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SUMMARY

Impact loads result when a structure is hit by a missile.

The two major considerations in designing for impact are the

limitation of local damage and the control of the overall

response of the target structural element. Local damage may

include penetration, perforation, scabbing and/or punching

shear in the region of the impact on the structure. Overall

response includes flexure and reaction shear in the

structure.

Since the analytical prediction of local damage effects is

extremely difficult, damage formulae have been developed on

an empirical basis. These formulae depend on many parameters

which may be classified into two groups, either missile

parameters or target parameters. Two of the target

parameters, the amount of reinforcing steel and maximum size

of aggregate are not considered in the existing empirical

formulae to determine critical perforation and scabbing

velocities. The principle aim of the research reported in

this thesis is, therefore, to find a term accounting for the

level of reinforcement to be included in the formulae and to

establish the influence of the maximum size of aggregate on

the value of missile impact velocity causing scabbing or

perforation.

The research undertaken involved an experimental programme of

sixty-four individual tests. The tests were concerned with

the influence of the two parameters previously mentioned upon

the perforation and scabbing of model, steel reinforced

concrete targets. The test rig was especially designed using

high pressure compressed air to accelerate a steel missile
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along a barrel to impact upon the target. This system can

produce a variety of impact forces by either varying the

applied pressure or the mass of the missile.

Chapter One discusses the local effects and the overall

dynamic response caused by high velocity impact upon

reinforced concrete targets. The evaluation of the

yield-line method of analysis for design to resist high

velocity impact is mentioned. The objectives and scope of

the proposed research are also discussed . Chapter Two

contains a literature review on procedures for determining

local missile effects. The chapter considers and compares

the existing empirical formulae. Also mentioned in Chapter

Two are the experimental investigations into the effects of

reinforcement and the associated 	 model
	 similarity

requirements for impact conditions. The design and

construction of a high velocity impact testing facility and

the instrumentation associated with the facility are

described in Chapter Three. Chapter Four discusses the

fabrication of specimens and the test procedure. An account

of the results obtained from the experimental programme is

given in Chapter Five and Chapter Six discusses the

development and application of the new perforation and

scabbing formulae. Empirical formulae have been proposed to

account if 0' the amount of reinforcement. A general

discussion of the results and the conclusions drawn from the

experimental results and some recommendations for future

research work are given in Chapter Seven and Eight

respectively.
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NOTATION

a	 Half size of the concrete aggregate.
A	 Weight of the missile per unit projected

area.
Coefficient used in the Stone and Webster
Corporation formula for scabbing thickness.

c 1 ,c 2,c ,c ,c 	 Constants in equation (6.2) 3 4 5

Target thickness.
Perforation target thickness.

ds	Scabbing target thickness.

Diameter of the missile.
D1	Outside diameter of the missile in the case

of a hollow circular section.
e f e 2 ,e ,e ,e	 Constants in equation (6.12). 3 4 5

Modulus of elastisity of material of the
missile.

Ec	Concrete strain modulus.
Em	Modulus of elastisity of mild steel.
f 	 Concrete compressive strength.
fr	 Concrete tensile strength (modulus of

rupture).
Impact factor (dimensionless parameter)

proposed by Haldar & Miller - (12)k.W.V 2 

(32.2)D .f

Impact factor (dimension parameter)

proposed by Hughes - M.V
fr.D 3

Missile nose shape factor.
K'	 Missile nose shape factor used in Hughes

formula.
K1	Concrete penetrability factor = 180

Vf'

Penetration coefficient used in modified

Petry formula.
Mass of the missile.

m 	 of concrete ejected by the impact.

Flexural reinforcement ratio (ratio between
bending steel mass and concrete volume).

r1	The bending reinforcement quantity in %
each way, each face.

Strain rate factor.
Missile wall thickness.

3 Velocity of the missile.
3 Critical perforation velocity of thecp

missile.
3 Critical scabbing velocity of the missile.cs
Vf	Formula velocity of the missile.
V.	 Incident velocity of the missile.
Vr	Exit velocity of the missile.
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Vt	Test velocity of the missile.

W	 Weight of the missile.
X	 Observed penetration depth.
X	 Calculated penetration depth.
P

qc	 Concrete compressive strength (Pa).

P	 Density of concrete.
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CHAPTER ONE

INTRODUCTION

1.1 General Introduction

Nuclear power plants and many other structures need

protection against impact from sources such as missiles and

aircraft. A missile impact results in both local wall

damage and overall dynamic response of the target wall and

supporting structure. The response of the structure depends

on the material properties of both the impacting object and

the structure. The weight, size and velocity of the

impacting object also effect response.

The characteristics of the impacted loads which control the

overall response of the target are governed by the absorption

of kinetic energy from the missile at acceptable target

deflections. These loads are limited, however, by the yield,

buckling, crushing or local destruction of the impacting

object. The overall dynamic response of the target consists

of shear and flexural deformations. A potential flexural or

shear failure of the target will occur if the strain energy

capacity of the wall and the supports is smaller than that

part of the kinetic energy which has been transmitted from

the zone of penetration or perforation into the wall.

Local damage consists of spalling of concrete from the

impacted area and scabbing of concrete from the back face of

the target.	 If the kinetic energy of the missile is

sufficient the missile may perforate the wall.	 The local

effects depend largely on the relative properties of the

missile and the impacted object. 	 For concrete barriers,

local damage in the form of scabbing and penetration into or

1



perforation of the barrier are generally characteristic of

- impact by a hard missile. Soft missile impact rarely causes

penetration or perforation except at extremely high and

unlikely velocities. They may, however, cause backface

cracking and scabbing. The effects of impact of a flexible

missile such as an aircraft are intermediate between those

caused by hard and soft missiles.

Conventionally, a yield-line analysis is made to evaluate the

possibility of a flexural failure caused by a concentrated

load. Tests have shown, however, that before yield-lines can

occur under a dynamic loading condition there will be

scabbing of concrete from the rear surface of the barrier.

This is true for both uniform and concentrated loads and

brings into question the applicability of the yield-line

method of analysis for design against missile impact when

the ductility ratio of the steel is small (15). The

ductility ratio is normally defined as the ratio of

displacement under load to the displacement when the steel

first reaches its yield stress (17). Thus, the yield-line

theory may not provide a suitable basis for assessing the

behaviour of the structure when the ductility ratio is

small.

In recognition of the complex nature of hard missile impact

upon reinforced concrete, empirical formulae have been

developed to determine the local effects of missiles on

targets or barriers.

1.2 The obiectives of The Proposed Research Programme 

Due to the complex physical process associated with missile

impact, local effects are evaluated primarily by application

2



of empirical relationships which are based on missile impact

test results. All of these relationships, which were

basically developed empirically or semi-empirically for

concrete impact problems, are restricted in their range of

application.

The local effect may be classified into perforation,

penetration and scabbing or spalling or both depending on

many parameters. These parameters can be classified into two

groups. Firstly, those associated with the missile such as

the weight,size, velocity, nose shape, deformability and

inclination of the missile with respect to the target

surface. Secondly, parameters associated with the target

such as thickness, concrete compressive strength, amount of

reinforcing steel and size of aggregate. Only the target

thickness and concrete compressive strength have been

included in the empirical formulae reported in the

literature. The effects of the amount of reinforcing steel

and the aggregate size have not been previously considered.

This is probably due in part to the fact that most of the

investigated targets were under-reinforced (0.3% - 1% each

way) with respect to the applied dynamic loading. These

values represent the percentage of the cross-sectional area

of reinforcement divided by the cross-sectional area of the

concrete. It was considered, therefore, that specific tests

should be carried out to determine the effects of varying the

amount of reinforcement and aggregate size upon the critical

perforation and scabbing velocities. The critical

perforation velocity is defined as the velocity necessary to

just cause perforation. The critical scabbing velocity is

defined as the velocity necessary to just cause scabbing of

3



Stirrups

concrete from the back face of the concrete target.

Experimental and numerical investigations by SUper on thick

plate impact, which have been reported by Eibl (1) show that

when the first diagonal crack occurs fig. (1.1), a very high

proportion of the initial kinetic energy of the missile is

transferred from the concrete to the reinforcing steel (both

stirrups and longitudinal reinforcement). 	 This is a

significant mechanism of energy absorption and demonstrates

the importance of the amount of reinforcing steel upon impact

effects. The amount of reinforcing steel seems to have a

considerable influence on the perforation of concrete walls

Direction of missile
impact

Longitudinal
reinforcementAilikNIFF 

S
FIG. (1.1)

SHEAR-FAILURE DUE TO HARD MISSILE IMPACT

ON REINFORCED CONCRETE TARGET AFTER EIBL (1)

A review of the literature indicates that further

experiments are needed to be conducted with high amounts of

reinforcement (1% - 3% each way) ref. (7).	 Also, since the

effect of different sizes of aggregate has not been

investigated these should also be included in a further

investigation. The effect of these parameters upon scabbing

and perforation can then be evaluated. It is to be expected

that the application of the existing empirical formulae to

predict local effects for heavily reinforced targets would

give an overestimate of these effects.
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The principal objectives of the proposed experimental

programme were to determine the influence of the amount of

reinforcing steel in a reinforced concrete slab specimen as

well as determining the influence of the maximum size of

aggregate in the concrete.

1.3	 Scope of Research

i)	 The research undertaken consisted of an experimental

programme. The experiments were concerned with

determining the influence of high amounts of

reinforcement and the maximum aggregate size of

concrete upon the perforation and scabbing of model

steel reinforced concrete targets. The targets were

of dimensions 1150 mm x 1150 mm square and 150 mm

thick with a circular part having a constant thickness

which varied between specimens and has the value of

120 mm, 100 mm or 80 mm. The targets were subjected

to impact at the center point of the circular part of

the target. The impact load was produced by a very

hard steel missile of 49.8 mm diameter with a variable

length depending on the mass required. The magnitudes

of the masses used were, 3.69 kg, 3.2 kg, 2.7 kg and

2.2 kg and these travelled at different velocities

ranging from 37 m/sec. to 118 m/sec. The test rig was

specially designed and constructed to produce a high

velocity impact load using compressed air acting on the

hard missile and accelerating it inside a long barrel

fig. (3.2).

A total of 64 slabs were tested with fully fixed

supports, 30 slabs were tested to study the scabbing

5



resistance and 34 slabs tested to study perforation

resistance.	 The percentage of the flexural steel

reinforcement has been varied between 0% and 1.55%

each way each face and the maximum aggregate size

used in the manufacture of the concrete was either 4 mm

or 2 mm. In all cases three targets of identical

construction were tested each time for each of the

chosen independent test variables i.e. weight of the

missile, circular slab thickness, amount of steel

and aggregate size. The impact velocity was adjusted

in successive shots to approach the critical value

which can cause either just scabbing or just

perforation. The details of the experimental programme

are shown in table (4.1).

ii) It was intended to develop new empirical relationships

from the results of the experimental programme to

determine the scabbing and perforation velocities of

a hard missile impact acting upon reinforced concrete

model slabs.

iii) Comparisons between the measured and calculated

critical scabbing and critical perforation velocities

using the existing empirical formulae were to be made.

iv) An attempt was made to improve existing formulae by

including factors which account for variations in the

level of reinforcement and the size of aggregate.

1.4 Arrangement of Thesis 

Chapter 1 provides an introduction to the subject matter

contained within the thesis.

The literature survey which is carried out in Chapter 2

6



covers the following aspects:

- A review of commonly used procedures for determining

local missile effects.

ii - A study of available formulae for local concrete

damage prediction.

iii - A comparison of the available formulae.

iv - A study of available experimental investigations

into the effects of reinforcement and

- A study of similarity and scaling relationships for

impact conditions.

Chapter 3 describes the design and construction of high

velocity impact testing facility. The instrumentation

associated with the test facility are also described.

Chapter 4 discusses the fabrication of the specimens and test

procedure.

