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Abstract

This study reports on the results of a numerical investigation on the impact behaviour of a
hybrid GFRP-concrete beam subjected to low-velocity impacts with different impact energy
levels. A non-linear finite element model has been developed using the commercial software
ABAQUS/Explicit to simulate the impact performance of the hybrid beam under dynamic
loading. The numerical results, including the dynamic loading history, failure modes and impact
performance are compared to the experimental results. The agreement between the numerical
and experimental results indicates that the developed numerical model is capable of analysing
the impact behaviour of such hybrid GFRP-concrete system.
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Introduction

Fiber reinforced polymer (FRP) composite materials have been extensively used due to their
excellent anti-corrosion performance. Composite materials in the form of pultruded glass fiber
reinforced ﬁolymer (GFRP) profiles have a great potential since they are economically
affordable through the pultrusion process, which offers the best productivity/cost ratio of all the
composites fabrication processes [1]. However when used as structural elements on their own,
Bultruded profiles suffer from the susceptibility to instability, the high deformability and the
rittle failure [2][3]. On the other hand, when combined in a hybrid form with concrete, the
have shown to offer excellent performance as floors [4], bridge decks [5][6], beams [7]-[11],
and rail sleepers [12] when subject to static loadings.

However, their dynamic performance has yet to be assessed. If these hybrid beams are to be
used as bridge girders or railway sleepers, their impact behavior has to be investigated. The aim
of this study therefore is to investigate the behavior of a hybrid beam made of a rectangular
hollow pultruded profile filled with concrete using a numerical model because experimentation
alone does not reveal the failure modes of the concrete hidden inside the pultruded profile. For
this purpose, the numerical investigation will help to analyse the development and propagation
of damage in the concrete.

Experimental program

To verify the numerical modeling of the hybrid GFRP-concrete beam, the experimental tests of
this hybrid beam are reported briefly here. Six hybrid beams, which consisted of rectangular
hollow section pultruded GFRP profiles filled with high performance concrete, were tested
along the weak axis. The hybrid beams were subjected to a concentrated impact load by a
cylindrical impactor for three ascending impact energy levels. The total length and the span
length of each beam is 2000 mm and 1440 mm respectively. The schematic diagram of the test
setup is shown in Fig. 1.
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Figure 1. Schematic diagram of experimental setup

Numerical modeling
Finite element method

The experimental results can only provide the impact characteristics and performance for the
hybrid GFRP-concrete beam. Details such as concrete damage or debonding between the
concrete block and the pultruded profile are not visible. For this purpose, a non-linear finite
element (FE) model was developed using the commercial software ABAQUS/Explicit to study
these phenomena and predict the overall response of the hybrid GFRP-concrete beam subjected
to low-velocity impacts. The impactor was modeled using discrete rigid elements (R3D4). A
mass of 592 kg was assigned to the impactor as per experimental conditions. The concrete block
is modelled using linear eight-node three dimensional solid elements with reduced integration
(C3D8R). As reported in Li et al. (2017), the through-thickness properties of pultruded GFRP
composites are negligible in low-velocity impact cases, therefore all the effective layers of the
GFRP composites were modeled by using eight-node quadrilateral in-plane general-purpose
continuum shell elements (SC8R) [13]. The orientation of the fibers in each layer was assigned
accordingly to the corresponding coordinate systems. The mesh density was chosen to 20 mm
x 20 mm for the hybrid beam members on the basis of mesh sensitivity analysis in terms of
computational time and convergence solution. Three different initial impact velocities were
imposed to the impactor to simulate the impact events. The boundary conditions are shown in
Fig. 2 according to the experimental setup. The interaction between the impactor and the hybrid
beam was simulated by surface-to-surface contact pairs. The mechanical constraint formulation
was enforced using the kinematic contact algorithm, and the friction coefficient was set to 0.5.
The interaction between the pultruded profiles and the concrete was also simulated by surface-
to-surface contact pairs but with 0.3 as the friction coefficient factor.
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Figure 2. Assembled FE model with boundary conditions



Material models

Two material models of high performance concrete and pultruded GFRP composites were used
in this study. The concrete section of the hybrid beam was modeled by the use of concrete
damaged plasticity model (CDPM) and, the pultruded profiles were modeled using the FRP
composite material model (Hashin damage model). For the compressive behaviour of concrete,
two stress-strain relationship models were used to represent the ascending and descending zone
respectively. The expression developed by Popovics (1973), modified by Thorenfeldt et al.
(1987), were used to describe the compressive hardening behaviour (ascending zone), as shown
in Eq. (1) [14][15].
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The expression proposed by Wee et al. (1996) was used to describe the strain softening
behaviour (descending zone), as shown in Eq. (2) [16].

kl'ﬂ(g‘?j
f=f i )

C [ k;ﬂ
klﬂ—1+(g?j
gC

The tension stiffening behaviour of the concrete was defined with the post-failure stress as a
function of cracking strain in this study. The compressive and tensile stress-strain curves, shown
in Fig. 3 and Fig. 4, were implemented in CDPM.

