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Abstract. Concrete damage plasticity (CDP) model is used to model the concrete damage
through using ABAQUS software. Among several input parameters that should be defined
in CDP model, the dilation angle (), eccentricity parameter and tensile behaviour, have
been identified as a significant influence on the finite element (FE) results for concrete
modelling under static loading while limited studies examined these parameters for
concrete subjected to impact load and high-strain rate. This study aims to focus on
numerical modelling of impact-loaded concrete, examine and calibrate the above CDP
model parameters using three-dimensional FE modelling. Several values of dilation angles,
v, of 30 to 55%and eccentricity parameter of 0.1 to 0.2 have been used to capture the test
behaviour. The model tensile softening behaviour was also investigated using three
models, bilinear stress-strain, tri-linear stress-strain and stress-crack opening
displacement. The FE results revealed that the value of dilation angle ranged 45-50°, the
eccentricity parameter and tri-linear stress-strain model of tensile softening provided better
correlations with test results in terms of displacement-time plots and cracking paths.
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1 Introduction

Civil, ocean engineering and preventive engineering use the reinforced concrete (RC)
widely in different structural elements. Many theoretical methods frequently used to study the
behaviour of concrete structures exposed to shock loads to avoid the big difficulties in practical
tests under such loads. The modern technology of computers, 3D FE codes, provides a numerical
simulation to predict the impact performance of RC structures. In addition, the numerical model
uses very simple concrete models to demonstrate the complex behaviour of the concrete
structure. However, the post-peak softening response cannot be captured using Drucker-Prager
and Von-Mises Models in the simulation of RC girder under impact loading[1-2]. Also, these
difficulties present in the case of using the bilinear model on the compression side together with
a tension cut-off to simulate the nonlinear dynamic response of RC girders [3],[4]. Moreover,
the concrete damage model cannot be predicted in elastic volume expansion for concrete
columns under transverse impact [5]. Othman and Marzouk [6] were successfully used the
plasticity constitutive model to achieve high-performance under dynamic loading rates. Shabbar
et al [7] employed also the CDP in modelling the damage of aerated concrete under axial load.
From the above, it appears that there is no study on damage plasticity constitutive model for
normal concrete under impact load.
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The current research aims to verify the simulation of the numerical model with the concrete
experimental model, which includes strain rate and reinforcement effects, to study the effect of
these factors on the performance of RC beams subjected to impact loads. In this current study,
the commercial tool ABAQUS was employed out to simulate the experiments that have been
conducted for RC beams under impact loads.

2 Experiment description

To validate the numerical model, a practical study was chosen from the literature. The study
carried out by Fujikake et al [8] was used. The RC beam specimens have 250 x 150 mm cross-
section and a length of 1700 mm as shown in Fig.1. The beams were reinforced with three
various longitudinal reinforcement scenarios consisted of two bars with a diameter of 13,16 and
22mm with a yield strength of 397, 426 and 418 MPa respectively while the shear reinforcement
was with 10 mm bars having a yield strength of 295 MPa distributed every 75 mm as shown in

Fig. 1. The strength for concrete compressive was 42.0 MPa. In order to perform the
influence of the loading test, a drop hammer machine was used. A 400 kg impactor was dropped
freely onto the top surface of the RC beam at mid-span from four different heights: 0.15, 0.3,
0.6, and 1.2m for series S1616 beam specimens; 0.3, 0.6, 1.2, and 2.4 m for other series (51322
and S2222). The numeric values in the naming system used in this experiment were denoted for
the diameter of bars used as compression and tension reinforcement respectively. For example,
S$1322 means that two bars of 13 mm diameter and two bars of 22 mm diameters were positioned
in the top and bottom of the beam’s cross-section respectively. In total 4 samples for each
reinforcement, scheme were tested and will be used to validate the numerical model.
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Fig. 1 Details of the tested RC beams.