During each impact test the critical missile velocity for

scabbing or perforation, the reaction-time histories and the

dynamic transient deflections at four points on the slab

were measured. The velocity of the ejected concrete during

the impact was also obtained from the use of high speed

filming. The experimental results for all the test series

are presented in Chapter 5.

Chapter 6 discusses the development and application of the

new perforation and scabbing formula. Empirical

relationships have been proposed to determine the critical

perforation and the critical scabbing velocity of hard

7



missile impacted upon concrete targets. Modification factors

have been proposed to account for the amount of

reinforcement.

Finally, Chapter 7 and Chapter 8 discusses . the result, and

considers the conclusions that may be deduced from the

research work presented and suggests recommendations for

further work.
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CHAPTER TWO

LITERATURE REVIEW

2.1 General Introduction 

To design a concrete structure to resist impact loading it

is necessary to limit the extent of local damage and to

determine the overall response of the associated structural

element. Local damage around the impacted area may include

penetration, perforation, scabbing or punching shear.

Sometimes a combination of these effects may occur. Overall

response includes shear and flexural effects.

The analytical prediction of local damage effects is

extremely difficult and is due to the complex nature of the

transient stress state and the reinforced concrete target.

Damage criteria have been developed on an empirical basis by

correlating and evaluating available data obtained from small

scale tests. These empirical formulae are considered valid

for small missiles with limited deformation upon impact. For

such missiles satisfaction of specified perforation criteria

automatically implies satisfaction of criteria for punching

shear. Large deformable missiles such as automobiles do not

penetrate the target structure and the previously mentioned

empirical formulae do not apply.

The prediction of overall response is generally based on an

energy momentum relationship or on a derivation of an impact

forcing function which is dependent upon the type of missile

and target involved. The prediction of overall response

however, is outside the scope of the research project

described in this thesis.
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2.2 Review of Commonly Used Procedures for Determining 
Local Missile Effects 

Several techniques with various degrees of complexity are

available to study the local effects due to impact loading

upon concrete structures. To study these effects it is

necessary to know the damage criteria as well as the damage

prediction equations which correlate the impact load and the

structural strength. The impact mechanism is very

complicated and cannot be easily determined mathematically.

Therefore, an empirical or approximate solution is

necessary. The design criterion for preventing concrete

structures from experiencing unacceptable local effects is

generally expressed in terms of the structure thickness to

prevent backface scabbing and/or perforation. The

penetration depth estimation may or may not be directly

involved in this type of study. Conceptually, an empirical

or approximate solution to estimate backface scabbing or

perforation depth could be developed in the following three

ways (2,3):

(i) The penetration depth may be estimated for the known

missile properties disregarding the target thickness.

The penetration depth thus obtained can then be

correlated with the target scabbing or perforation

thickness.

(ii) The scabbing or perforation thickness may be

empirically correlated with the missile properties

provided reliable and sufficient experimental

results are available.
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(iii) A semi-analytical relationship between scabbing and/

or perforation thickness and the missile properties

may be developed. This semi-analytical formulation

may then be modified using reliable test data.

The Modified Petry formula (4,5), Army Corps of Engineers

formula "ACE" (4,5), Modified National Defence Research

Committee formula "NDRC" (6), Ammann and Whitney formula

(4,5), Kar formula (7), Degen formula (19), Haldar and

Miller formula (2, 22, 3, 21) and the new quadratic formula

proposed by Adeli and Amin (5) are based on the first

concept described above.

The Ballistic Research Laboratory formula "BRL" (4,5), the

Bechtel formula (9), Stone and Webster formula (10) and

the Commissariat al Energie Atomique - Electricite de France

formula "CEA-EDF" (11) are based on the second concept.

The Chang (20) and Hughes formulae (24) are based on the

third concept.
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2.3 A Review of Formulae for The Prediction of Local 
Concrete Damage 

Local effects can be defined as occurring in the vicinity of

the missile impact. These local effects might be the

ejection of concrete pieces from the impacted face,

ejection of concrete from the rear face or the missile

passing through the target thickness. A discussion of terms

and symbols which are used in the local damage prediction

formulae now follows:

Penetration is the depth to which a projectile enters

a concrete target without passing through. The

concrete is assumed not scab on the back face and thus

the penetration depth is independent of the thickness

of the target. The observed penetration depth is

defined by the term, X and the calculated penetration

depth by X .
P

(ii) Scabbing consists of the ejection of pieces of

concrete from the back of the slab opposite to the

impacted area thus leaving a back crater after impact.

The scabbing thickness is the minimum thickness to

prevent scabbing and is defined by ds .

(iii)Spalling is the ejection of pieces of concrete from

the front face region surrounding the area of impact

thus leaving a crater.

( i )
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(iv) Perforation is the depth required by the projectile

to pass just through the slab. The exit velocity of

the projectile after it passes through the slab is,

therefore, zero. The perforation thickness is

defined by the term d .
P

Figure (2.1) shows schematically the type of local effects

caused by impacting missiles

X = observed penetration depth.

X = calculated penetration depth.
P

ds
 = scabbing thickness which is the target thickness just

enough to prevent scabbing and

d = perforation thickness which is the target thickness
P

just enough to prevent perforation.

The parameters which influence local effects may be divided

into missile and target parameters and are listed as follows:

a) Missile Parameters

- weight of the missile, W

- size of the missile, e.g. the diameter if it is
cylindrical, D

- velocity of the missile, V

- nose shape of the missile, K

- deformability of the missile

- incl.mation of missile with respect to the target
surface.

b) Target Parameters

- target thickness, d

- concrete strength (compressive f c' or tensile fr)

- size of aggregate

- amount of reinforcing steel.

13



a) Missile Penetration and
Spalding

c

D'•'
b) Target Scabbing

c) Pe rforation
	 d) Overall Target Response

FIG. (2.1)

MISSILE IMPACT PHENOMENA

14



The impacting missile can be classified as either hard or

soft depending upon whether the deformation of the missile

is small or large relative to the target deformation. The

missile is considered to be hard when it is so stiff that

its deformation is small when compared with that of the

target. Soft missiles are those with a moderate or large

amount of deformation compared with the target deformation.

Until 1975 local missile impact effects for hard missiles on

concrete targets had been determined using empirical

formulae (some of which possess a partial theoretical

basis). These formulae were based upon experimental results

obtained prior to 1946 for concrete slabs that were

perforated by projectiles and bombs to define the

penetration depth and the perforation and scabbing

thicknesses.

The most commonly used formulae were the Modified Petry

formula (4,5), the Army Corps of Engineers formula (4,5),

the Modified National Defence Research Committee formula

(6), the Ammann and Whitney formula (4,5) and the Ballistic

Research Laboratory formula (4,5). These formulae, however,

are based upon limited test data. In nearly all of the

tests the striking missile was an essentially non-deformable

projectile or bomb often made of armour-piercing steel,

whilst the target was a massive non-deformable concrete

target. These formulae, therefore, are applicable only to

this conditions and should not be applied elsewhere.

The empirical formulae are applicable to missile impact

normal to the target. The angle of strike has a substantial

influence on penetration depth (6), particularly for angles
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greater than 20 0 from the normal.

The formulae are based upon limited parameter variation.

Until 1979, the parametric range of available test data was

limited to:

d/ D	3

D s 16 in	 (1 in = 25.4 mm)

0.2 lb/in 3	W/D3	 0.8 lb/in3	(1 lb/in3 = 0.02768 kg/m3)

500 ft/sec. s V	 s 3000 ft/sec. (1 ft/sec. = 0.3048 m/sec.)

3
	 ds 

-s 18

3 s	 —2	 18

Some of these formulae, however, are based upon an narrower

range of test parameters than those quoted (4).

2.3.1 Modified Petry Formula 

According to Kennedy (4,5), the modified Petry formula was

originally developed in 1910 and predicts the penetration

depth as follows:

V 2
X = 12 Kp Ap 1og10 (1 + 2150001 (2.1)

where Kp is a coefficient which is dependent upon the

reinforcing details. The coefficient has the value of

0.00799 for massive concrete, 0.00426 for normal reinforced

concrete and 0.00284 for specially reinforced concrete. The

coefficient has been modified to account for the effect of

concrete strength by Amirkian (4,5). The modified value of
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Kp is a function of concrete strength 	 fc', figure (2.2).

There are two versions of the modified Petry formula,the

modified Petry 1 formula which uses the original value of K

whilst the modified Petry 2 formula use the values given in

Figure (2.2). For both formula the weight

A = the weight of missile per unit projected

area(lb/ft2 ) and

V = the velocity of missile (ft/sec.).

Amirkan (4,5) has suggested that the perforation thickness

will be determined by:

d = 2 X
	

(2.2)

and the scabbing thickness by:

ds = 2.2 X .
	 (2.3)

2.3.2 Army Corps of Engineers Formula 

In 1946 the Army Corps of Engineers (4,5) developed the

following formula for the calculation of missile penetration

X 282 W V1.5-2

	

	 + 0.5D2.785 f' 0.5 1000 1.5
(2.4)

where Xp and D are expressed in inches, W is expressed

in lbs, V is expressed in ft/sec. and f is expressed in

psi.

Equation (2.4) has been commonly referred to as the Army

Corps of Engineers - ACE - formula and this equation is

based exclusively upon a statistical fitting of the
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X
0.65 5 -2	 11.75

ds (2.5)
X

= 2.12 + 1.36 (52)

experimental data. It has been found (4) that when this

formula is extrapolated beyond the previously defined range

of the test data it can lead to error.

In 1943 high velocity ballistic tests were carried out on

38, 76 and 155 mm steel cylindrical missiles and the

following relationships for predicting scabbing and

perforation thickness were obtained using regression

analysis:

3 5 -2 -s 18
X

-2 = 1.32 + 1.24 (-2 )	 •	 (2.6)
X

1.35 5 -2	 13.5

The equations (2.5) and (2.6) are commonly known as the Army

Corps of Engineers formula for perforation and scabbing.

These relationships are applicable only within the

penetration depth to projectile diameter ratios indicated.

For ratios not within this limit, these equations will lead

to increasingly conservative results (4).

Perforation tests were also reported in 1944 on 133 concrete

slabs (6) for 0.5 calibre bullets, where the slab thickness

was varied from 3 to 18 times the projectile diameter. The

strength of concrete used in these tests varied from 1500 to

7000 pounds per square inch.

These more extensive tests yielded regression equations for

perforation and scabbing thickness which differ only very
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0.5

4 K. K l . W. V1.8	 X
_2 -2	 2.0 (2.7)

D	 (1000 D) 1.8

X	 K. K. W. V1•8	 X
-2 =

1 -2 > 2.0 (2.8)+ 1D	 (1000 D).8

where	 X	 and	 D	 are expressed in inches,

in lbs and	 V	 is expressed in ft/sec.

W is expressed

slightly (less than 10 percent) from equations (2.5) and

(2.6).

It is considered that equations (2.5) and (2.6) are more

appropriate for missile impact related to nuclear facilities

(4) since large projectile diameters were used in the

original tests.

2.3.3 Modified National Defence Research Committee Formula 

In 1946 the National Defence Research Committee "NDRC" (6)

proposed a theory of penetration for a non-deforming

projectile penetrating a massive concrete target. 	 This

theory of penetration enables the calculation of the total

depth of penetration, the impact force - time history and

the penetration - depth time history. The NDRC theory

propose the following formula:

In these formulae K is a missile nose shape factor in which

K = 0.72 for flat nosed bodies.

= 0.84 for blunt nosed bodies.

= 1.0	 for average bullet nose (spherical end)

= 1.14 for very sharp nose.
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180
K=
1 Vf'c

(2.9)

K
1
 is a concrete penetrability factor which is a function of

the concrete strength. Unfortunately, after 1946 there was a

lack of interest in investigating projectile penetration of

concrete and the NDRC effort was stopped without completely

defining the factor K l . Until recently, therefore, the NDRC

formula had not been used extensively for missile impact

problems in the nuclear industry. According to reference (6)

the factor K
1
 should lie between 2 and 5 depending upon the

concrete strength to fit the available test data. Kennedy

(4) suggested in 1966 that the concrete penetrability factor

K
1
 is proportional to the reciprocal of the ultimate

concrete tensile strength, which in turn was taken to be

proportional to the square root of the ultimate concrete

compressive strength f(psi). 	 This suggestion was based

upon theoretical and experimental considerations.