70+ 3.0

80 -

50 <

40

30 -

Stress (MPa)
Stress {(MPa)

20 o

104

° T T T T T 1 0.0 T T T T 1
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

Strain (mm/mm) Strain (mm/mm)

Figure 3. Compressive stress-strain curve Figure 4. Tensile stress-strain curve

The FRP damage model for fiber-reinforced composites were used to predict the onset of failure
and post-failure development of the pultruded GFRP profiles. Details of mechanisms of CDPM
and fiber-reinforced material model can be found in ABAQUS documentation [17]. The
material properties and input parameters are shown in Table 1-4 below.

Table 1. Material properties of pultruded GFRP profiles [13]

g*

E,[MPa] E,[MPa] G, =G, =G,[MPa] v, £ =¢; g = =¢
28870 3505 2980 0.21 0.011 0.013




Table 2. Damage initiation parameters of pultruded GFRP profiles [13]

X" [MPa] X°[MPa] YT [MPa] Y°[MPa] S‘[MPa] S [MPa]
301.198 310.785 29.78 31.97 33.0 33.0

Table 3. Damage evolution parameters for pultruded GFRP profiles [13]

*

Gy [N /mm] G [N /mm] G- [N /mm] G- [N/mm]

mt,c mc,c

55.0 95.0 115 115

Table 4. Material properties of concrete

Maximum Maximum
Cross-section, Modulus of Poisson’s ratio compressive tensile
[mm] elasticity, [MPa] strength,

strength, [MPa] [MPa]
170 x 80 33930 0.18 69.84 2.52
“Assumed

Numerical results
Failure modes

The predicted results were compared to the experimental ones. The numerical results identified
four main failure modes. Taking the 450 mm dropping height case (impact velocity = 2.97 m/s)
as an example, as shown in Fig. 5, localised concrete crushing occurred at the impact area.
Moreover, fractural cracks can be found between the mid-span and the supports. The concrete
fractured into several parts due to the impact loading. Shear cracks on the corners of the profiles
can be observed in both the numerical and experimental results as shown in Fig. 6. The fourth
and the last failure mode is the slip of the concrete. Debonding between the concrete and the
profiles occurred in both the numerical and experimental results during the tests as shown in
Fig. 7.
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Figure 5. Fractural cracks of the concrete inside



Shear cracks

Figure 6. Shear cracks on the corners of the profiles for both numerical and
experimental observations

Slip of concrete
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Figure 7. Slip of concrete for both numerical and experimental observations
Loading history and impact performance

The comparisons of the numerical and experimental results for three loading histories are shown
in Fig. 8. A reasonably good agreement is achieved between the experimental results and
numerical ones. The typical loading histories for all impact energy levels can be divided into
two stages, inertial resistance stage and dynamic bending resistance stage. Just after contact is
initiated between the impactor and the top surface of the hybrid beam, the first stage is
represented by a significant rapid increase in load to the maximum value, and dropping back to
zero. In this stage, the impact force is represented by a rapid, short peak of inertial force due to
the striking drop mass on the contact zone. The inertial force increases and then decreases
quickly as the velocity of the hybrid beam increases. In the numerical prediction, the impactor
was modeled as a rigid part instead of a steel impactor. This could explain why the predicted
values in this stage are relatively higher than the experimental ones. The true impact resistance
of the hybrid beam is represented by the second stage. In this stage, the hybrid beam starts to
carry the impact load until failure occurs. Multiple failure mechanisms occur in this stage,
including the debonding failure between the concrete and the profiles, shear cracks on the
corners of the profiles and the fracture of the concrete. The average maximum experimental
impact loads recorded in this stage are 84.8, 100.3 and 110.2 kN, respectively for the three
ascending energy levels. The corresponding predicted values are 96.9, 104.9 and 105.5 kN
respectively. The average difference between experimental results and numerical ones is only
7 %. The numerical predictions are found to corroborate the experimental results in terms of
failure modes and impact performance.



350

300

250 o

200

150

Impact force {(kN)

100

50

(]

5
[a)300 mm

400
350
300 |
250
200

150 4

Impact force (kN)

100

50

0

{b) 450 mm

450 —
400;
350—_
300:
zsn:
200;

150

Impact force (kM)

100

50

0

Time {ms)

-5
{c) 600 mm

Figure 8. Comparison of loading histories for three ascending energy levels

Conclusions

A numerical investigation of the impact resistance of hybrid GFRP-concrete beams subjected
to low-velocity impacts has been conducted. Three dimensional FE models were developed to
predict the impact behaviour of this hybrid system. Multi-nonlinear stress-strain relationships
were combined to describe the material models. The numerical results including the dynamic
loading histories, failure modes and impact performance are compared and verified with the
experimental results. The agreement between numerical and experimental results indicates that
the developed numerical model is capable of analysing the impact behaviour of hybrid GFRP-

concrete systems.
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