3 Concrete damage plasticity

Lubliner et al. [9] introduced firstly the model of concrete damage plasticity (CDP) ,
Bacelona model, for monotonic loading. CDP model was modified later by Lee and Fenves [10]
to consider the cyclic and dynamic loadings. In this model, CDP model, the stress plan is not a



circle which is governed by the shape parameter (Kc), see Fig. 2-a.This parameter, Kc,
represents the constant of second stress for tension and compression ratio at the same hydrostatic
stress and must be 0.5<Kc<1 (default Kc value is 2/3). The stress ratio, the ratio of biaxial to
uniaxial compressive strengths cbo/cco, should be defined in CDP (cbo/cco =1.16 as default
based on Kupfer's curve) [11].

Since the concrete is a granular material, it is susceptible to volumetric strain generated
during plastic deformation when it is subjected to shear deformations [12]. The potential plastic
flow of concrete material in CDP used two input parameters, (y), and (€) as shown in Fig. 2-b.
Due to the dilation angle’s value is in the range of 5° to 42° for traditional concrete [13], [14],
[15], [16], [17], [18], this study focuses on the sensitivity of this parameter and its relation with
steel reinforcement ratio.
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Fig. 2 CDP’s (a) yield surface and (b) flow rule.

4 Finite element modelling

4.1 Element selection

The models build up using ABAQUS software with the explicit solver. The concrete
volume was modelled with 5 mm mesh for an 8-node brick element (C3D8R). The steel
reinforcement (longitudinal and stirrups) was modelled using the two-node linear displacement
truss element (T3D2). A discrete rigid models was applied to represent the impactor.
4.2 Materials modelling
Concrete in compression. The confined concrete in compression with rectangular hoop
confinement is widely modelled using the proposed model by Kent and Park [19]. The curve
of this model, shown in F
Fig. 3, consists of three parts with the stress of 0.5f, [region AB in F
Fig. 3]. The concrete stress (fc) in the following region [region BC in F
Fig. 3] is related to the concrete strain (ec) by Eq. (1):
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Where fc' is the concrete strength and €0 is the strain at fc’' which can be calculated as g, =
ZE—fC[ZO], in which, Ec, is determined from ACI 318-14 [21] as [E, = 4700\/E]. For region CD

in the last part [i.e. at &, < &, < £,0], the f. — &, relation is linear, and from F
Fig. 3 the confinement ratio, depends on the stirrup details as explained below:
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where, Ag is the cross-sectional area of the hoop bar and S is the distance between the
centers of the hoops. The width and .depth of the confined core are b"’and d"’ respectively

Concrete in tension: ABAQUS provides three different approaches to model the concrete
damage in tension in which the input values are the tensile strength in addition to strain, crack
opening displacement or fracture energy. Four models were evaluated in this work.

Model |

For this model, the tensile stress was increased linearly with the strain till the concrete
cracked. Lately, tensile stress linearly decreases to zero as shown in

Fig. 4. For zero stress, the strain is 50 times the strain at failure, 50¢,. .
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Fig. 3 Compression stress-strain model for confined and unconfined concrete [19]
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Fig. 4 Proposed stress-strain of a model I in tension [21]

Model 11
As in model |, the tensile stress-strain graph was increased linearly to crack the concrete
but two descending portions of the tensile stress-strain graph have accurately captured the

response caused by primary and secondary cracking phenomena as shown in Fig. 5. The strain
at zero stress can be considered 10 times the strain at failure, 10e,,.
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Fig. 5 Proposed stress-strain of model Il in tension [22]

Model 11

The stress-crack opening displacement relationship was used in this model; the following
is the equations of Tao and Chen [23]:
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where d, is the maximum aggregate size of the concrete.
Model IV

The fracture energy was used in this model which can be obtained from equation (10)
CEB-FIP[24].
fe
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Where G, is the base value of fracture energy which can be obtained from Table 1
depending on maximum aggregate size and the value of ', isequal to 10 MPa as sets by CEB-
FIP[24].

