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1. INTRODUCTION

The investigation of scabbing phenomenon was first introduced by [1]. Kumar and Davis (1958)
analysed the scabbing phenomenon in term of wave propagation effects using one-dimensional analysis
approach [2]. Hwang and Davis (1960) extended the approach and interpreted it into contour plotting method
for further studies of non-linear materials due to tensile reflection. However, scabbing in metal slabs is
normally associated with high strain rates and has brittle features because, the ductility of the metal decreases
with the increase of strain rate [3].

Scabbing phenomena in concrete structures have attracted large attention due to the growing
applications of concrete structures under impact and blast loads in both civil and military engineering.
Scabbing is caused by the tensile stress reflected from the impact-induced compressive stress wave on the top
and distal free surfaces of the concrete slab. Hughes (1984) attributed the scabbing in a reinforced concrete to
two different mechanisms, i.e. the reflected tensile stress wave and the shear cone [4]. Dinic and Perry (1990)
mentioned that scabbing may occur before shear plug formation or as a result of shear plug movement [5].
Kojima (1991) and Sugano et al., (1993) observed that the formation of cone shear is closely associated with
the occurrence of scabbing in concrete target [6], [7]. Stephenson et al., (1978) found that there exists a
minimal thickness of the concrete target for preventing scabbing (i.e. scabbing limit) against the impact by a
hard projectile [8].

Numerical simulation is a common method used to study scabbing phenomenon and provide
detailed information for the scabbing process, which might be used to improve the design of concrete target.
Kusano et al., (1992) and Magnier and Donze (1998) employed discrete element method (DEM) to model
scabbing phenomenon and reasonably good agreements with the selected empirical formula were reached [9],
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[10]. Leppanen (2006) simulated scabbing phenomenon using smooth particle hydrodynamic (SPH)
technique in AUTODYN and successfully showed the formation of scabbing. However, despite excessive
computational resources for the numerical simulation of a dynamic fragmentation problem, uncertainty
increases due to the needs of more material parameters [11].

In general, the limited studies have been found on critical impact energy for scabbing phenomenon.
Critical impact energy is the dominant cause of scabbing in concrete slabs [12], [13]. When a hard projectile
impact with concrete slab, the critical impact energy of the projectile is the main reason that makes concrete
slab deforms [14]. In this paper, 2D FE numerical simulation investigation has been conducted based on
stress wave propagation and free-surface reflection theory on elastic model. Furthermore, the influence of flat
nose hard projectile diameter (d) and concrete thickness (H) on critical impact energy was also investigated.

2. STRESS WAVE PROPAGATION IN CONCRETE

Kennedy (1976) described scabbing phenomenon as the ejection or peeling of fragments from the
distal free surface of the concrete slab after it is subjected to projectile impact on its front face [15].
Generally, scabbing mode can be classified into two types [6], [7], i.e. Scabbing: massive ejection of plug or
fragments on the distal side of the target shown in Figures 1(a) and 2(a) or Just (incipient) scabbing:
formation of plug or fragments on the distal side of the target with minor ejections shown in Figures 1(b) and
2(b).
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Figure 1. Experimental illustration of (a) scabbing, (b) just scabbing [7]
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Figure 2. Post-experimental of (a) scabbing, (b) just scabbing [6]

Scabbing occurs mainly due to the excessive resultant tensile stress. In a one-dimensional brittle rod,
scabbing may occur when the resultant tensile stress is equal or greater than the tensile strength of the
material. For a panel target, the formation of a massive plug may also need to overcome shear resistance,
which is clearly shown by experimental evidences in [6], [7]. When a concrete member is subjected to
dynamic loading, a stress wave will propagate through it. The stress wave propagates in the longitudinal and
the transverse directions in the structure [14], [16]. By using constitutive laws, equilibrium and compatibility,
the classic wave equation in one dimension for elastic materials can be derived as shown in Figure (3). In real
structures when the projectile hits the concrete, the concrete behaviour is far from elastic, and the elastic
wave equations are not accurately valid. However, the elastic assumption of the classic wave equation
illustrates phenomena for concrete in dynamic loading [14], [16]. When a compressive stress wave in
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concrete is propagating it will reflect at the boundary. If the boundary is air, the reflected stress will be equal
to the incident stress but with opposite sign. This means that the reflected wave will propagate as a tensile
wave, since concrete is very weak in tension; the reflected wave can cause scabbing. The reflected and
transmitted stress waves amplitudes and velocities depend on the concrete [14], [16].
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Figure 3. Stress wave propagation in a free boundary concrete slab on impact of hard projectile [14], [16]

