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ABSTRACT 

A numerical study is conducted to investigate the response of plain concrete panels impacted by 

wind-borne missiles at varying angles of obliquity. In this study, a 305 mm thick concrete panel is 

impacted by a 152 mm (6 in) diameter Schedule 40 pipe at angles of obliquity of 0° (i.e., normal 

impact), 30°, 45°, and 60°, at velocities of 38.1 m/sec (1500 in/sec) and 76.2 m/sec (3000 in/sec). 

The reinforcement was ignored in the simulations to avoid aggregating the effects of reinforcement 

and angle of obliquity on panel response. The Schedule 40 pipe is used for the simulations because 

it is referenced in the United States Nuclear Regulatory Commission (USNRC) Standard Review 

Plan and the Department of Energy (DOE) Natural Phenomena Hazards Analysis and Design 

Criteria for DOE Facilities that point to Regulatory Guide (RG) 1.76, RG 1.221, and ANS-2.3. 

The impact velocities chosen for the simulations are similar to those identified in the USNRC and 

ANS documents for design against the impact of a 152 mm (6 in) diameter Schedule 40 pipe. The 

results of this study show that the angle of obliquity has a significant effect on the response of the 

panel and should be considered for risk assessment. Normal impact, which is assumed for design, 

has the greatest likelihood of perforating the panel and scabbing concrete on the back face because 

the travel path through the panel is minimized. 
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INTRODUCTION 

Safety-related nuclear structures, including nuclear power plants (NPPs), must be designed for 

extreme loadings, including earthquake shaking for long return periods and impact by missiles 

borne by extreme winds such as tornados and hurricanes. The walls, slabs and roofs of these 

structures serve to confine or contain nuclear materials and are typically constructed from 

reinforced concrete. 

Section 3.5.1.4 of the United States Nuclear Regulatory Commission (USNRC) Standard 

Review Plan, Missiles Generated by Extreme Winds (USNRC, 2015) and the Department of 

Energy (DOE) Natural Phenomena Hazards Analysis and Design Criteria for DOE Facilities 

(DOE, 2016) point to Regulatory Guide (RG) 1.76 (USNRC, 2007), RG 1.221 (USNRC, 2011), 
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and ANS-2.3 (ANS, 2016) for the definition of missiles and impact velocities for the design of 

exterior, above-grade reinforced concrete walls and roof panels. The design-basis missiles 

identified in RG 1.76 (tornadoes), RG 1.221 (hurricanes), and ANS-2.3 (tornadoes and hurricanes), 

namely, an automobile, Schedule 40 pipe, and solid steel sphere, are listed in Table 1, including 

their physical dimensions and weights, and maximum impact velocities. The design-basis missiles 

specified by the USNRC and ANS documents are identical but the impact velocities specified in 

RG 1.221 are significantly greater than those specified in ANS-2.3 for hurricanes. 

Table 1: Design-basis missiles and impact velocities for wind-borne missile impact 

Missile type 
Dimensions,     

mm (ft) 

Mass,   

kg (lbs) 

Maximum impact velocity, m/s (ft/sec) 

USNRC DOE 

RG 1.76 RG 1.221 
ANSI/ANS-2.3-2011 

Tornadoes Hurricanes 

Automobile1 

5000   2000   

1300 (16.4   6.6   

4.3) 

1810 

(4000) 
41 (135) 113 (372) 44.7 (147) 78.3 (257) 

Schedule 40 

pipe 

168.2 mm diameter 

 4572 mm long

(0.552 ft diameter   

15 ft long) 

130 

(287) 
41 (135) 94.2 (309) 44.7 (147) 55.9 (183) 

Solid steel 

sphere 

25.4 mm diameter 

(0.08 ft diameter) 

0.067 

(0.147) 
7.9 (26) 84.7 (278) 11 (37) 55.9 (183) 

1. Alternate dimension in ANS-2.3 but mass is the same.

The speed and direction of the wind during a hurricane or tornado is constantly changing 

and as a result wind-borne missiles can impact a target at any angle. In the assessment of a nuclear 

power plant’s resistance to wind-borne missiles, the analyst typically assumes that the leading edge 

of the missile impacts at an angle normal to the target surface. This design assumption increases 

the likelihood of damage (i.e., penetration, scabbing, and perforation) because the travel path 

through the target is minimized. Past researchers have investigated the effects of oblique impact 

on panel response. Per Schwer and Day (1991), “Oblique impacts are usually defined to be impacts 

where there is a non-zero angle between the projectiles velocity vector and the normal to the target 

surface; this angle is called the angle of obliquity.” The angle of obliquity for normal impact is 

zero degrees. 

