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Abstract

This study develops a nonlinear finite element model for simulation of complicated failure behaviour
of ultra high performance fibre reinforced concrete (UHPFRC) beams reinforced with steel bars and
stirrups. In this model, the continuum damage plasticity model is used as the constitutive law for the
UHPC matrix, and cohesive elements are used to simulate the softening bond-slip behaviour of the steel
fibres/bars — UHPC matrix interfaces. Both the steel fibres and bars are modelled by elastic-plastic
beam elements. As such, all the potential failure modes, including the matrix cracking and crushing,
yielding and breakage of steel bars and fibres, and debonding of interfaces, can be simulated. A beam
under four-point loading with various shear span versus beam depth ratios was simulated to validate the
model. The results were compared well with experiments in terms of load-deflection curves and failure
behaviour.
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1. Introduction

The ultra high performance fibre reinforced concrete (UHPFRC) is a relatively new cementitious
composite material with much higher strength, toughness and durability than the normal-strength
concrete, high-performance concrete and fibre reinforced concrete [1]. These superior properties are
achieved using high strength steel fibres (>2000MPa), low water/binder ratios (<0.2), fine sands
(<0.5mm), micro-silica fume and superplasticizers [2]. The use of UHPFRC allows designers to select
lighter sections and longer spans for structural members [3], and makes partial or complete removal of
conventional steel bars possible with improved durability and loading capacity [4].

However, the application of reinforced UHPFRC beams in engineering practice is still limited, mainly
due to high materials’ costs, in particular from the steel fibres. Another reason is that the structural
performance is heavily affected by the distribution and orientation of fibres, which are dependent on
casting procedures. This has been confirmed by limited computed tomography (CT) scanning [5] and
[6]. However, such experimental investigation of the fibre distribution and orientation in large-sized
structural members is difficult. Numerical modelling studies of structural behaviour of reinforced
UHPFRC beams are very limited and most of them assumed homogenised macroscopic constitutive
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This paper develops 2D mesoscale nonlinear finite element (FE) models to simulate the failure
behaviour of UHPFRC beams reinforced with steel bars, with explicit simulation of random distributed
fibres and the nonlinear bond-slip behaviour of steel fibres/bars — UHPC matrix interfaces. As such, the
crack initiation and propagation, the softening load-displacement curves and the ultimate failure
patterns can all be simulated and compared with the experimental data.

2. Finite element models

A reinforced UHPFRC beam consists of UHPC matrix, steel fibres, steel bars, fibre-matrix interfaces
and bar-matrix interfaces. The matrix is modelled by four-noded isoparametric elements (CPS4R). The
randomly distributed fibres are generated using a MATLAB code. Both the fibres and steel bars are


https://core.ac.uk/display/304375694?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

modelled as two-noded Timoshenko beam elements (B21) considering bending resistance. The
interfaces are modelled as zero-thickness cohesive elements (COH2D4) which are inserted between the
steel fibres/ bars and the matrix by a MATLAB code. The cohesive elements are inserted in a unique
way that all the fibres and steel bars can deform in the plane but appear to be ‘floating’ on the matrix
(Fig. 1). This avoids using very fine local meshes in the matrix surrounding the thin fibres and steel
bars as well as embedding the fibres/bars in the matrix, a simplified but unrealistic assumption used in
most existing mesoscale studies [9].

T TEEH
s
= /= A
+ I b
NERETELAY :
)—W vm..'Z"L“' - ko
Fibres and Bars Matrix FRC meshes _&] ; ks
S0 & &
—» Loading
= o ~——— Unloading
—
Fig. 1 The FE model: mesh generation (top) and Fig. 2 Softening behaviour of cohesive
cohesive elements (bottom) elements for interfacial bond-slip

The elastoplastic constitutive laws are used to model steel fibres and bars with yielding, strain hardening
and rupture. The concrete damage plasticity (CDP) model in ABAQUS is used for the UHPC matrix.
The pre-peak behaviour is assumed as linear elastic for both compression and tension. The post-peak
softening compressive behaviour is described by the compressive stress (o.) - strain (&.) curve
suggested by Guo [10]. The UHPC’s tensile behaviour is described by a traction (o) - crack opening
displacement (w) curve to minimize the mesh dependence of results [11].The linear shear traction (¢) -
slip (&5) curve shown in Fig. 2 is used as the constitutive law of cohesive elements to simulate the
softening bond-slip behaviour of the interfaces. The normal traction t,, is assumed as ten times of the
shear traction tg, to model the tight surrounding mechanism of fibres by the matrix and to prevent
penetration.

