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Table 1 Mix proportions of UHPC

Material

Proportion/(kg ‘m>)

Cement 851
Silicate fume 153
Quartz powde 520
Fine sand 740
Superplasticizer 9

Water 170
Steel fibre 156

UHPC is ultra high performance concrete.
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Fig. 3 Image processing of specimens’ cut-off sections
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PUHPC is perpendicular-UHPC.
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Fig. 5 RGB images of cut-off sections to observe fibre

orientation and distribution



+ 558 - CTERR 2R 40D J Chin Ceram Soc, 2024, 52(2): 555-568 2024 4

15 15 15
X X N
< 10+ S 10} N 10
Q Q Q
= =] =]
g 5 g
£ 5t £ 5t £ 5t

0 0 0

0 20 40 60 80 0 20 60 80 0 20 40 60 80
Orientation angle, 6/(°) Orientation angle, 6/(°) Orientation angle, 6/(°)
(a) AUHPC (b) UHPC (c) PUHPC

Bl6  alfErheR el s B &
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Fig. 7 Tensile stress-strain curves, cracking process using DIC and final fracture patterns
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Table 2 Averaged experimental results of direct tensile tests with corresponding variances

Group Modulus/GPa First cracking stress/MPa Peak stress/MPa Displacement at peak stress/mm
AUHPC 4042 12.2440.52 17.27+2.08 0.18+0.04

UHPC 39+4 9.57+1.34 12.42+1.27 0.34+0.07

PUHPC 41+1 7.63+0.27 9.424+0.49 0.13+0.09
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Fig. 8 Micrographs of fibre surface in fractured AUHPC
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Fig. 11 Frequency histograms of fibre orientation using the random algorithms in this study
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Table 3 Parameters in the quadri-linear stress—strain
relations
0 0°— 7.5°— 22.5°- 37.5°- 52.5°— 67.5°—
7.5° 22.5° 37.5° 52.5° 67.5° 90.0°
= 210 360 75 53 32 200
g 879 1415 1624 1045 1362 10
[y 460 1124 865 1624 1326 10
03 542 778 146 769 510 10
04 26 20 55 24 25 1
& 0.01 0.01 0.03 0.04 0.17 0.01
& 0.25 0.18 0.35 0.09 0.23 0.02
&3 0.34 0.39 0.45 0.39 0.44 0.03
&4 0.43 0.48 0.47 0.52 0.53 0.50

*The unit of stress ¢ in the table is MPa and the unit of elastic modulus E;is

GPa.
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Fig. 13 Comparison of pullout force-slip (P-S) relations between experimental data and simulation results
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Extended Abstract

Introduction The orientation of steel fibres has an impact on the mechanical properties of ultra-high performance concrete (UHPC).
It is difficult for the conventional experimental methods to maintain the same fibre orientation and distribution characteristics even
under identical conditions, and there is a lack of mesoscale model that can simultaneously capture the complex mechanisms of crack
evolution and fibre-mortar interaction in UHPC. This impedes the quantitative analysis and simulation validation. This paper thus
conducted direct tensile tests of UHPC in an external magnetic field to achieve a certain fibre orientation, and the distribution density
of fibre inclination angles was obtained via image analysis. The influence of fibre orientation on the fracture processes and
stress-strain curves was investigated by a digital image correlation (DIC) technique. Also, a 3D microscale numerical model of UHPC
was established to explicitly consider fibre orientation and distribution, single fibre pullout force-slip relations based on inclination
angles, and discrete cohesive cracking of mortar. The model was validated by the experiments, the complex 3D fracture process of
UHPC was quantified, and the influences of mesoscale factors (i.e., fibre distribution and orientation) on the strain hardening
characteristics, crack evolution and final morphology, and fibre bridging effects were investigated.

Methods In the experiments, steel fibre orientation was controlled through an external magnetic field, which was created by direct
current in a coil loop. The dog-bone specimens were vibrated in the magnetic field during the sample preparation. As a result, the
fibres were subjected to the electromagnetic force and underwent a directional distribution, i.e., along the magnetic field direction.
Three fibre orientations were a) parallel to the tensile direction, b) perpendicular to the tensile direction, and ¢) no magnetic field
applied. This resulted in three groups of specimens termed aligned-UHPC (AUHPC), perpendicular-UHPC (PUHPC), and UHPC,
respectively. A tensile testing device for dog-bone specimens was used to investigate the fibre orientation-dependent mechanical
properties of UHPC for subsequent validation of simulations. The loading process was recorded by a high-speed camera, providing
data for the fracture process analysis based on the DIC technique. In addition, the cut-off sections were analyzed on specimens
AUHPC, UHPC, and PUHPC to obtain the orientation distribution characteristics of fibres for later simulations.