3. NUMERICAL SIMULATION

A 2-Dimensional a-symmetric numerical simulation was conducted using ABAQUS finite element
software package on experimental data of Bainbridge (1988) and Li and Reid (2006) [17], [18]. Attentions
are paid on the early stage of the compressive stress wave propagation in concrete slab following a local
impact by a hard projectile, and the reflections of the compressive stress wave on the free distal surface of the
concrete slab causing early scabbing. The simulation study was conducted for required critical impact energy
of flat nose hard projectile causing early scabbing in concrete slab. Furthermore, the effect of diameter of flat
nose hard projectile, and effect of thickness of concrete slab on critical impact energy required to causing
early scabbing were also analysed.

3.1. Analysis Code

The Dynamic Analysis using ABAQUS/Explicit code depends on: Inertia effect, and direct
integration system. The direct integration system is mainly used in non-linear dynamic analysis. The
significance of direct integration dynamics is that, the global equations of motion of system must be
integrated through time. In ABAQUS/Explicit, the direct-integration dynamic uses the central-difference
operator. The displacements and velocities are calculated in-terms of quantities at the beginning of an
increment, the global mass and stiffness matrices do not need be formed and inverted. The size of the time
increment in an explicit dynamic analysis is limited, because the central-difference operator is only
conditionally stable. The stability limit for the central-difference method, (the largest time increment that can
be taken without the method generating large, rapidly growing errors) is closely related to the time required
for a stress wave to cross the smallest element dimension in the model. Thus, the time increment in an
explicit dynamic analysis which can be very short if the mesh contains small elements or if the stress wave
speed in the material is very high. In the Lagrangian description, the numerical mesh distorts with the
material movement. During the Lagrangian phase of the time increment nodes are assumed to be temporarily
fixed within the material, and elements deform with the material [14], [19].

3.2. Model Development

The numbers of simulations have been carried out on plain concrete slabs impacted with flat nose
hard projectile in normal direction. For the explanation, one of the simulations is described in detail. The
concrete slab having thickness of (H = 600mm), 36.0 MPa unconfined compressive stress (f), and 28.0 GPa
young’s modulus (E) is modelled as an elastic body (based on elastic section of the stress-strain curve as
shown in Figure 4) with 960 linear triangular elements (Type CAX3) by structural meshing technique. The
front surface of a fully clamped concrete slab is impacted by a flat nose rigid projectile of 305mm in diameter
having mass 300kg, impacted with 143m/sec velocity is modelled as a rigid body with discrete rigid linear
line elements with total 20 linear line elements (Type RAX2).
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Figure 4. Uniaxial behaviour of concrete material

The mechanical properties of concrete slabs and missile are presented in Table 1 for critical impact
energy analysis, and the effect of diameter of flat nose hard projectile, and effect of thickness of concrete slab
on critical impact energy required to cause early scabbing.

Table 1. Mechanical Properties of Concrete and Projectile

Concrete Flat Nose Hard Projectile
- Unconfined . _— Mass of L .
Th(lﬁ]lﬂ:;e 5 Compressive Strength H/d Ratio Dia. Of(:r?]])e ctiled Projectile M Strlk{r;%n\]//zl)ocny
Fc (MPa) (kg) ’
50.8 — 600 24.15 - 46.6 0.69 —14.86 17.5-305 0.92 - 309 28.98 — 427

Figure 5. Finite element model

A distortion control is applied to avoid disproportional distortion of elements in the target mesh. The
interested simulation time is calculated based on the reflecting time of the impact-induced compressive stress

H 2H
wave from the distal free surface of the target, i.e. — <t <——, where H is the length of the target
C C

thickness and C = [% is the elastic stress wave speed in the target, (E) and (p) are Young’s modulus and

density of the target [14].