Oblique impact is expected to be less damaging to a concrete panel, in terms of scabbing 

and depth of penetration than normal impact, for the same missile and impact velocity. Schwer 

and Day studied the penetration of concrete and steel targets by oblique impact of deformable 

projectiles. Analysis of the data presented in Figure 12 of that paper for concrete panels impacted 

by missiles at the same velocity supports the conclusion that the greater the angle of obliquity, the 

smaller the depth of penetration.  

The Electric Power Research Institute (EPRI) (Stephenson, 1977) and Calspan (Vassallo, 

1975) conducted physical tests in the 1970s at the Sandia National Laboratory to study impact of 

wind-borne missiles on typical exterior components of nuclear power plants. Wooden utility poles, 
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steel pipes, and steel rods were propelled into reinforced concrete panels with thicknesses typical 

of walls and roofs of auxiliary buildings at nuclear power plants. The panels tested at Sandia by 

EPRI and Calspan were 4.6   4.6 m (15   15 ft) and 2.7   2.7 m (9 ft   9 ft), respectively, with 

thickness of 305 mm (12 in), 457 mm (18 in), and 610 mm (24 in). All missiles used in the 

experiments conducted by Vassallo (1975) and Stephenson (1977) impacted normal to the target 

except for one test. Experiment 19 by Stephenson (1977) involved a 305 mm (12 in) diameter 

Schedule 40 pipe impacting a 457 mm (18 in) panel at an angle of obliquity of 45 degrees. 

Stephenson (1977) concluded that the oblique impact test produced less damage than the 

corresponding normal impact test. To the knowledge of the authors, the results of Experiment 19 

are the only data reported on the response of reinforced concrete panels impacted by a wind-borne 

missile at an angle other than zero degrees (i.e., normal to the target). 

In this paper, a numerical study on the response of plain concrete panels obliquely impacted 

by wind-borne missiles is presented. The missile adopted here is the Schedule 40 pipe because 

prior work has shown that it can penetrate and perforate reinforced concrete panels, spall front 

(impact) face concrete, and scab back (non-impact) face concrete. Perforation and scabbing are 

hazards for a nuclear building because of possible (and unpredictable) damage to safety-critical 

equipment inside the structure. Details of the numerical study are presented in the next section. 

The models used and their corresponding properties (e.g., material models, strain rate effects, 

boundary conditions, contact algorithms and element sizes and formulations of the pipe and panel) 

as well as the results and conclusions of this study are presented in the following sections. 

DETAILS OF OBLIQUE IMPACT STUDY 

A 152 mm (6 in) diameter Schedule 40 pipe with a length of 4.6 m (15 ft) impacted a 305 mm (12 

in) thick plain concrete panel at angles of obliquity of 0° (i.e., normal), 30°, 45°, and 60°; the 

numerical models are shown in Figure 1a, Figure 1b, Figure 1c, and Figure 1d, respectively. Angles 

are measured between the target surface normal and the axis of the projectile. 

Impact velocities of 38.1 m/s (1500 in/sec) and 76.2 m/s (3000 in/sec) were considered in 

this study. The missile and corresponding velocities chosen for this study are consistent with those 

identified in RG 1.76, RG 1.221 and ANS 2.3 for wind-borne missile impact (see Table 1). 

Concrete compressive and tensile strengths of 24.1 MPa (3500 psi) and 2.41 MPa (350 psi), 

respectively, were used for all simulations. The yield strength of the Schedule 40 pipe was set 

equal to 490 MPa (71 ksi). The reinforcement was ignored to avoid aggregating the effects of 

reinforcement and angle of obliquity on panel response. 

NUMERICAL MODELS 

The Lagrangian half-models used in this study were validated in LS-DYNA (LSTC, 2012) using 

data from tests of 305 mm (12 in) thick reinforced concrete panels normally impacted by 305 mm 

(12 in) diameter Schedule 40 pipes. Terranova et al. (2018) reasonably reproduced the front- and 

back-face crater diameters, and the impact force in the analyses of the 305 mm (12 in.) panels 

(Tests 10 and 11 in Stephenson (1977)). Perforation of the panel was also correctly predicted in  
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(a) 0° (normal) impact (b) 30° impact

(c) 45° impact (d) 60° impact

Figure 1: Lagrangian models for oblique impact, 305 mm (12 in) thick panel 
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Test 10. The depth of penetration was underestimated in Test 11. Modelling techniques similar to 

those found in Terranova et al. (2018) were utilized in the numerical study presented in this paper. 