In the mesoscale simulation, cohesive elements were pre-inserted in the mortar to simulate the energy dissipation in the fracture
process zone and the opening/closing of discrete cracks. Different fibre orientation distributions in specimens AUHPC, UHPC, and
PUHPC were generated by a random algorithm. The fibre-mortar interaction was equivalently simulated through fibre constitutive
laws, which were curve-fitted from the pullout force-slip relations extracted from single fibre pullout tests for various inclination
angles. The mesoscale model was validated via single fibre pullout tests and direct tensile tests. In addition, the mesoscale influencing
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factors on the complex multiple cracking and fibre bridging mechanisms were also quantified.

Results and discussion The experimental results reveal that the specimen AUHPC exhibits the most pronounced strain-hardening
behavior and maximum peak stress, which are 2.3 times and 1.4 times greater than those of specimens PUHPC and UHPC,
respectively. The first cracking stress of specimen AUHPC is also the maximum, while there is no obvious change in the elastic
modulus. The increase in peak stress can be explained by the fracture process using DIC: when fibres are more aligned with the
tensile direction, there are more microcracks in the specimen. This is because when the fibre orientation follows the tensile direction,
the fibre bridging effect is the more intense, thus having the maximum crack resistance. When the fibre orientation is perpendicular to
the tensile direction, the fibre bridging effect is the minium. The final crack patterns of specimens AUHPC and UHPC are complex
and tortuous, while the crack paths in specimen PUHPC are smoother and mostly perpendicular to the tensile direction. The distinct
crack patterns also indicate the differences in the stress-strain curves. Moreover, from the cur-off sections of specimen AUHPC
determined by optical microscopy, the fibres after the test have obvious pullout scratching on the fibre surfaces with spalled mortar
clinging to them. In addition, there is no obvious necking at the fibre ends, indicating that the fibre failure is pullout rather than yield
fracture. The mesoscale mechanisms (i.e., interfacial failure, mortar detachment, and fibre pullout) indicate a much energy dissipation,
which improves the material ductility.

The mesoscale simulations predict the fracture patterns and stress-strain curves, which are in reasonable agreement with the
experimental results. Based on the analysis of fibre stress evolution, this work can quantify the process of microcrack initiation,
multiple cracking, strain hardening, localized major cracks or macrocracks, and gradual closure of other microcracks with increasing
the displacement. The stresses of fibres far away from the localization zones decrease, while the stresses of fibres crossing the major
cracks continue to increase (i.€., 2000 MPa) due to fibre bridging. Afterwards, the specimen gradually enters the softening stage until
complete failure. The specimen AUHPC exhibits three macrocracks, while specimens UHPC and PUHPC have only one macrocrack
each. Besides, the quantities of microcracks in specimen AUHPC are much larger than those in specimen PUHPC, and the fibre
average stress level in specimen AUHPC is much higher. This is because when the fibre is aligned with the tensile direction, more
stresses can be transferred into the mortar, causing re-cracking, which is a repeated process, leading to multiple cracking in specimen
AUHPC. As a result, the stresses of bridging fibres consistently increase. On the contrary, the efficiency of stress transfer for the
fibres perpendicular to the tensile direction is the lowest, with the minimum fibre average stress of 94 MPa in specimen PUHPC,
while AUHPC and UHPC have 328 MPa and 188 MPa, respectively. It is evident that the fibre orientation has an impact on the fibre
utilization level. The simulated stress-strain curves demonstrate that specimen AUHPC has the most pronounced strain hardening and
the maximum ductility, while specimen PUHPC is relatively brittle and shows no strain-hardening characteristics. This indicates that
aligning the fibres with the tensile direction is an effective way to enhance the strength and ductility of specimen UHPC.

Conclusions When the fibre orientation was consistent with the principal stress direction, the fibre had a bridging effect on cracks.
Therefore, specimen AUHPC had more microcracks, more tortuous paths, higher peak stress, more pronounced strain hardening, and
more energy dissipation. specimen PUHPC had only one single, much smoother crack and showed no strain hardening. In addition,
specimen AUHPC had the maximum fibre utilization level with the maximum fibre average stress, thus having the most intense
bridging effect. The fibre average stress in specimen PUHPC was the minimum with insufficient ductility and significant brittleness.
Therefore, optimizing the fibre orientation could be an effective way to improve the strength and ductility of specimen UHPC.
Although the fibre-mortar interfaces were not simulated directly, the proposed mesoscale model with rigid embedment of fibres and
equivalent fibre stress-strain constitutive relation could prove computationally efficient in simulating the bridging effects from
massive random fibres. Therefore, the model could be used for the optimization of material parameters such as fibre dimensions,
shape, distribution and volume fraction.

Keywords ultra-high performance concrete; fibre orientation; digital image correlation techniques; bond-slip; 3D fracture
simulation at mesoscale