The following relationship for Kl was obtained by fitting

this relationship to the experimental data available for the

larger missile diameters

The combination of equations (2.7), (2.8) and (2.9) is

defined as the Modified NDRC formula for penetration.

The primary advantage of the Modified NDRC formula is that

since it is based upon a theory of penetration, it can be

extrapolated beyond the range of available test data with

some confidence. A nondeformable cylindrical missile

penetrating a massive reinforced concrete target would be the

ideal condition for the application of the Modified NDRC
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equations. Essentially, this formulation neglects the rear

boundary effects, they cannot be used if scabbing develops on

the rear side of the target or a moveable conical plug is

formed during impact.

The concrete property that is explicitly included in the

modified NDRC equations is the concrete compressive

strength. The size of the aggregate and the amount of

reinforcing steel are not considered. However, Slitter (7)

commented that the effects of these parameters on the

penetration depth may not be significant. The equations

however can be used for normal reinforced concrete targets.

For over reinforced concrete structures, they would

probably over predict the penetration depth. Also, these

formulae were derived solely from impact data for missile

velocities greater than 500 ft/sec.

From this discussion, it is clear that the NDRC equations

are developed using the information on penetration depth for

small diameter, light weight and high impact velocity

projectiles. In general these equations give the upper

bound estimate of the penetration depth for large missiles.

This over prediction (sometimes by a factor of eight or

X
nine) is particularly noticeable when (52 ) , the ratio of

penetration depth to missile diameter is less than 0.6 (7).

For slab thickness to projectile diameter ratio greater than

3, equations (2.7) and (2.8) can be used in conjunction with

equations (2.5) and (2.6) for predicting the perforation and

scabbing thicknesses (4). For many impact problems, however,

the slab thickness to projectile diameter is substantially

less than three.
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ds	X	
X

5- = 7.91( 52 ) - 5.06(52)2

X
52 < 0.65

d s
D <3

(2.11)

Chelapati and Kennedy (8) have proposed parabolic curve

fitting passing through the origin and having the same slope

as equations (2.5) and (2.6). This parabolic fit for small

penetration thickness to projectile diameter ratios leads to

the following equations

X
-2 < 1.35D

d	 X	 X
-2 = 3.l9(2) - 0.718( -2)2D	 D	 D	 d

_2 < 3
D

(2.10)

The use of this modification together with equations (2.7),

(2.8) and (2.9) is known as the modified NDRC formula for

perforation and scabbing.

2.3.4 Ammann and Whitney Formula 

The following formula has been developed to predict the

penetration depth of small explosively generated fragments

travelling over 1000 ft/sec. (4,5)

X	 282 K W V1.8

D	 D(f')05 (1000D)1.8C

(2.12)

where this formula is expressed in imperial units. This

formula is not intended for use with the lower velocity

missiles of primary interest to nuclear facilities (4).
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d W V1.33
-2 = 7.8	 133
D	 D2.8 (1000).

(2.13)

2.3.5 The Ballistic Research Laboratorv(BRL)Formula 

The previously mentioned formula for the calculation of

perforation and scabbing thickness relate the calculated

thickness to the calculated penetration depth, X . The BRL
P

formula directly predicts the perforation thickness for a

concrete wall having an ultimate compressive strength of 3000

p.s.i (4,5) in the following way:

where d	 and D are expressed i_n inches, W	 is expressed
P

in lbs and V is expressed in ft/sec. This equation has

been extended for other values of the ultimate compressive

strength in which it is assumed that the perforation

thickness is inversely proportional to the square root of

f (p.s.i) as followsc

d 427 W V1.33

..D	 D28 (f')
05 1000 1.33

C

(2.14)

This formula is known as the modified BRL formula for

perforation.

It has been recommended that the scabbing thickness can be

estimated from

(2.15)ds = 2dp

where d	 is defined by equations (2.13) or (2.14). 	 This
P

relationship is defined, herein, as the modified BRL formula

for scabbing.
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2.3.6 Bechtel Corporation Formula 

Although relationships have been developed for predicting

damage to reinforced concrete panels from non-deformable

military type projectiles with velocities 	 typically

exceeding (1000 ft/sec.), these relationships have

questionable validity in the velocity range of missiles

postulated in nuclear power plant design (typically below

500 ft/sec.).

They are also considered inapplicable for the prediction of

damage from softer (more deformable) missiles, such as steel

pipes. Full-scale tests were, therefore, conducted by the

Bechtel Corporation to obtain more applicable information on

the damage capability of these postulated missiles (9). The

first part of these tests involved impacting (6 in) and

(9 in) thick reinforced concrete panels with (1 in) steel rod

missiles weighing up to (8 lbs) and having impact velocities

between 150 and 322 ft/sec. The test panels were 4 ft square

simply supported on four edges with a free span of 3.875 ft.

The second part of these tests involved impacting (12 in),

(18 in) and (24 in) thick reinforced concrete panels with (8

in) nominal diameter steel pipes (schedule 40), wood poles

and solid steel slugs weighing up to 215 lbs, and having

impact velocities between 122 and 490 ft/sec. The test

panels were 9 ft square, simply supported on four edges with

a free span of 8 ft. The (8 in) missile tests revealed a

significant variation of damage with respect to missile type.

The wood poles produced no local damage (impact velocities

between 300 and 490 ft/sec.) and only minor structural

response. These missiles exhibited gross deformability with
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2 ft to 4.5 ft of the length of the missile disintegrating

upon impact.

The steel pipes penetrated deeper, but produced less spall

damage than the steel slugs at comparable velocities. The

pipe missiles also exhibited significant deformation

(shortening) on impact which increased with missile

velocity. The steel slugs (and rods) sustained little or no

general permanent deformation.

The damage (penetration and scabbing) produced by the solid

(1 in) rods was comparable to that of the (8 in) solid steel

slugs.

The difference in local damage caused by the different

missile types is primarily due to the difference in the

combined effects of missile deformation and penetration,

which determines the missile stopping time and the magnitude

of the interface force developed between the missile and the

target. A variation in the characteristics of the interface

force-time function is also observed to be significant in

determining the magnitude of the structural response. At

comparable impact velocities missiles with the shorter

stopping time (higher interface forces) produced more severe

local damage and greater structural response.

Based upon these full-scale test results the Bechtel

Corporation has developed an empirical formula for

predicting the scabbing thickness of concrete targets struck

by non-deformable solid steel slugs and rods and moderately

hollow steel pipes as follows.
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ds = 5.42 	 0.5	 0.2(f')	 D

w04 v0.	 .65
(2.17)

For solid steel missiles

.4	 .

	

w 0	 v05
ds = 15.5 
	 0.5	 0.2

	

(f')	 D
(2.16)

For steel pipe missiles

where ds and D are expressed in inches, W is expressed

in lbs, V is expressed in ft/sec, and f 	 is	 expressedc

in p.s.i. The application of eq. (2.17) to steel pipe

missiles automatically accounts for the influence of moderate

missile deformability. This formula was specifically

developed for (8 in) diameter (schedule 40) pipes, but it has

also been compared with test results for (3 in) and (12 in)

diameter (schedule 40) pipes (10) and has been found to be

adequate for these cases. The formula does not account for a

variation in pipe thickness to diameter ratio and is based

upon results for (schedule 40) pipes only.

To ensure that scabbing will not occur, the design thickness

of a reinforced concrete element must be greater than that

determined by these equations.

An increase in thickness of 25% (which need not exceed 10

in) is recommended.

Insufficient data were acquired to establish or verify

relationships for the threshold of perforation.
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2.3.7 Stone and Webster Corporation Formula 

Stone and Webster have developed an empirical formula for

predicting the scabbing thickness of concrete targets struck

by steel missiles with velocities typical of nuclear plant

applications. The formula has been derived from the results

of test conducted upon quarter scale specimens. This formula

accounts for the influence of the wall thickness (t) to

outside diameter (D) ratio and the deformability of hollow

steel pipes missiles. The formula is given (10) as,

1
ds	(W= 	7--

V2
)
/ 3 	 (2.18)

where ds and D are expressed in inches, W is expressed

in lbs and V is expressed in ft/sec.

C is a coefficient defined by figure (2.3) for various 2t/D

ratios, t is the missile wall thickness and D is the

outside missile diameter. The range of test parameters for

the application of this formula is

3000 psi s f'c s 4500 psi	 (psi = 6.89476 Kpa)

ds
1.5 s 5- s 3.0

2t0.06 s -- s 1.0D

75 ft/sec. s V	 s 250 ft/sec. (ft/sec. = 0.3048 m/sec.)

The ratio 2t/D equal to unity corresponds to a solid steel

missile.

2.3.8 Commissariat a L'Energie Atomique - Electricite de
France (CEA - EDF) Formula 

Since 1974 a large program has been undertaken in France to

develop a method of computation to describe the behaviour of
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reinforced concrete walls subjected to rigid missile

impacts. The program is now described briefly:

i) An initial series of tests have been performed on behalf

of Electricite de France "EDF" and of the Experimental

Center of Research on Building and Public work "CEBTP"

at Saint - Remy - Les Chevreuse (11). Thirteen

perforation tests of concrete slabs were conducted

in this series with a missile striking at a speed of

about (28.5 m/sec.) The missile consisted of a steel

cylinder bolted to a cylindrical nose piece. Three such

pieces were used during the testing and are described as

follows,

- A nose of 110

total mass of

- A nose of 110

total mass of

- A nose of 155

total mass of

mm diameter with

the missile with

mm diameter with

the missile with

mm diameter with

the missile with

a hemispherical end,

nose 334 kg.

a nearly flat end,

nose 343 kg.

a nearly flat end,

nose 340 kg.

The missile was allowed to fall from a height of about

47 in and was guided by three 12 mm diameter rods, the

concrete slabs were square (150 x 150 cm) and of

variable thickness (17.5 - 40 cm). These slabs were

reinforced in different ways and the total weight of

reinforcement steel per cubic meter varied from (108 to

346 kg) with a concrete strength of 38 N/mm2.

These tests represented a preliminary study in which a

quick, qualitative indication of the form of the

failure and perforation was required. It should be
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noted, however, that during these tests the velocity

of the missile was relatively low. It should be noted

also that similitude in impact experimentation requires

identical velocities between the model and the

prototype.

ii) In the second series of tests for HEDF H carried out by

the Central Direction of Public Work (12) a 305 mm

diameter naval gun fired missiles masses 160 to

227 kg with flat ends at concrete slabs measuring

5 x 5 m. The velocities varied from 77.5 to 160.4

in/sec. Fifteen missiles were fired into 40 cm thick

slabs and ten into 50 cm thick slabs. These concrete

slabs were reinforced with four layers, each steel

layer included horizontal and vertical bars of 16 mm

diameter at a spacing of 8 per meter. The total mass of

reinforcement steel per cubic meter was 265 and 220 kg

respectively.

iii) A third series of tests was performed at Aquitaine

Scientific and Technical Research Center 'TESTA" of

the French Atomic Energy Commission HCEAH (13) with

a 300 mm air gun and 1.46 x 1.46 in slabs. The missile

had a variable diameter between 50 and 300 mm with

corresponding masses between 5 and 300 kg.

The specimens had a constant thickness of 26 cm and an

identical arrangement of reinforcement except for a

single unreinforced specimen. Two different mass

of reinforcement per cubic meter were used and these

were 160 and 260 kg respectively.
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These experiments were performed at one fifth scale to

examine the laws of similarity. 	 Recent tests have been

performed in France since 1979 and their main

characteristics are summarized in ref. (14). The results of

these tests can be presented in a homogeneous perforation

formula refered to as the H CEA - EDF H formula given by

-0.375	 -0.125 0.75 M 0.5d = 0.82 (Tc )	 p	 V	 (-) (2.19)

where

a
c
 = ultimate compressive strength of concrete (Pa)

p = density of concrete	 (kg/m3)

V = missile perforation velocity (in/sec.)