Table 1. Base values of fracture energy (Nmm/mm2) [24].

Maximum aggregate size, d,(mm) Fracture energy, Gz(Nmm/mm2)
8 0.025
16 0.030
32 0.058

Strain rate effect can be calculated using the proposed results stated in CEB-FIP [24],
as follows:
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where Eog, f'car €ca » Eor f'c and &' represent the dynamic, static initial elastic
modulus, compressive strength and the strain corresponding to the compressive strength
respectively and é., = 3 x 107%1/sec. The value of §, can be calculated as in equation (14)

% =10 +6(f'./fc0) (14)
Where fc0=10 MPa.
Regarding steel modelling, reinforcement, rollers, and plates were simulated as elastic-
plastic material, ABAQUS/Explicit. The strain rate for reinforcement only using Cowper-
Symonds model [25], is stated by:

1 1
gy =0 [1+ )] (15)
where o, and¢ are the dynamic flow stress and uniaxial plastic strain rate

respectively. o, is the static flow stress, and D & q are constants for a given material given us
40.4 sec and 5 respectively for mild steel [26].

5 Sensitivity study

In this section, the CPD input parameters are investigated whether they can establish
the different RC beams under impact load. These parameters were the dilation angle, tensile
damage models of concrete and the eccentricity.

5.1 Dilation angle

The sensitivity of the dilation angle has been studied against the experiment of Fujikake et al
[8] that has been mentioned previously. To explore the effect of longitudinal reinforcement on
the dilation angle’s values, the three schemes of longitudinal reinforcements have been selected
with impactor height of 1.2m, which were described in Section 2.



In order to investigate the optimum value of dilation angle, several values were suggested
comprised 30°, 40 °, 50 ° and 55 °. The optimum values are selected based on the comparison of
the displacement-time histories and failure patterns as shown in Fig. 6 to 9.

It can be seen from Fig. 6 to 8 that the changing of the value of dilation angle can make a big
change in the failure mode of a beam. For instance, when the value of dilation angle was 30 o,
40 o0 and 45 o for beam S1322 a continuous crack appeared in the line parallel to the longitudinal
reinforcement. However, this crack was diminished when y=50 o and more shear cracks
appeared in the beam making the crack pattern quite parallel to tested one. It was the same for
the other beams when only one value for dilation angle can make the crack pattern similar to
the experiment. Thus, it can be noticed from the same figures that the value of dilation angle for
beams S1616, S1322 and S2222 are 45 0, 50 o0 and 50 o respectively. Consequently, the dilation
angle depends on steel reinforcement of beam since the beams S1322 and S2222 had the same
reinforcement ratio and dilation angle when the beam which had different reinforcement ratios
had different dilation angles. Further simulations are made in this paper to confirm this
conclusion.

Regarding the displacement-time history for beams, it can be seen from Fig. 9 that the dilation
angle has a slight effect on the displacement-time history in most cases. In some cases and when
y=300, the value of maximum displacement was larger than or similar to the experimental
results and other beams simulated with higher values of dilation angle exactly for beams S1616
and S2222. The reason for this is that for both beams and when y=30 o a wide flexural crack
appeared in the beams caused this variation. However, these cracks were not observed in the
experiment which makes these strange results. It should be mentioned here that in all cases and
when the control value of dilation angle (45 o and 50 o when 16mm and 22 mm diameter bar
were used in the tension zone) was used in the simulation there is a slight variation of data over
time histories achieved from test and simulated results. These slight differences can be attributed
to the support fixity where the perfect fixity of FE model does not exist in the experiment [27],
[28].
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Fig. 6 Comparison of cracks patterns for beam S1616 (impact height = 1.2 m) obtained from numerical
results modelled with different values of dilation angle and experimental.

Exp.