Eight-node solid elements were used to model concrete and shell elements were used for 

the pipe. A half model (4.58   2.29 m, 180   90 in) of the experiment, which is required for 

oblique impact simulations, was developed using symmetry boundary conditions. The mesh was 

finer in the impact zone (2.29   1.14 m, 90   45 in) than elsewhere and the element size was 

chosen after a mesh-refinement study. The concrete panel was modelled with 10.1   10.1   10.1 

mm (0.4   0.4   0.4 in) elements in the impact zone and 28.6   28.6   28.6 mm (1.125   1.125 

 1.125 in) elements elsewhere. The pipe was modeled with 5.1   5.1 mm (0.2   0.2 in) shell

elements. Figure 2 shows the pipe and concrete mesh in the impact zone. The numerical model

shown in Figure 2 is that of Figure 1a (i.e., normal impact). All other models shown in Figure 1

were built identical to that shown in Figure 2 except for the orientation of the pipe. The constant

stress formulation (ELFORM=1 in LS-DYNA) and Belytschko-Tsay formulation were used for

the solid and shell elements, respectively.

Figure 2: Isometric view of the impact zone: 305 mm (12 in) panel and pipe 

The CSCM concrete model (MAT159) in LS-DYNA was used to model the concrete in 

the panel. This material model was developed by Murray (2007) and includes a fracture energy 

based damage function that is used to model both strain softening and modulus reduction post-

peak stress. To help combat issues related to large mesh deformations and simulation termination, 

erosion was activated in the CSCM material model using the damage function: elements are 

deleted once the damage parameter reaches a value of 1.00 (total loss of stiffness and strength in 

the element). Strain-rate parameters follow the CEB formulation in compression and the Hao and 

Zhou formulation in tension (Dusenberry, 2010). The MAT015 JC material model was used for 

the Schedule 40 pipe, with yield strength of 490 MPa (71 ksi). The Borvik et al. (2005) JC material 

parameters for 490 MPa (71 ksi) steel were used. The ERODING_NODES_TO_SURFACE 

algorithm was used for contact between the pipe and the panel; the static coefficient of friction, 
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FS, and dynamic coefficient of friction, FD, were assigned values of 0.57 (Rabbat et al., 1985) and 

0.4 (Hao et al., 2013), respectively. The pipe was assigned an initial velocity using the 

INITIAL_VELOCITY_GENERATION keyword. 

SIMULATION RESULTS 

Figure 3 presents perspective views of simulation results 20 msec after contact, for an impact 

velocity of 38.1 m/s (1500 in/sec) and increasing angles of obliquity. In this figure (and Figure 4) 

of the half model, the impacting pipe is colored brown and the concrete elements that comprise 

the panel are colored green. These images identify damage and loss of concrete from the front and 

back faces of the panel at one time instant after impact to illustrate differences in behavior. Three 

views are presented per angle of obliquity (=0, 30, 45 and 60 degrees), one to show the interaction 

between the pipe and panel at a view normal to the impact face and the other two to show the front- 

and back-face damage. (The front face of the panel is that impacted by the missile.) Information 

for the baseline case of normal impact is presented in Figure 3a. The pipe perforated the panel and 

scabbed concrete in this case. The degree of scabbing for an angle of obliquity of 30° (see Figure 

3b) is less than the baseline case and perforation did not occur; the maximum depth of penetration, 

normal to the surface of the panel, was 204 mm (8.02 in). For an angle of obliquity of 45°, the pipe 

grazed the front face of the panel, changing direction after initial impact and spalling front-face 

concrete (see Figure 3c, middle figure) but did not scab concrete from the back face of the panel 

(see Figure 3c, lower figure). The maximum depth of penetration was 61 mm (2.40 in). Simulation 

results for an angle of obliquity of 60° are presented in Figure 3d. The behavior of the pipe during 

impact and damage to the panel are similar to those observed for an angle of obliquity of 45°. The 

maximum depth of penetration was 41 mm (1.60 in): less than that predicted for an angle of 

obliquity of 45°, as expected. 