4. RESULTS AND DISCUSSION
For validation purpose, corresponding predictions based on numerical simulation, UMIST, NDRC,
Li and Reid formulae compared with experimental data of Bainbridge [17], [18].

4.1. Critical Impact Energy

The visualized result shows that the model clearly provides loading in the form of strains/stresses in
the concrete slab due to the projectile impact. Figure 6(a-d) shows nice propagation of impact-induced
compressive stress wave and its superposition with the reflected tensile stress wave from the free distal
surface in concrete slab. The wave front is approximately a plane. The reflected tensile stress is superimposed
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to the incoming compressive stress to produce a region of net tensile stress. When the net tensile stress is
equal to or greater than the tensile strength of the concrete, tensile failure occurs at those locations, which

subsequently lead to the occurrence of scabbing.
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Figure 6 (a). Compressive wave propagation in ax-symmetric 2D simulation problem for occurrence
scabbing at time 6.07e-05s

s, Mises

(Avg: 75%)
+1.0680+09
+9.7948400
+8.903e+08

$ibeios Compressive wave propagation L
+6.232

(20}
ODB: Job-1.0db Abaqus/Explicit 6.9-1 Tue Sep 13 19:05:45 Malay Peninsula Standard Time 2011

Step: Step-1, )
| increment ' 36 StopTimes 182286.08
Lo Primary Var

Deformed Yari U ©

3
eformation Scale Factor: +1.000e+00

Figure 6 (b). Compressive wave propagation in ax-symmetric 2D simulation problem for occurrence
scabbing at time 1.82e-04s.
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Figure 6 (c). Reflection of tensile stress wave from distal surface placing over compressive wave propagation
in ax-symmetric 2D simulation problem for occurrence scabbing at time 2.43e-04s
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Figure 6 (d). Tensile stress wave from distal surface became equal to the tensile strength of concrete causing
scabbing at distal face in ax-symmetric 2D simulation problem for occurrence scabbing at time 3.03e-04s

Figure 7 shows the time history of impact energy for occurrence of critical impact energy in three
stages. It is clear that the impact energy at the initial stage compressive stress wave propagates into concrete
target phase one, followed by reflection of tensile stress wave from distal face of concrete, phase two. At the
end, when the net tensile stress becomes equal to or greater than the tensile strength of the concrete, tensile
failure occurs in concrete causing scabbing at distal face.
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Figure 7. Time history of impact energy from compressive wave propagation to reflection of tensile stress
wave from distal surface until occurrence of scabbing

The numerical simulation results examined for the prediction of minimum required critical impact
energy of flat nose hard missile to scabb the concrete target. The results obtained from numerical simulations
are relatively close to the experimental data and other well established formulae such as UMIST, NDRC, Li
and Reid. In case of (0.69 < H/d < 3.0), it was found that the numerical simulation results are most accurate
(closest to experiemental data) followed by NDRC, Li and Reid, and UMIST predictions. It can be argued
that UMIST, NDRC Li and Reid formulae produced under prediction results within this range.

In case of (3.0<H/d<6.0) simulation results are closer as compared to experiemental data. Among
UMIST, NDRC, Li and Reid formulae, Li and Reid formula predicts closer results followed by NDRC and
UMIST respectively.
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Figure 8(a). The results of newly developed formulae and numerical simulations comparedwith UMIST,
NDRC and Li and Reid predictions (0.69 < H/d < 3.0)