M = mass of missile 	 (kg)

D = missile diameter 	 (m)

d = target perforation thickness (m).

The validity of this formula for a cylindrical flat nose

missile is given by the following ranges.

20 m/sec. s V	 200 m/sec.

0.3	 s d
P
/D s 4

10 MPa	 Cr
c
 s 45 MPa

75 kg/m3 s reinforcing steel with four layers s 300 kg/in 3

2.3.9 Kar Formula

Recent tests indicate the limitation of the modified Petry,

Ballistic Research Laboratory, Ammann and Whitney and the

modified NDRC formula to predict the local effects of

concrete barriers subjected to impact by missiles. Kar (15,
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(2.20)

(2.21)

16, 17, 18, 19, 20) has proposed a set of modified formulae

for calculating the local impact effects of missiles on

concrete barriers.

The formula for penetration was originally developed for

missile penetration into earth. A constant coefficient has

been introduced for concrete barriers to account for the

different material and is based upon the test results. The

different formulae take into consideration the

cross-sectional area as well as the outside dimension and

shape of the missiles. They also consider the weight,

impacting velocity, nose shape factor and material properties

of the missiles, the size of coarse aggregate and the

material properties of concrete. The proposed formulae have

been developed by a spatial curve fitting of results (20).

The depth of penetration X 
	 (measured in inches) is given

by

:10.5
1.25	 .

4 K.K1 E	 W.V18
X	 (F)_2 ..-... 	 D1

	(1000 D)8

1.25
X	 K K E	 W.V1.8 + 1
_2	

•	 (__)
D1 l Em	(1000 D) 1.8

Em are the modulus of elasticity of materialwhere E and

of the missile and mild steel respectively and are expressed

in the same units.

K1 is the concrete penetrability factor and is given as a

function of the concrete ultimate compressive strength (f')

180It is assumed that K 1 equals	
in which (fL) has the

Vf'

units of pounds per square inch obtained from the concrete
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cylinder test. For specimens other than cylinder of suitable

modified valued of f should be used.

K is the missile nose shape factor fig. (2.4).

For practical cases the following values may be used.

K = 0.72 for flat nosed solid bodies or

K = 0.72 +	 (0.0306) (--)	 - 1
[ 

D1 2

D s	 1	 for hollow	 circular

sections (pipe) or irregular sections fig. (2.5) where

D1
 = the outside diameter of the missile in the case of a

hollow circular section and is equal to (D) in the

case of a solid rectangular section.

D = the diameter of missile that has the same contact

surface area as that of the actual solid missile.

K = 0.72 + 0.25 (n - 0.25) 0.5 s 1.17 for missiles with a
special nose in which n = the ratio of the radius of the

nose to the diameter of the missile.

Xp ,D and D1 are expressed in inches, W is expressed in

lbs and V is expressed in ft/sec.

1Kar stated that the factor (E/Em ) .25 is approximate and

its use is recommended only until sufficient test data is

available for improvement. For most practical cases E = Em

and in this case the Kar penetration equation for flat nosed

solid cylindrical missiles becomes identical to the NDRC

formula. Kar also proposed the following scabbing and

perforation equations.
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blunt-nosed missile

Di

average bullet-nosed missile

n=1.5

k= 1
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D=2/Ell
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A = area
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=4517117
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n = caliber radius of the missile nose
= R/ D

k = nose shape factor
. 0,72 + 0.25r1/77- 07-	for solid missiles with closed ends

FIG. (2.4)

SHAPE EFFECTS OF SOLID PROJECTILES WITH CLOSED ENDS

FIG. (2.5)

DIFFERENT DIAMETERS OF PROJECTILES
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d -a	 X	 X	 X
b( SD = 7.91 (52) - 5.06 ( 52 ) 2	 -2 -5- 0.65 (2.22)

3

	 ds	 18
d -a	 X

= 2.12 + 1.36 ( 52 )

	

	 (2.23)
X

0.65	 -2	 11.75

d -a	 X	 X	 X
_E__ . 3.19 (-2 ) - 0.718 (-2 ) 2	 -2	 1.35 (2.24)

3	 -2	 18
d -a	 X
-2-- = 1.32 + 1.24 (-2)

X
1.35	 -2	 13.5

(2.25)

where b = (Em/E)
02 and a is half the concrete aggregate

size. The terms d s , d	 and a are expressed in inches.p

A discussion of the Kar formulae has been given by Burdette

(21).

2.3.10 Degen Formula 

A statistical analysis of the experimental data given in

ref. (12, 13, 22, 23) has been undertaken by Degen (24) who

has proposed the following formulae:

X
-2 = 0.69 + 1.29 (-2 )	 2.65	 -2	 18

	
(2.26)

X	 X	 X
-2 = 2.2 (-2) - 0.3 (-2 )

2
	-2	 1.52	 (2.27)

where d , X and D are expressed in inches and the

experimental data include the following ranges of variables
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89 ft/sec. s V	 s 1013 ft/sec.	 (1 fps = 0.3048 m/sec.)

0.7 s d/D s 3

	

38.5 lb s W	 s 756 lb	 (1 lb = 0.453592 kg)

4860 psi s fc' s 6450 psi	 (1 psi = 6.89476 kPa)

	

4.3 in 15 D	 s 11.8 in	 (1 in = 25.4 mm)

6.9 in	 d	 s 23.6 in

Reinforcement 0, 10 to 21.84 lb/ft 3 (1 lb/ft3 = 16.0185 kg/m3)

2.3.11 Chang Formula (semi-analytical formula) 

Most of the early studies of missile impact problems were

developed empirically for high velocity projectiles

(velocity > 500 ft/sec.). Their application, therefore, to

the low velocity regime is questionable. Recently, impact

tests were conducted for lower velocity missiles and several

In 1981 Chang (25)

for evaluating the

of concrete panels.

empirical formulae were developed.

proposed a semi-analytical formula

scabbing and perforation thickness

These formulae are given as follows:

u 0.4a 	 (Mv 2 ) 0.4ds = Y (-) DO .2 (f') 0.4

U 0.5b Mv 2 0.5d =Z (-)	 (---)Df'

where

M = the mass of missile.

v = the impact velocity.

D = the missile diameter and

U = a reference velocity.
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The symbols a and b are numerical constants and y and z

are assumed to be normal random variables, the mean and

variance of each will be determined. Due to the limited

amount of available test data Chang used the Bayesian (25)

approach rather than more conventional means of statistical

analysis in his work.

Chang's theory assumes that the kinetic energy of the

missile exceeds the flexural strain energy of the concrete

harriers and initiates cracking and scabbing.

The scabbing thickness is calculated by equating the kinetic

energy and strain energy capacity. A reference velocity, u,

was chosen to be 200 ft/sec. The constant, a, was chosen

to be 0.325 by comparing the calculated, Y, values from test

data. The random variable, Y, was determined by the Bayesian

statistical method and the scabbing thickness of a concrete

barrier subject to a cylindrical solid steel missile may be

given by equation

200 0.13  (Mv 2 ) 0.4d= 1.84 (---) 0.2	 , 0.4D	 (f )c
(2.28)

A barrier develops resistance as a missile penetrates.

Chang makes the assumption that the maximum resistance

occurs upon striking and decreases parabolically to zero

when penetration occurs. Once more Chang uses an energy

relationship to determine the perforation thickness.

The numerical constant, b, was chosen to be equal to 0.5.

The random variable, Z, which is equal to unity is determined

by a Bayesian statistical method. The perforation thickness
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of a concrete barrier subject to a cylindrical solid steel

missile can be calculated by

200 0.25 Mv 2 0.5
d = (---)	 (5y7) (2.29)

The test data from which Chang developed his equations cover

tile following ranges:

55 ft/sec. s	 V	 s 1023 ft/sec. (1 fps = 0.3048 m/sec.)

0.24 lb s	 W	 s 756 lb (1 lb = 0.453592 kg)

2 in s	 d	 s 24 in (1 in = 25.4 mm)

0.79 in s	 D	 s 12 in

3300 psi s f 6600 psi (1 psi = 6.89476 kPa).

Haldar	 (26) discuss Chang's	 formula	 and	 mentions	 some

shortcomings. For instance,	 experimental	 observation

demonstrates extensive cracking throughout specimens. The

Chang assumption of peripheral cracks only, gives an incorrect

strain energy capacity. Also, Chang ignores the effect of

missile penetration in the calculation of scabbing and

perforation thicknesses.

2.3.12 Haldar and Miller Formula

Closer examination of the NDRC equations (eqs. 2.7 and 2.8)

reveals that the left hand sides of these equations are

dimensionless, but the right hand sides are not. Thus, the

functional form of the NDRC equations may not be ideal with

some parameters in the NDRC equations receiving undue

importance compared with other parameters.

Observing this, Haldar (2, 27, 3, 28) introduced a new

dimensionless parameter (I) called the impact factor which

is defined as:
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= w k v 2

gD3fL
(2.30)

12 k w v 2
1-

32.2D 3 f'
(2.31)

and

0.3 5 I 5 4.0	 (2.32)

4.0 5 I 5 21.0	 (2.33)

All the parameters in equation (2.30) are identical to the

,eirameters in the NDRC equations. To be consistent with

,:espect to units, equation (2.30) can be rewritten as:

`Me impact factor indicates the damage potential of a

missile and the damage potential is expected to be large when

the value of I is large. This suggests that if a missile

has a high impact energy, or small impact area, or if it is

going to hit a weak concrete structure it has a greater

damage potential.

Haldar and Miller identified a total of 625 tests for

penetration in which the impact factor varied within the

range of 0.3 - 455. The results were plotted as the ratio

of the observed penetration depth to the missile diameter

against the impact factor I. Due to the vary wide range of

impact, the factor has different statistical characteristics

in the various ranges of the values of I. Three equations

for the calculation of the penetration depth corresponding

to the three ranges of impact factor gave the best fit for

the data points. These equations are,

X
-2 = -0.0308 + 0.2251 I

X
-2 = 0.6740 + 0.0567 I
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-2 = 1.1875 + 0.0299 I
	

21	 I	 455	 (2.34)

Of the 625 examples that were considered by Haldar and

Miller, nine are described by equation (2.32), ninety four

by equation (2.33) and five hundred and twenty two by

equation (2.34). The coefficients of determination of

evations (2.32), (2.33) and (2.34) are 0.95, 0.70 and 0.9,

respectively. Haldar mentioned also that these new

relationship should be used in the future to predict the

penetration depths in concrete structures due to

non-deformable missile impact. Equations (2.32), (2.33) and

(2.34) will be denoted as the Haldar penetration equations.

The scabbing thickness of a concrete structure subjected to

non-deformable missile impact can be estimated by the impact

factor concept. From an extensive literature survey a total

of 176 cases were found by Haldar and Miller in which

scabbing was observed. Out of 176 cases, 129 are for bullets

and 47 are for large missiles. For 89 cases, backface crater

depths are reported. For the remaining 87 cases, however,

backface crater information is not available and for this

reason these cases are not considered by the authors.

For the 89 cases, a scatter diagram of the ratio of observed

scabbing depth to missile diameter d s/O is plotted against

the impact factor, I, which vary from 21 to 385. 	 A linear

regression analysis was carried out between the d s/D and I

parameters. The following equation resulted:

ds
57 = 3.3437 + 0.0342 I 21 :5 I .s 385	 (2.35)
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The corresponding value of coefficient of determination is

found to be 0.8 and equation (2.35) will be denoted as the

Haldar scabbing equation.

2.3.13 Hughes Formula

The NDRC penetration formula is based on a physical model of

the impact process in which it is assumed that the contact

force increases linearly to a constant maximum value.