Simulation results 15 msec after impact for an initial velocity of 76.2 m/s (3000 in/sec) and 

increasing angles of obliquity are presented in Figure 4. The missile perforated the panel for angles 

of obliquity of 0° (see Figure 4a) and 30° (see Figure 4b), but not for 45° (see Figure 4c) or 60° 

(see Figure 4d). For an angle of obliquity of 45°, minimal scabbing was observed on the back face 

of the panel as shown in the lower figure of Figure 4c. The maximum depth of penetration 

(measured normal to the surface of the panel) was 165 mm (6.50 in). No scabbing was observed 

for an angle of obliquity of 60° (see Figure 4d); the maximum depth of penetration was 50.8 mm 

(2.00 in). 

A summary of panel damage is presented in Table 2 for both impact velocities considered 

in this study: the damage to the panel (e.g., penetration, perforation, and scabbing) is presented for 

each angle of obliquity, together with the corresponding depth of penetration. A depth of 

penetration equal to the panel thickness indicates perforation. The last column of Table 2 presents 

the mass of eroded concrete as a percentage of the total mass of the panel for each angle of 

obliquity: the percentages for an impact velocity of 76.2 m/s (3000 in/sec) are significantly larger 

than those for an impact velocity of 38.1 m/s (15 in/sec), as expected. The percentage of eroded 

concrete decreases with increasing angles of obliquity for both impact velocities. It is important to 

point out that the percentage of mass lost for an impact velocity of 76.2 m/s and angle of obliquity 

of 30 degrees (see Figure 4b) is significantly larger than that predicted for normal impact at the 
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same velocity (see Figure 4a) because both simulations predicted perforation of the panel. Based 

on the simulation results summarized in Table 2, the numerical model predicts more back-face 

damage to the panel (i.e., eroded concrete mass and scabbing) and greater penetration depths with 

smaller angles of obliquity, and these findings are consistent with those found in Schwer and Day 

(1991). 

Table 2: Damage summary for oblique impact 

Impact 

velocity, 

m/s (in/sec) 

Angle (°) Penetration Perforation Scabbing 

Depth of 

penetration, 

mm (in) 

Eroded 

concrete 

mass (%) 

38.1 (1500) 

0 Yes No Yes 305 (12) 0.516 

30 Yes No Yes 204 (8.2) 0.428 

45 Yes No No 61 (2.4) 0.151 

60 Yes No No 41 (1.4) 0.108 

76.2 (3000) 

0 Yes Yes Yes 305 (12) 0.867 

30 Yes Yes Yes 305 (12) 1.470 

45 Yes No Yes 165 (6.50) 0.519 

60 Yes No No 50.8 (2.00) 0.107 

CONCLUDING REMARKS 

A numerical study investigated the effects of angle of obliquity on the response of a concrete panel 

impacted by a wind-borne missile. The goal was to characterize the effect of angle of obliquity on 

damage to a panel. Simulations of a 152 mm (6 in) diameter Schedule 40 pipe impacting a 305 

mm (12 in) thick plain concrete panel at angles of obliquity of 0° (normal), 30°, 45°, and 60° and 

velocities of 38.1 m/s (1500 in/sec) and 76.2 m/s (3000 in/sec) were conducted. The missile and 

corresponding velocities chosen are consistent with those identified in RG 1.76, RG 1.221 and 

ANS 2.3 for wind-borne missile impact. The numerical model used in the simulations was 

validated with data from tests of 305 mm (12 in) thick reinforced concrete panels normally 

impacted by 305 mm (12 in) diameter Schedule 40 pipes. 

The likelihood of panel damage (e.g., penetration, perforation and scabbing) decreases with 

increasing angle of obliquity. Damage is maximized at an angle of obliquity of 0° (i.e., normal) 

because the travel path through the panel is the shortest: a finding consistent with that of 

Stephenson (1977) and Schwer and Day (1991). Normal impact should be assumed for design but 

non-zero angles of obliquity should be considered for probabilistic risk assessment. 
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Normal to impact face Normal to impact face Normal to impact face Normal to impact face 

Front face perspective Front face perspective Front face perspective Front face perspective 

Back face perspective Back face perspective Back face perspective Back face perspective 

(a) 0° (normal impact) (b) 30° impact (c) 45° impact (d) 60° impact

Figure 3: Panel damage 20 msec after impact, impact velocity equal to 38.1 m/s (1500 in/sec)
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Normal to impact face Normal to impact face Normal to impact face Normal to impact face 

Front face perspective Front face perspective Front face perspective Front face perspective 

Back face perspective Back face perspective Back face perspective Back face perspective 

(a) 0° (normal impact) (b) 30° impact (c) 45° impact (d) 60° impact

Figure 4: Panel damage 15 msec after impact, impact velocity equal to 76.2 m/s (3000 in/sec) 
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