¥=30°

Y=40°

Y=50°

P=55°

Fig. 7 Comparison of cracks patterns for beam S1322 (impact height = 1.2 m) obtained from numerical
results modelled with different values of dilation angle and experimental.
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Fig. 8 Comparison of cracks patterns for beam S2222 (impact height = 1.2 m) obtained from numerical
results modelled with different values of dilation angle and experimental.
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Fig. 9 Displacement-time histories of specimens S1616, S1322 and S2222 with different
values of dilation angle

5.2 Concrete damage model in tension

In order to explore the sensitivity of the tensile model which is needed in implementing concrete
damage plasticity, four models have been selected in modelling the concrete damage in tension
as explained previously which are Models | to V. Beam S1616 tested under 0.6 m impact height
was used in this section. The cracks patterns of the beam obtained from experimental and
numerical simulation which modelled with different concrete tensile models are presented in
Fig. 10. It has noticed that the pattern of the cracks of Model | was significantly different from
that gained from experimental testing. However and for other models, it seems that these models
were able to capture the pattern of the cracks of the tested beam.
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Fig. 10 Comparison of cracks patterns for beam S1616 (impact height = 0.6 m) obtained from
numerical results modelling with different concrete tensile model and experimental.

The maximum displacement-time history, see Fig. 11, showed that all models gave a good
prediction for concrete damage in tension. However, there are slight differences between the
numerical and experimental curves caused by the reason stated in Section 5.1. The comparison
of impact force-time histories for experimental and numerical results is illustrated in Fig. 12;
that all models provided a reasonable agreement with the experimental results. However, Model
Il provided the best convergence with the experimental curve apart from the impact time which
was shorted compared to an experimental one.

Based on the aforementioned discussion, Model 11 has the best agreed results compared to the

other models and so it will be used in the next simulations in this research.

Fig. 11 Maximum displacement-time curves of specimen S1616 with different models of
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Fig. 12 Impact force-time relationship of specimen S1616 with different models of concrete
tensile damage

5.3 Eccentricity parameter

This parameter is also needed in the modelling concrete damage plasticity. Many values have
been used to investigate the proper value that can capture the concrete damage. Beam S1616
with impact height 1.2 m was used in this section. The comparison of the cracks patterns
between experimental and numerical results for various values of eccentricity was plotted in
Fig. 13. It is evident from this figure that the numerical model can capture the experimental
cracks patterns in most cases. However, the accuracy of this model in capturing the pattern of
the experimental cracks was better when e = 0.10 and 0.15. Regarding the displacement-time
history, it can be seen from Fig. 14 that all values of eccentricity provided a reasonable matched
results with test results. Therefore, the eccentricity of 0.10 can be used in concrete damage
modelling in the next validations since it is recommended by ABAQUS documentation [11].
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Fig. 13 Comparison of cracks patterns for beam S1616 (impact height = 1.2 m) obtained from
numerical results modelling with different eccentricity values and experimental.
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Fig. 14 Maximum displacement-time curves of specimen S1616 with different eccentricity
values of concrete damage plasticity.

5 Conclusions

In this paper, the application of the concrete damage plasticity model for modelling the
behaviour of concrete members subjected to high strain-rate was investigated. A special focus
was put on the sensitivity of the model parameters (dilation angle, eccentricity, and the tensile
damage models) on the analysis carried out. Based on the present results, we conclude:

e The value of the dilation angle has a significant influence on the failure model of the
beam and linked with the steel reinforcement of the concrete beam. Also, it gives
a good prediction for the beam behaviour when it ranged 45-50°.

e In terms of maximum displacement-time history and impact force-time histories, all
models have been shown to provide an acceptable result, however, the trilinear model
gives the closest result to the experimental curve.

e Although the displacement-time history is reasonably captured by applying all the
values of the eccentricity parameter, however, the pattern of the cracks was captured
with a good accuracy when a values of 0.10 and 0.15 is applied. Therefore, the
recommended value of 0.1 by ABAQUS can be considered.
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