Degen (24) has shown that this assumption was incorrect and

he suggested an alternative model in which the force was

maximum at the beginning of the impact and decreased to zero

at maximum penetration.

Chang (25) used a similar model in his work.

In 1983 Hughes (29) used a force penetration model, which is

essentially a combination of those used by the NDRC and

Chang. The force is assumed to increase linearly to a

maximum (when concrete spalls in the contact zone), after

which it falls parabolically to zero at maximum penetration.

He also assumed that the penetration depth (Xv ) depends on

the missile diameter (D), impact velocity (V), concrete

strain modulus (Ec
) and the concrete tensile strength

(modulus of rupture) (fr). Dimensional analysis as detailed

in the reference (29) gives

X
-2 = J1 [Mv2/(fr)3), E c/fr]

(2.36)

where J1 is some unknown function which relates the three

dimensionless parameters, Xp/D, Mv/(frD
3) and Es/fr.
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= J3 [I'] (2.38)

Equation (2.36) can be simplified for normal weight concrete

because with sufficient accuracy, Ec/fr = 7600 = constant.

This particular parameter can thus be considered invariant

and may be eliminated from equation (2.36) so that

X
-2 = J2 [I 	 (2.37)

were I' = Mv2/(frD3).

The impact parameter I' is similar to that of Haldar and

Miller (2, 27, 3, 28) and is a measure of the damage

potential of the missile.

By the same method it can be shown that the scabbing

thickness ds and the perforation thickness d are given

by

-2 = J4 [I']
	 (2.39)

Hughes used Williams conclusion (30) that the bearing

strength of concrete is proportional to the strain rate

factor S. Hughes concluded that the depth of penetration,

X , is inversely proportional to the strain rate factor, S.

Thus equation (2.37) can be written as

X
-2 = h I'/S
	

(2.40)

where h = constant coefficient and S is a function of
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By using the least square fit technique and using various

forms for the unknown function S, Hughes found the

following formula for predicting the penetration depth X
P

X
-2 = 0.19 K' I'/SD

where

(2.41)

K' = is the nose shape factor.

= 1.0 for flat nosed missiles.

= 1.12 for blunt nosed missiles.

= 1.26 for average bullet nose (spherical end) and

= 1.39 for very sharp nose.

S = strain rate factor

= 1.0 + 12.3 Ln (1.0 + 0.03 I').

Note that the impact parameter I' is dimensionless.

Hughes equations for scabbing and perforation are as

follows:

d X	 X
s5- . 1.74 ( 52 ) + 2.3 D

ds	X	 X
-- = 5.0 (-2) D D	 D

d X d-2 = 1.58 (-2 ) + 1.4D D	 D

d X
-2 = 3.6 (-2)	 d < 3.5
D D	 D

> 3.5

(2.42)

(2.43)

(2.44)

(2.45)

The formulae are valid in the range I' < 3500, which is the

range of available test data, but will be conservative in the

range I' < 40 and d/D < 3.5. This is because the theory
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which has been used neglects both elastic and global effects,

which tend to reduce the severity of local damage.

The formula refer to hard cylindrical missiles at normal

incidence and barriers of normal weight concrete. The

ba/riers are reinforced with 0% - 1.5% each way, front face

bending reinforcement and 0.3% - 1.7% each way back face

bending reinforcement with no shear reinforcement.

2.3.14 Adeli and Amin Formula

Adeli and Amin observed a proportional relationship between

the observed penetration depth, X , and the dimensionless

impact factor I defined as follows:

K W V2 

g D 3 f
(2.46)

Quadratic and cubic polynomials were found (5) to best fit to

the test data. Test results from the programs conducted in

Europe and USA (7) were used. The following two equations

for estimating the penetration depth of concrete are

proposed:

X
-2 = 0.0416 + 0.1698 I - 0.0045 2I (2.47)

X
-2 = 0.0123 + 0.196 I - 0.008 12 3+ 0.0001 I (2.48)

New formula for predicting the scabbing and perforation

thickness were also proposed as follows:

ds = 1.8685 + 0.40351 I - 0.0114 1 2	(2.49)
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-2 = 0.906 + 0.3214 I - 0.0106 ID
(2.50)

There formulae have been developed within the following range

of applicability

89 ft/sec.	 V 5 1023 fps	 (fps = 0.3048 m/sec.)

d
0.7	 .15.	 18

D

0.24 lb :<- W	 756 lb	 (lb = 0.453592 kg)

0.3 5 1 5 21

0.8 in 5 D 5 12 in	 (in = 25.4 mm)

X
-2 5 2.0
D
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2.4 Comparison of Impact Formula 

2.4.1 Comparison of Penetration Formulae

Eight different formula varying in their theoretical basis

and ranges of applicability are available to predict the

penetration depth in reinforced concrete panels under the

impact of non-deformable missiles. Table (2.1) summarizes

these formulae.	 In 1976 Kennedy (4) compared the four

available equations at that time using the experimental

/esults carried out in the USA and Europe. Kennedy concluded

that the modified NDRC formula was the best among the first

four formulas for calculating the penetration depth of

non-deformable missiles in a massive concrete target.

In 1984 the eight penetration formulae were re-evaluated by

Adeli and Amin (5) using the updated test data summarized by

Slitter (7). Most of these data were obtained during the

last decade. These test results are used to evaluate the

formula for predicting local effects caused by hard missiles

upon concrete structures. The following observations have

been made by Adeli and Amin (5).

XFor 5 0.6, the modified NDRC, Haldar and Miller,

Hughes and the quadratic and cubic formulae proposed

by Adeli and Amin produced results within the range

± 25% when compared with experimental results.

X(ii)	 For - < 0.6, the modified Petry 2, Haldar and

Miller and the quadratic and cubic formulae

compare favourably with experimental results.

(i)
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(iii) The ACE formula and the modified Petry 1 formula

over-predict the penetration depth by a large margin.

Generally, Hughes, Haldar and Miller and the

quadratic and cubic formulae of Adeli and Amin

provided the best prediction of penetration depth.
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2.4.2 Comparison of Scabbing Formulas 

Table (2.2) shows the available formulae for the calculation

of the scabbing thickness, their basis, and range of

applicability.

These formulae have been re-evaluated by Adeli and Amin (5)

using the experimental results in which scabbing occurred

(7). The Stone and Webster and Kar formulae were not

included.	 In the former case the range of applicable

concrete compressive strength (f')	 was limited to only

three specimens and was,	 therefore,	 insufficient for

comparison. In the latter case insufficient information

regarding the aggregate size was given. Also, if the

aggregate size is neglected in the Kar formula for scabbing

and perforation it becomes the same as the modified NDRC

formula. The following observations can be made regarding

the calculation of scabbing thickness.

(1)
	

The Adeli and Amin, Chang and Bechtel formulae predict

the scabbing thickness more accurately than the other

formulae. They are, in general, the least

conservative. The modified NDRC and ACE formulae

Compare favourably with the experimental data, but

they are somewhat more conservative than the Chang

and Bechtel formulae.

(ii) The Hughes formula is the most conservative in

predicting the scabbing thickness.

(iii)The modified Petry 1, 2 and BRL formulae are the

least accurate in predicting the scabbing thickness.
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2.4.3 Comparison of Perforation Formulae 

Table (2.3) shows the available formulae for estimating the

perforation thickness, their theoretical basis and ranges of

applicability. Also, these formulae have been re-evaluated

by Adeli and Amin (5) using experimental results in which

r“irforation occurred (7). The following observations can be

made.

())	 The Adeli and Amin, Chang, Degen and CEA-EDF

perforation formulae predict the most accurate

perforation thickness.

(ii) The NDRC and Petry 1 formulae also show good

agreement with the experimental results, but are not

as good as those four formulae mentioned in (i) above.

(iii)The Hughes formula predicted that perforation occurred

in some tests when it was not observed (41 out of 87

tests). It is, therefore, conservative in predicting

the perforation thickness.

(iv) In most of the tests in which perforation occurred

the Petry 2 and the BRL formulae predicted no

perforation. They are not, therefore, recommended

to be used to calculate the perforation thickness

for situations similar to those of the tests.

(v) The ACE formula has the smallest range of

applicability and does not show good agreement with

the experimental results.

57



>1
4-,
-

.-.
--,
_C

CJ
•	 et

,-,

C-
C-
It

4-
0

(f)
C
0

•	 el

-4-)

CO
.-+
•	 ...
E

•	 ..
-J

CO..,

•^C

'...
•-•

C	 -.
•	 el

CC
NC	 •
a-	 0

V/	 V/

0

0
,	 ...„.

MN

A	 V/

0	 CV
...„..	 •

-0	 0

•
CJ
CJ
CD.......
-,,
4-

0
0
C
lel

V/

>

V/

0
0
In

•
L
a,
ID

--„,

4-

0
0	 C
,-	 V-,

‘4,	 A

0
--...	 >.

-0

14

N1

cr;
•	 .-1

Cf)
CD

-C

.-I

CO

C./
•	 et
)-/
C)
C.

o
C)

-C
i-

P-1
CO
CJ

•	 •-i
C.

•	 el
a
E

Li

01
C
•-n 	 CO
4-, J.J
J-)	 CD
•	 .-1 	 -0
4-

.-I
,--I	 (1)
CD.
CJ C

•	.	 a,
.6.1	 E
01	 ..-1
•-n 	 L.
4.-/	 CU
CI a

-IJ	 X
U1	 Q)

>,
C.
C.-1
CU	 CO
-C 4-,	 07
-1.-1	 C	 C

a.)	 0
C	 E • n-n
0 • .-' ,-,

•	 .-1	 ‘-,	 CD
4.)	 a)	 r-.

CO	 0_ CU

.I.J	 a)	 ..-,
a)	 U)
C 77 C
a) c o

c_	 CO	 CJ

CO
•-4
7
E
C.
0

CL
x
CV

II

a

1.rN

co	 ,-,
a-	 a--

v	 Mr

0	 0...„.	 ......
C-	 a

-0	 >.<

\.,	 V'
r-N	 Lr‘

1,1

,,-

x
clz

...1.

e-

+

CV
r•-n

a-

Ii

-0 a

CV +

cf1

CC	 1,1
a-. 	 a-

\ I,	 \I

0	 C.....	 ....,
O.	 a

-7.	 ›C

1.,	 v
ern 	 LrN

•
.,—

).<9=

-7
CV

t—

CV

a-

II

-0Ca
6

.......,
...1

1,1

1.9

17
 C.

U -'

al_
>.<	 ro

0
,--
r-

0

1
e-n

X C— 6

ON

NN

II

-09.

••-1
•.-1

(C'
1.-N

e-

V/

0
--......

x c._

.-I

0
C
0
r..-N

I

•
,.._

•
,--

H:

CO

r•-•

11

co
LI	 I

0-..
•-n

al
C.

I

.

0

0

•

0

r-n
•

‘—
>

I.--
CV
-I

cL
ID

•	 .-I
..-1

N1
IN

,—.

0
0
C

.---.

•
...--,
. 0
ti—
.....•

a:
.

CV
0

0

co
.--.
=
E
i-d
0

4-

C.-.

C)
E
CO

o,--

>.
L.
.ii
a)

0-

1:3
C)

4- CI
•a-
-0 ON
0-
Z ....

.---.
VD
,...7
ars

..--,

Li
La
ecC

U
CC
C
Z
-=

CU
•.... — -..
4.- VD VD
•	 .-i	 ../-	 s.0
17 ON ON
C a- a--

M ,--• ..--,

-J
CC
0

-o
13)

•.-. —
4- CD
..-n \C
17 ON
C-

M •••-,Z

00
Z a- CV Pc1 -.7

58



>,
.I.

t)
V.)

•	 ,.1
.-1

E
--,-.

C
C

•7
0•	 ..1

_C
Co
0

•
C.)

 0
cn

C

C

-...,
CO

.—. •

0
CU
cn

t-
CV

1
•	 •-I
,—.

o.
.......