The four-point loaded UHPFRC beams in Fig. 3 were tested by Bahij et al. [12] with a few shear span
(a) to depth (d) ratios. Beams with a/d=1.8 and 2.6 were modelled.
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Fig. 3 Details of the reinforced UHPFRC beam [12].

2D FEM models of 1mm thickness were built. Only half the beam was modelled due to symmetry.
Based on the 1% volume fraction, 0.22mm diameter and 13mm length of fibres, 3471 fibres were
randomly generated and distributed in the model, as seen in Fig. 4. There are 101,869 elements for the
UHPC matrix (element size 2mm, too small to be distinguishable), 14,327 cohesive elements on the
interfaces, 14,327 beam clements for the fibres and steel bars, and 86,034 nodes in total. The load was
applied as a vertical displacement at the two loading points. The ABAQUS/Explicit solver was used
with a total time of 1s, which was found long enough to ensure the quasi-static loading condition.

The UHPC matrix has a compressive strength of 130MPa and a tensile strength of SMPa. All the other
material properties are summarised in Table 1.



Fig. 4 The meso-scale FE model

Table 1. Material parameters

Property Steel Main steel Stirrups UHPC Steel fibre-matrix Steel bar-matrix
fibres bars matrix interfaces interfaces
Young’s modulus E (GPa) 200 200 200 37 10 20
Poisson ratio v 0.3 0.3 0.3 0.19 0.3 0.3
Density p (kg/m®) 7850 7850 7850 2100 2100 2100
Yielding strength f, (MPa) 2500 1320 430 - - -
Rupture strength f;, (MPa) 2800
Rupture strain g, 0.1
Diameter Dy (mm) 0.22 15 10 - - -
Shear traction ¢ (MPa) - - - - 5 10

3. Numerical simulation results
3.1 Load-deflection responses

The load-deflection curves from the simulations are compared with the experimental results in Figs. 5
and 6. There is a good agreement overall, especially the peak loads (max 1% difference), although the
numerical results are slightly stiffer at the elastic stage.
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Fig. 5 Shear force-midspan deflection curves Fig. 6 Curves of peak loads verse a/d ratios

3.2 Failure behaviour

Fig. 7 and Fig. 8 shows the contours of scalar stiffness damage degradation (SDEG) in the matrix at
ultimate failure, for a/d=1.8 and 2.6, respectively, compared with the experimental failure pattern. An
overall good agreement can be seen for both beams, particularly for a/d=1.8, including the diagonal
crack propagation in the shear span, the flexural crack propagation in the bending span, the horizontal
crack propagation along the main bars etc.
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Fig. 8 Failure patterns of reinforced UHPFRC beams with a/d=2.6: simulated (left) and tested (right)



4. Conclusions

2D nonlinear mesoscale FE models have been developed to simulate the complete failure process of
reinforced UHPFRC beams. Combing the continuum CDP model for the UHPC matrix, the discrete
cohesive elements for the fibres/bars-matrix interfaces and the elastoplastic models for fibres and bars,
all the failure modes such as the matrix fracture and spalling, interfacial bond-slip, fibre yielding and
rupture are modelled. Reinforced UHPFRC beams with different shear span-depth ratios were simulated
and the results are in good agreement with experimental data. The mesoscale models allow for further
parametric studies of key material and structural factors, such as the volume fraction, distribution and
orientation of fibres, the reinforcement arrangement and ratio, the shear span ratio etc, so as to optimise
these factors for desired mechanical properties with minimum material cost.
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