3.0<H/d<6.0

35

Ciritical Impact Energy for Scabbing

30 A

25 A

20 A

E/Fcd3

15 4

10 4

sEm 0 O sEEsm0 O

5<

o

o

3.00 3.50 4.00 4.50 5.00
H/d

5.50

6.00

6.50

O Experimental Results

x UMIST

O NDRC

+ Li and Reid formula

A Numerical Simulation

Figure 8(b). The results of newly developed formulae and Numerical simulations comparison with UMIST,
NDRC and Li and Reid formulae predictions within the range of (3.0 < H/d < 6.0)
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Figure 8(c). The results of newly developed formulae and numerical simulations compared with UMIST,
NDRC and Li and Reid formulae predictions (0.69 < H/d < 6.0)
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Comparison with other established formulae shows that the UMIST formulae predict the lowest
values of the critical impact energy for scabbing compared with other formulae. The predicted results are
consistently lower than the experimental results. Within the range of (0.69 < H/d < 6.0), among all
simulations results are more accurate, followed by Li and Reid formula and NDRC predict good results as
compared to UMIST formula. It is observed that the simulation results are consistently closer to experimental
results and produced a similar general trend of experimental results in the whole range of experimental data
presented in Figure 8 (a, b ,c). Therefore, numerical simulation is conservative and reliable as compared to
UMIST, NDRC, Li and Reid formulae within its limitations at lower impact velocities.

4.2. Effect of Projectile Diameter (d) on Critical Impact Energy for Early Scabbing

The effect of diameter of flat nose hard projectile was studied on critical impact energy for early
scabbing. The influence of diameter of projectile on the required critical impact energy for scabbing of
concrete target was analysed with the help of numerical simulation, while keeping all other parameters and
properties of concrete slab and projectile same. Two simulations have been carried out to explore the effect
of different diameters 200mm and 300mm of projectile with 300kg mass at velocity of 100m/sec, and 240kg
mass at velocity of 72m/sec respectively.

Figure 9 and 10 compare the simulated results of the effect of diameter of projectile on impact
energy for scabbing. It is clearly shown that the greater diameter of flat nose hard projectiles requires less
impact energy and time for occurrence of scabbing in concrete target. On the other hand small diameter of
flat nose hard projectiles requires more impact energy and time for occurrence of scabbing in concrete target
as compared to the large diameter of projectile. In case of early scabbing, it shows that the impact energy is
inversely proportional to the diameter of flat nose hard missile.
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Figure 9. The simulation results of effect of diameter

on impact energy for scabbing at 100m/sec

Figure 10. The simulation results of effect of
diameter on impact energy for scabbing at 72m/sec

4.3. Effect of Concrete Slab Thickness (H) on Critical Impact Energy for Early Scabbing
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Figure 11. The simulation results of effect of target
thickness (H) on impact energy for scabbing at
100m/sec
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Figure 12. The simulation results of effect of target
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The effects of target thickness (H) of concrete also have influence on impact energy for scabbing.
By maintaining all other parameters same, two simulations were carried out to explore the effect of target
thickness (H) of 600mm and 400mm of projectile at velocity of 100m/sec, and 72m/sec respectively.

Figure 11 and 12 compare the simulated results of target thickness (H) at H = 600mm and H =
400mm respectively. It was observed that the lower concrete thickness requires less impact energy and time
for scabbing of concrete targets as compared to higher target thickness. It concludes that the impact energy is
directly proportional to the thickness of concrete target (H).

5. CONCLUSION

A numerical simulation study was conducted to predict the early stage of the scabbing occurrence
caused by the reflected tensile wave. The influence of the relative target thickness (H/d), over the critical
impact energies of occurrence scabbing has been explored by comparing numerical simulation results with
well established formulae (e.g: UMIST, NDRC, Li and Reid) and with experimental results. Generally, the
numerical simulation produced encouraging prediction which is consistent and follows a general trend of
experimental results as compared to Li and Reid, UMIST and NDRC formulae, at lower relative target
thickness and low impact velocity. The effect of flat nose projectile diameter (d) and target thickness (H)
were investigated; it was found that the greater diameter of flat nose hard projectiles requires less impact
energy for occurrence of scabbing in concrete target. On the other hand small diameter of flat nose hard
projectiles requires more impact energy for occurrence of scabbing in concrete target as compared to the
large diameter of projectile. In case of effect of target thickness (H) concrete response is opposite to the
effect of flat nose projectile diameter, it is observed that the lower concrete thickness requires less impact
energy for scabbing of concrete targets as compared to higher target thickness. It can be concluded that the
impact energy is directly proportional to the thickness of concrete target (H), and inversely proportional to
the (d) diameter of flat nose hard projectile.
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