CO

CO
C.
z

C
I`,

'..-

--.
L.
ai

cc

....._
4_,
4._ ..c

....,
ca c c

C
c-

CL 0 V CO ,.... .--. ..
Co 0 l" C.J 4-) K1 C CC 'C 0

Ia.-
0

CV

VP

...7

V

-.7

\d/

CO
C.
CD

•	 .-I
C..

-0

Q.-

C

,....
C3
a—

sC
LI",

r•-n 	 r-

Ifl
.7
...c

e—
,—.

n••\
CV

.
.1..)

>. C CC	 G C
Cl)
C •.....,C CO

•—I
.•-n
•—I 1—	 111 ‘4 V/	 V/ V/ V/ \4/ 0

0
•	 Pi >	 -c

C to .„1. >.
c.)

\ I	 A\ C
',...	 -''''.

•	 CJ
‘...- C -0

E
0
C.:..)

Co
C
s"...	 >

> -0
V/ V/ V V

C-.
0-1-.

•	 .-I
V V/ V/ V/ -0 V V in c

4.-
C

CO
•	 •-I 0

r.,‘
• 0 Ln

vi
ON

1"...	 •
•

siD
C

1.-1 CIN
•

•	 •-•
a)—i cv 0 1'1 1•••• 1•••n CO c	 r.'s -.7 .7 nC =

0

cn
In

•	 .-I
CO

•	 .-I
u)
T.•	 .-I

cn
Co

T.
.--.
Co

•—I
Co
c-CI Cl) C COCU CO.—I 1.-1 .—I

Co

0•.-I
CO
7
C,

m cn

C
o•-

CO

c.)•-n
.)...)

ID
C..
0
a,

_c

4..I
Cl)
co
a)

CO
0

cr)
CD

(I)
•	 .-I

Co
4...J

.

I— —I C If)

Lt"1	 I"
I.-,	 r.,-N

CV
tf,

CD

CC
a-

V	 V/ VI V

I"

........
m to.....

cm
....,

.0o_

V
-..,s0

x 
0-	 xc-6

v

C......

-c, .._

v

C-s..,

>(._

u-N
r-,

0
>

W
r•-n

IA	 r•
r•-n 	 ..-n

,--	 ><
CLL
.....

)r%
n0
CV

r.
Lt-N

c.)
.—
.

><CL6	 ,—..
r-

,..-,...,	 .c....

CC..--..
...--.

xcalio ,<96

to" \I0,
LA\
I*,
r'N

i

ID LI

•	 I
x...

+	 >C9.

0,

,.- CS"

C..
CV

•_

+

cr,
VD

C

Clio

CV
....-.•
CV II	 II 0 CV

co.-1
0
CO

CC
•

0 
II

COCOI	 1

"C
	 ,,k	 _(4

C	 .

I I

...
.,

II

-claim
L.
0

I.A.
0.

-0
.....

...-n 	 •.-1
•.-,	 •.-4

......
•.-4

,,.-,
•	 .-I
•.-,

CO
i•-I
7
CO

C..
0

4-

c.
La-.
C
LA.1

.-..,
CC
r-
ON

..--..
0
CC
CD •••

.......0
a)
CO

..—,

) r-N.
•ct ON

,—
,..„

c-,
c
CU
01

Co L1- CO 0Z C-) ..-.• Y C

0
Z itn s.0 rn

59



>••.
-P-'

,-.
•	 .-I
-CI

CD
0

•	 .-I—n
o.
C.
CO

(..-
0

LO
C
0

•	.
-4J
07

....1
•	 .-I
E

•	 •-1
--I

?
CI)

......
4..,
Es-	 .0

,--4
rn
NI	 s.0
0	 Ln
a-	 rn

V/	 V

>

V	 V/

../.
CNI

Lf \	 •
LA	 C7

..
Ell
CL

C
C
\ C
,0

V,

'	 C./
I,-

V/

0
0
rn
I.- \

C•	 -.
CV
r-

\‘'

0
V

ON
I"...

C)

C
•	 --
N7'
NI

V/

lc

V/

CV

•
(J
CJ
Cr)--......

4-)L-
N \
NI
C	 CO
a-	 a-

V	 V
0
0	 0
Lr,	 ---,
1,1	 >	 1:7

V	 V/	 V/
l's•	 cr,

,-.	 CO	 0

C
•.-1

NI
a-

V

C7

V/
CV

0

C
•-•
\ 0
i.fa
IN.

V

V

..7
NI

0

1.^
Caal
0
t--

V

\ I

ON
CO

C•	 -,
\C

rn
CV

V/

-0

V/

1,1

C
•	 .-4

NI
t-

V/

0
VI

F.',
r-

a-

.0
--1

Cs
a-

•
\ C
kr'.
fn

V

3
V/

s.0
as

•
.7

•-n
0
=
C
r."
a-
r-

V/

•	 C.)
L.-

V/

C
LI",
liN
.7

a-
NJ

V/

t'-'

V/

1,1

CI

LI3
•	 ,I
CD
CD
.0
—1

CO
CJ

•.-1
44•1
a)
I-I
0
a)

-C
I-

CI7
CIJ

01	 .--i
•	 ,-.1	 CL
V)	 • .-I
)...	 CJ

,-I	 C
CD	 • .-I	 (I)
c	 f-o	 LI
CO	 CL • .-I

C
C 0 CD
CO E -C
•-n 	 o	 C.)
1/7	 07	 CD

>D
al C 4-

CO CO 0

U7
1,6-	 Cf)
0 CU

CJ
,-I C C
0J	 E-.	0

-a	 o_ •.-4
0	 07
E 4-, 	If)

CJ	 CD
•--n 	 CO	 C-1	 CO

CO	 O. 01 • .--I
CJ	 E	 iv	 CI)
..-I ..-I =	 T.
0.1	 •-I
>, a) -o	 CD

CCCC C
0- 4, 	 CO	 CO

CI)
•	 .-1

CO
T.

.-1
CU
C
co

C
LI 0

4....	 CO
ED	 0:
i-,	 CU

10	 I-.
CO	 01
7	 0.)

CC f-d

CO
.-I
0
E
E.
0

L.

Lt1

0
..-n

ea	 I	 •	 cj
>.	 C.-
Z 0

LrN
CV

0--,
0
0 I >t
CV
v

II
0-

-10

LA	 1,1

r.-%	 r•-n

V	 A

0	 0-......	 .......
1:7	 10

.7
t-

+
CL I _

><I:11	
>c	 10

0 
CO

\ 0	 EA

N \	 ,--

IC	 II

71C-10	 170.6

,-,
•	 .-I	 •,-I

v.
1.-.1
n.0
0
a-
0

0

I
..-i
..7
a-
INffl
c)

4-
NO
0
ON

0
Ii

-001=

CU
.--1
7

L.
0

C.—

4-
0

a)
E
CO
z

E..-..
e-
CO
ON
a--
......

01
c
al
.c
C-)

.-..
N'
CO
0,
.l.
......

CO
0)	 .

.C
Co
c
=

C
•	 r-I
E

tc:C

.23
.-..

•••I	 -.7
•-n co
0) 0'

-cc ,--
tcC • ---.

0
Z CO ON

CI

60



2.4.4 Comments on the Performance of Previous Work

Adeli and Amin (5) suggested the following recommendations.

(i) For non-deformable missiles with velocities lower

than 475 ft/sec., the quadratic formula found by

Adeli and Amin is recommended for calculating the

penetration depth.

(ii) For a non-deformable missile having a velocity higher

than 475 ft/sec. and lower than 1000 ft/sec., the

Adeli quadratic or modified NDRC formulae are

recommended for calculating the penetration depth.

(iii) For non-deformable missiles of velocity less than

1020 ft/sec., the Adeli quadratic, Chang or

Bechtel formulae are recommended for computing

the scabbing thickness.

(iv) For non-deformable missiles having a velocity of less

than 1020 ft/sec., the Adeli quadratic, Chang, Degen

or CEA-EDF formulae are recommended for computing

the perforation thickness.
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2.5	 Previous Experimental Investigations into the Effect
of Reinforcement Ouantity for Rigid Missile Impact 

A number of formulae which have been developed from

experimental impact studies are in use for assessing the

performance of reinforced concrete. In general a term

irvolving the level of reinforcement is not included in these

ffJrmulae. A homogeneous perforation formula known as the

H CEA-EDF" formula has been obtained (14) and is given as

follows:

1/	 1/6 D.d 2 2/
vc = 1.3(Tc ) /2 p	 (--172-) 13

where Vc = critical perforation velocity (n/sec.)

ac = ultimate compressive strength of concrete (Pa)

p = density of concrete	 (kg/m)

D = missile diameter (m)

M = missile mass (kg)

and	 d = perforation target thickness (m).

The formula has been developed from experiments (11, 12, 13,

14). This formula determines the velocity of a missile

required to just achieve perforation. It contains no

reinforcement quantity dependent term, but it is valid for

four symmetrical layers of reinforcement of between 75 and

300 kg/m3 . No difference in behaviour was found for

equally or unequally spaced reinforcement through the

concrete thickness, figure (2.6).

The formula is always valid when there are only 2 layers

close to the rear surface figure (2.6), but it is not exact

when there is only one layer close to each face. In this

case the perforation velocity given by the formula should
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r ,be corrected by the coefficient 	 1(2 + 250
)

3 where

is the reinforcement ratio in kg/m 3 (ratio between bending

s!_eel mass and concrete volume) reference (14) and figure

P.7). Also, when there is no reinforcement, the perforation

‘,$!locity is 2- of that given by the formula.3

Tle reinforced concrete construction techniques used in

Eirope require a relatively large quantity of reinforcing

s.eel together with a relatively thin overall wall thickness.

British reactor construction practice generally follows the

converse arrangement with a minimum steel reinforcement being

ccaplemented with a thick wall (31). For that reason a

series of experiments has been conducted at the Atomic Energy

Establishment - Winfrith, to study the effects of variations

in the amount of bending reinforcement in a concrete slab and

also the effects of introducing shear stirrups between the

bending meshes. These experiments have been carried out on

concrete targets approximately representative of good quality

reactor concrete, at about 1/8 scale.

The bending reinforcement amounts used were 0 - 0.5% each

way, each face with shear reinforcement amounts from 0 -

0.5% of the plan area. The test results are shown

graphically in figure (2.8) (31). The critical velocity for

perforation shown for each level of reinforcement is the

average of several measured values in each case. The error

bars indicate the overall spread in measured values as well

as the assumed uncertainties in precision of the measuring

systems. The inclusion of shear stirrups increased the

critical perforation velocity by providing additional
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resistance to the formation of the conical crack surface.

It can be seen that 0.125% shear steel with 0.125% each way,

each face (EWEF) bending steel gives a similar perforation

resistance as 0.1875% bending steel only. Also 0.5% shear

dith 0.5% bending are equivalent to little more than 0.625%

bending reinforcement alone. Previous experimental work at

Winfrith provides further justification for the suggestion

that the CEA-EDF formula could be modified (32) to include a

bending reinforcement quantity dependent term by including an

additional factor ( r1 027 ) to become

21 /2	 1 /6 D.dr,	 a
vc = 1.3 (ac ) 1 p/ [  m

]/3 
r1

0.27

where r is the bending reinforcement quantity in % each1

way, each face (0.125% s r1 s 0.5%).
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2 rebar layers/e.f. with stirrups •
2 rebar layers/e.f. without stirrups 4.
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4. Mean cf Measurements
7 Bending Reinforcernert onfy

T

Bending and Sheer
Reinforcement

Bending Reinforcement (%EWEF

FIG. (2.8)

diameter of the target = 2.3 m
thickness of the target= 0.246 m
diameter of the missile= 0.12 m
mass of the missile	 = 27 kg

THE VARIATIONS OF CRITICAL PERFORATION VELOCITY FOR HARD
MISSILE IMPACTED UPON REINFORCED CONCRETE TARGET
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2.6	 Similarity and Scaling Relationships for Impact
Conditions 

Although modern analytical techniques are very powerful and

all types of loading and structures can be analysed in

principle, there is still a need for experimental testing of

complete structures or parts of a structure. This is

particularly the case for dynamic loading in which the

behaviour of a structure is very complex and verification of

-rnalysis under laboratory or under field conditions may be

-necessary. Such tests can be performed at reduced or full

scale using the same or different materials 	 as the

prototype. In the planning of experiments and the

subsequent analysis of results, the laws of similitude must

be satisfied. The prediction of prototype performance from

observations of model behaviour under homologous load may

be achieved if the concepts of similarity are applied.	 It

is recognized that the locations, times and forces in one

system may be homologous with locations, times and 	 forces

in a corresponding system.

