify the shift from ‘strain-softening’ to ‘strain-hardening’ behavior during the post-elastic
stage, when a critical fibers volume threshold is exceeded.

Furthermore, the variational model developed in this study can be easily adapted to many other
fiber-reinforced cementitious composites, to reproduce their mechanical behavior, by only
changing the constitutive parameters values.

Appendix.

Mesh size sensitivity is investigated by considering two different meshes: a fine mesh of size 0.3
mm and a rough mesh of size 1.5 mm (see Fig. 16). Tensile tests are performed, and their results
are reported in Figs. 17 and 18. The response curves of Fig. 17 differ only for the saw-tooth
branches of multiple cracks opening, but, globally, they are very similar, capturing almost the same
peak stress and corresponding strain. The multi-cracking branch associated to the rough mesh
exhibits more pronounced stress-drops, because the damaged zones are broader than those
obtained with fine mesh. Pictures of damage and plastic strain of Fig. 18 show that the mesh size
does not significantly affect the evolution process. Indeed, in the two cases, cracks open according
to the same sequence, and they form at equal positions. Differences just regard the size of the crack
bands. Concerning the plastic strain, bands practically maintain the same size in the two
simulations. Summing up, the use of a rough mesh leads to an inaccurate description of micro-
fracture pattering, but it does not significantly affect the prediction of the whole tensile evolution
process.

36 mm

mesh size: 0.3 mm

-

Figure 16. Domain discretized through fine and rough meshes. Meshes size are 0.3 mm and 1.5
mm.
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Figure 18. Snapshots of damage d, and cumulated plastic strain p at different deformation values

in cases of fine and rough meshes.
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