In static problems there are two fundamental dimensions to

consider and these are length and mass (or force). In

dynamic problems a third dimension , the time, is also

considered. In order to produce a true model, therefore,

three independent scale factors should be chosen, S L ' sm

and st relating to length, mass and time, respectively.

All other scale factors follow from the governing

differential equations, if available, or from dimensional

analysis (33).
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Thescalefactorissoconceivedthats.denotes the ratio1
between the quantity i in the model and an identical

quantity in the prototype, i.e. sh = hm/hp for the depth of a

beam (subscript in stands for model, p for prototype). 	 A

model is said to be geometrically similar to the prototype

if all its dimensions are scaled by the same factor.

Corresponding points or time which do not necessarily have

equal values are called homologous. Generally there is

similarity if a function in has a constant ratio to a

function p evaluated for a homologous point and a

homologous time. In regard to a stress-strain diagram this

means that the modulus of elasticity, yield stress and

failure stress must be similar in the prototype and model.

Also, the dimensionless strain is the same in the prototype

and model.

The problem considered in reinforced concrete structures can

be assumed to be independent of temperature effects so the

relevant fundamental dimensions are mass, length and time.

In most impact situations the materials in the missile and

target structure are stressed well beyond the linear

elastic limit into the range of nonlinear behaviour. To

achieve the necessary similitude between the various

constitutive relationships for such composites as reinforced

concrete, identical material scaling was used in which the

aggregate particles may be scaled and the reinforcing bars

may be replaced by suitable wire (33). By such an approach

identity of stress-strain curves for the model and prototype

materials can be achieved.	 The selection of "replica"

scaling for materials immediately sets to unity the scaling

relationships for density, stress, strain and velocity.
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Using the scaling factor for linear dimensions defines all

the other scaling relationships (34). This is shown in

column five table (2.4), where it can be seen that the

scaling law is now extremely simple. Experimental

investigation (32) have been carried out using "replica"

scaling at three different linear scales which were 1.0, 0.37

and 0.12 scale models. It was found that the response and

general behaviour of the model followed very closely that of

the prototype.

The specific application of similarity and scaling to the

experimental work reported in this thesis will be given in

Chapter 4.
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CHAPTER THREE

THE DESIGN, CONSTRUCTION AND OPERATION OF THE HIGH VELOCITY

IMPACT APPARATUS AND ASSOCIATED INSTRUMENTATION

3.1	 Introduction

The review of the literature that has been undertaken does

not include specific reference to the effects of varying the

high amounts of reinforcement (1% to 3% each way) and the

influence of maximum aggregate size upon the local damage

which arises as a result of high velocity impact.

It has been stated that the objectives of the work reported

herein are to investigate the effect of varying the amount of

reinforcement and the influence of the maximum size of

aggregate upon the scabbing and perforation damage of

reinforced concrete slabs. In order to carry out a relevant

experimental programme a high velocity impact facility was

required to be constructed. This apparatus is capable of

firing missiles up to 4 kg mass at velocities of the order of

150 m/sec. Thus the apparatus is capable of operating over a

significant range for current purposes.

This chapter describes the design and construction of an

impact testing facility situated within the heavy structures

laboratory of the Department of Civil Engineering together

with a description of the instrumentation necessary to

measure and record the impact event.

3.2 The High Velocity Impact Facility 

A variety of methods may be employed to produce an impact

load (35). The method adopted by the author used a high

pressure source to accelerate a missile along a barrel to
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impact upon a target. The air pressure method offers good

control of missile speed. The use of a gravity method of

impact required prohibitive headroom if the apparatus was to

be capable of operating over a significant range of impact

velocity.

The pressure chamber used as the compressed air reservoir had

a volume of 0.4 m3 and the air was released by a rapid

release valve. The system was designed to operate at a

naximum pressure of 4.55 N/mm 2 . The maximum operating

pressure for the valve and chamber were 4.6 N/mm2 and

6.9 N/mm2 respectively.

Tne pressuried air for the chamber was provided by compressed

air cylinders (size J, British Oxygen Company) at a pressure

of 13.7 N/mm2 . A regulator controlled the pressure

transferred to the pressure vessel such that the latter

operated at 4.55 N/mm2.

The barrel within which the missile travelled was 4.5 in long

and had an internal diameter of 50 mm. 	 This length is

sufficient to enable a 4 Kg mass to reach a velocity of 150

m/sec. The barrel was constructed from grade A carbon steel

and was honed to H8 specification, B.S. 5242, Part 1, 1987

(36).

Fig. (3.1) shows the schematic arrangement of the impact

apparatus. The pressure vessel was equipped with an

automatic safety air-relief valve to limit the maximum

pressure in the reservoir to 4.55 N/mm 2 . The outlet from the

reservoir was 50 mm nominal bore pipe leading to the barrel.

A rapid release valve which was activated electrically was

situated between the pressure vessel and the barrel. The
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compressed air cylinder at 13.7 N/mmt

heavy duty	 regulator

shut off valve

pressure gauge

pressure	 vessel	 operating at 4.55 N/mm2

safety relief valve

control valve normally	 closed

barrel

max. velocity of	 projectile	 150	 m/ sec.

FIG. (3 . 1) SCHEMATIC	 DIAGRAM OF MISSILE	 LAUNCHER
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characteristics of this valve were, maximum inlet pressure

4.6 N/mm2 , maximum pressure drop 0.07 N/mm 2 , and maximum flow

rate 1.37 m3/sec.

The length of the missile was variable depending upon the

required mass. Its diameter, however, was a constant 49.8 mm

and it was made from EN24T steel. Two seals were fitted

around the circumference of the missiles to contain the

pressure causing motion, plate (3.1). In all tests the

missiles were located at a fixed position inside the barrel

and when the solenoid valve was opened the air pressure from

the reservoir acted on the missile and accelerated it along

the barrel. This system can produce a variety of impact

forces by either varying the applied pressure or the mass of

the missile. The barrel was situated in an under ground

chamber with concrete walls about 32 cm thick for safety,

fig. (3.2).

The test slab specimen was supported on eight load cells

which were precompressed by eight tension rods such that all

stages of the impact process the load cells were in

compression. The cells were fixed to a rigid steel frame and

this frame was connected to a very rigid massive concrete

floor, plate (3.2).

3.3	 Instrumentation

3.3.1 Missile Impact Velocity Measurement 

The missile impact velocity was measured in each test. The

measurement device obtained the time of travel of the

missile over a distance of 500 mm which was assumed to

provide an accurate missile velocity measurement. This

device consisted of two sets of photodiodes with 12V light
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PLATE (3.1)

THE MISSILES SHOWING THE AIR SEALS
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PLATE (3.2)

THE TESTING FRAME



bulbs set at 500 mm apart plate (3.3). The device was

mounted in a fixed position on the end of the barrel in line

with the barrel longitudinal axes within the space available

between the end of the barrel and the impacted slab face so

that the photodiodes were placed at 1300 mm and 800 mm from

the impacted slab face. The electric circuit for start-stop

switching signals is shown in fig. (3.3). Just before impact

the missile cut the two light beams of the photodiodes and

triggered the start and stop signals in an advance timer

counter via the photo-electric switches. The time interval

was then registered and the velocity of the missile

calculated.

3.3.2 Slab Reaction Load Cells 

Eight load cells were used to measure the time history of the

reaction force of the slabs,. The load cells consisted of

aluminium hollow cylinders having a wall thickness of 5.15 mm

and a length of 113 mm, plate (3.4). The walls were

accurately machined, each having twelve electrical resistance

strain gauges (FLA-6-11) fixed to the surface. Fig. (3.4)

shows the arrangement of gauges for maximum sensitivity.

This arrangement eliminated bending strain and thus measures

only axial strain. All the load cells were calibrated to a

maximum force of 2.5 ton (24.91 KN) in increments of 0.5 ton

(4.98 KN) using a testing machine with a 5 ton (49.82 KN)

proof ring capacity to measure the applied load. The strain

gauge signals were amplified using a model S.E 429 type

amplifier, the amplified output being recorded on an

oscillograph type S.E 6012 (U.V. recorder) set at a rate of

0.5 m/sec paper speed. The output from the load cells was

recorded for two seconds. Plate (3.5) shows the recording
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system.

3.3.3 Linear Variable Differential Transformer

Electrical transducers are commonly employed in dynamic

measurement since they can provide a continuous recording of

the mode of deformation at specific points on a specimens.

Since the impacted slab has a circular central part with

constant thickness which simulated the boundary conditions

and give symetrical deformation of a specimens, four linear

variable differential transformers over the radius were used

in all the tests to measure the dynamic displacement. These

points were at distance of 205 mm, 270 mm, 335 mm and 400 mm

from the slab center. The transducers were fixed to the test

frame as shown in plate (3.6). The LVDTs were calibrated

using a laboratory made tool consisting of a V-block and a

digimatic micrometer head capable of indicating up to 0.001

mm. The block and micrometer were mounted in line on a flat

steel plate. The probe was adjusted so that the signal from

the LVDT was zero. Calibration took place about this point

for a deflection of ±48 mm. The signal from the LVDT was

reproduced on a U.V. recorder and was proportional to

deflection enabling the direct measurement of the

displacement. During a test the recorder ran for two second

with a paper print out speed of 0.5 m/sec.

3.3.4 High Speed Camera 

The velocity of the ejected concrete from the back of the

slab opposite to the impacted area was obtained using a

Hadland high speed rotating prism camera capable of filming

at speed up to 10000 frames per second. To film the ejected

concrete the camera was set up in relation to the slab,
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PLATE (3.3)

MEASURING DEVICE FOR DETERMINATION
OF MISSILE VELOCITY
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PLATE (3.4)

THE LOAD CELL
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PLATE (3.6)

ARRANGEMENT AND METHOD OF FIXING
OF LVDT's TO THE TEST FRAME



plate (3.7). A Kodak type 7224 Eastman 4-X negative film

of standard 100 ft (30.48 m) length was used for each test.

To make sure that the event was recorded on the film at a

constant film speed (5000 frames per second) the camera was

required to trigger the control valve to release the

pressurised air after 9 in of the film went through the

camera. This procedure gave enough time for the camera to

reach the required film speed to capture the event. For real

time correlation of the film an electronic pulse generator

deposited timing marks on the film at a pre-set rate of 1000

marks per second.

For subsequent analysis of each film, an x-y scale reference

was placed on the rig. The system shown in plate (3.8) was

used as a film analysis facility to obtain accurate

information from the high speed film. The apparatus

consisted of a pin registered analysis projector with a

frame counter and single frame advance operator. The film

was projected onto a screen above which a sonic digitiser was

situated. The digitiser measured coordinates and positions

anywhere on the screen and was interfaced with a BBC

microcomputer to give a graphical output of the ejected

concrete particle velocity.
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CHAPTER FOUR

THE FABRICATION OF THE TARGET SPECIMENS AND THE

EXPERIMENTAL PROCEDURE

4.1	 Introduction

The experimental programme consisted of sixty-four impact

tests on model reinforced concrete slabs with fixed

supports. Thirty-four tests were conducted to study

perforation resistance and the remaining thirty were use

to study scabbing resistance. In these tests the quantity

of bending reinforcement in the targets was varied between

0% and 1.55% of the cross-section area of concrete each way

for each face. The targets were impacted by a solid

flat faced steel missile. The perforation and scabbing

resistance have been quantified in terms of the velocity at

which the missile causes either just perforation or just

scabbing. The missile impact velocities for the tests on the

models were ranged from 42 in/sec to 123 m/sec for perforation

tests and 40 in/sec to 62 in/sec for scabbing tests. This

chapter describes the fabrication of the specimens as well as

the experimental procedure.

4.2	 The Test Specimens 

4.2.1 Model Slab 

For practical convenience the slabs were identical square

targets 1150 mm x 1150 mm and 150 mm thick. A circular

central part with a reduced thickness of 120 mm, 100 mm or 80

mm was formed within the square. This arrangement allowed

appropriate boundary conditions and provided a containing

restraint for the area impacted by the missile. These

conditions were similar to those provided by parts of a
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prototype structure surrounding an impacted zone fig. (4.1).

The target thickness to diameter ratio was chosen on the

assumption that although missile perforation or penetration

is a local phenomenon, some bending of the impacted structure

should be allowed around the impact zone (32). The reduced

circular area within the square provided appropriate boundary

conditions allowing symetrical bending. The measured

transient deflection of the target are shown in fig. (5.2)

and fig. (5.4) and confirm the validity of this assumption.

4.2.2 Model Materials 

4.2.2.1 Reinforcement 

Black Annealed Mild steel plain wire, 4 mm diameter was used

as the model reinforcement. This wire was used as the

longitudinal main reinforcement. The two way spanning slabs

were reinforced in two perpendicular directions, each face,

to give the same resistance bending moment per unit width in

both directions. The quantity of this reinforcement varied

between 0% and 1.55% of the cross-section area of concrete,

each way, each face. The 4 mm wires were cold worked using a

twisting machine which applied a constant force for a fixed

time (12 sec) to straighten the wires. The bond between the

wire and concrete was improved by increasing the roughness of

the wire surface. The original low yield stress of 139 N/mm2

was increased to 453 N/mm2 at 0.2% plastic strain proof

stress. This gave the model wire reinforcement a stress

scale factor of unity compared to the prototype

reinforcement. A typical stress-strain curve for wire used

is shown in fig. (4.2). The tensile test was carried out in

accordance with the recommendations of B.S. 18: 1987 (37).

In general the stress-strain characteristics of the model
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tests series	 thicknss ( t)	 diameter (2R)
NO.	 mm	 mm

StS2,S3,S4,S5,S8
S9,S10 and Sll

S6

S7

100	 8 60

80	 690

120	 860

A A

0

Impact load

N/ 
150 mm

1150 mm

FIG. (4.1)	 THE MODEL SLAB DIMENSIONS
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wire reinforcement are typical of the prototype steel

reinforcement.

4.2.2.2 Model Concrete

The properties of micro-concrete are such that the material

is ideal for modelling prototype concrete. The maximum

aggregate size used in the research described here in did not

exceed 4 mm. To satisfy similitude conditions the grading

of concrete constituents should also be scaled. A more

finely ground cement was not available so Ordinary Portland

cement was used throughout the experimental programme. The

cement used was supplied in a single batch. The chemical

composition, fineness and test methods of material

properties for this cement are given in B.S. 12: 1978 (38).

River gravel sand was used as the micro-concrete aggregate

and fig. (4.3) provides details of the grading. The sieve

analysis complied with B.S. 410: 1986 (39) and the aggregate

grading for the micro-concrete was found to be within zone

1, B.S. 882: 1983 (40).

4.2.3 Experimental Programme

The details of the experimental programme are shown in table

(4.1). A series of ten experiments were conducted, each

series having six identical slabs. A further series

consisting of four slabs only were also conducted. For the

first ten series, three slabs were tested to study the

perforation resistance and the second three were tested to

study the scabbing resistance. In the eleventh series, four

slabs were tested to study the perforation resistance with

no reinforcement. The boundary conditions were kept the same

for all the slabs and the missiles used were flat faced right
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94



Table (4.1) : Details of Experimental Programme

5eries
No.

'
Maximum
size of
aggregate
(mm)

Mass

of
missile
(kg)

Reinforced
ratio
kg/m' Percentage of reinforcement

Total
No.
of
slabs

Si 4 3.7 160 1%(1	 layer each face 4 mm m

at 24 mm c/c each way)
6

52 4 3.7 390 2.5%(2 layers each face,
4 mm m at 20 mm c/

c
each way)

6

53 4 3.2 390 2.5%(2 layers each face,
4 mm m at 20 mm c/

c
each way)

6

54 4 2.6 390 2.5%(2 layers each face,
4 mm m at 20 mm c/c
each way)

6

55 4 2.2 390 2.5%(2 layers each face,
4 mm m at 20 mm c/c
each way)

6

56 4 3.7 390 2.5%(i	 layer each face,
4 mm m at 12.5 mm c/

c
each way)

6

57 4 3.7 400 2.5%(2 layers each face,
4 mm m at 16 mm c/c
each way)

6

50 4 3.7 490 3.1%(2 layers each face,
4 mm m at 16 mm c/c
each way)

6

59 4 3.7 320 2%(2 layers each Face,
4 mm m at 24 mm c/

c
each way)

6

510 2 3.7 390 2.5%(2 layers each fare,
4 mm y at 20 mm c/

c
each way)

6

511 4 3.7 0 0 4
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cylinders made of very high strength steel (EN24T) having an

ultimate tensile stress within the range (850-1000 N/mm2).

The independent test variables were

1. The mass of the missile, four different masses were

used, 3.7 kg, 3.2 kg, 2.7 kg and 2.2 kg.

2. The missile impact velocity which varied between

40 m/sec to 123 m/sec.

3. The slab thickness, three values were used, 80 mm,

100 mm and 120 mm.

4. The concrete compressive strength which varied between

44 N/ mm2 and 57 N/mm2.

5. The maximum aggregate size which was either 4 mm or

2 mm.

6. The percentage of the bending steel reinforcement,

which was varied between 0% and 1.55% of the cross-

section area of concrete each way, each face.

4.3	 Specimen Fabrication

4.3.1 Reinforcement Cages 

The reinforcing bars were first twisted and then cut to the

required length before.welding. The welding was conducted

along the edge of the mesh only and a special wooden mould

was used to fix the specific bar spacing required. Plate

(4.1) shows a typical reinforcing cage being made. Single or

double layers of reinforcement, each face were used depending

upon the area of steel required. Plate (4.2) shows details

of a finished cage. In particular, the reinforcement for the

edge beam should be noted. The edge beam provided a suitable
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restraint for the area impacted by the missile. The

completed reinforcement cage was place in an oiled mould and

eight plastic pipes were placed within the edge beams at

equal distances to make a hole for the tension rod plate

(4.3). These tensions rods were used to support the slab in

the testing frame against a system of load cells, which

provided a history of the reaction load during the impact

event.

4.3.2 Micro-concrete Mix

The micro-concrete mix produced from the aggregate described

in section 4.2.2.2 was designed to produce compressive and

tensile strengths which were as close as possible to those

expected from the prototype concrete mix used in structures

which are generally designed to withstand high velocity

impact. This mix had an average 28 days compressive strength

of between 44 N/mm2 and 57 N/mm2 from 100 mm control cubes

and a tensile splitting strength of between 3 N/mm 2 and 4

N/mm2 . Aggregate/cement and water/cement ratios of 4 and

0.46 by weight, respectively, were chosen for the slabs

having a 4 mm maximum size of aggregate. For slabs have a

maximum aggregate size of 2 mm the corresponding ratios were

3.53 and 0.46 by weight. Several trial mixes were made

before selecting a design that produced good workability and

the required compressive strength without excessive

shrinkage.

4.3.3 Concrete Casting and Curing of Specimens 

Two slabs were cast together with ten 100 mm cube control

specimens each time. The wooden form shown in plate (4.4)

and the cube moulds were cleaned prior to the application of
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PLATE (4.3)

REINFORCEMENT AND MOULD PRIOR
TO CASTING

PLATE (4.4)

WOODEN FORM FOR CASTING SLABS



a thin film of mould oil. The reinforcing cages were placed

in the form with 8 mm cover for the top and bottom face of

the slabs. The cover was achieved by using plastic spacers.

Four pans of 0.1 m3 capacity each of an electric concrete

mixer were used to cast the two slabs and ten cubes. The

correct proportion of cement, individual sizes of aggregates,

sand and water were accurately weighed. The individual sizes

of aggregates were poured into the pan with the cement and

were then mixed for a minute, followed by the sand and mixed

for a further minute. Water was then added in stages with

the mixing pan switched on and the contents were mixed for a

further two minutes. The wet concrete was deposited in the

slab moulds and cubes in four and three layers, respectively.

After each pour the vibration table was switched on and a

vibration poker was run along the outside surfaces of the

form until the wet concrete began to bleed. The top surfaces

of the slabs and cubes were over filled by 1 mm and left for

two hours to allow for initial shrinkage before being

levelled and trowelled smooth. The slabs and cubes were then

left to set normally in the laboratory under an ambient

temperature of 18°c for a total of 24 hours after casting.

The two slabs were then carefully demoulded and cured for a

further four days by covering with wet cloth. The cubes

having been removed from the moulds were immersed in a water

pan in the laboratory until they were ready for testing.

4.3.4 Concrete Control Specimens 

The compressive strength and tensile splitting strength were

obtained using 100 mm cubes. According to B.S. 1881 Part

120: 1983 (41) the strength of a cylinder is equal to

four-fifths of the strength of cube. The cylinder strength
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can, therefore, be obtained from the cube strength and hence,

the cylinder compressive strength of concrete used in slabs

can be obtained. Three cubes were used to determine the

compressive strength of each slab and the tests were carried

out using an Avery-Denison crushing machine, plate (4.5).

The loading rate was 150 KN/minute in accordance with B.S.

1881, Part 116: 1983 (42). To check the tensile splitting

strength, two cubes were tested for each slab using the same

crushing machine at a loading rate of 30 KN/minute according

to B.S. 1881 Part 117: 1983 (43). Plate (4.6) shows the

testing arrangement.

4.4 Test Procedure

In all tests the targets were vertically suspended on the

testing frame which rested against a massive concrete

abutment. A total of 8 load cells around the edge of the

slab were interposed between the slab and the testing frame,

plate (4.7), to measure the reaction load during the impact

event. The slab was held against the load cells by 8

bolts, which were sufficiently preloaded to ensure slab -

load cell contact at all stages of the missile - target

interaction. The solid steel missile was projected at the

target using the compressed air gun as described in section

(3.2). The principal objective of the experiments was to

derive a value of missile impact velocity which would result

in the target being just perforated or just scabbed. This

velocity is designated the critical velocity (V c) for

perforation or scabbing and on the basis of a balance of the

energy of the system before and after impact (32) and is

given by
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PLATE (4.5)

COMPRESSION TESTING MACHINE







McVi
2 = Vc

2 
4- Vr

2 (1 +

where	 V. = incident velocity of the missile.i
Vr = exit velocity of the missile.

mc = mass of concrete ejected by the impact and

M = mass of the missile.

This energy balance assumes that the ejected concrete

travels at the same velocity as the exit velocity of the

missile. Normally three targets of identical construction

were tested for each of the chosen independent test

variables and the impact velocity adjusted in successive

shots to approach the critical value. Transient deflections

of the targets and the reaction load imposed by the target on

the testing steel frame were measured during the impact

process. High speed cinephotography recorded the impact

event from the back of the slab opposite to the impact area

to obtain the velocity of the ejected concrete. Missile

impact velocity was measured by the method described in

section (3.3.1). A preliminary period of 15 minutes was

allowed before each test to enable the electrical apparatus

to stabilize and for the necessary safety checks to be

conducted on the complete experimental system.
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CHAPTER FIVE

EXPERIMENTAL RESULTS

5.1	 Introduction

This chapter presents the experimental high velocity impact

test results for the model concrete slabs. The results of

experiments are described in which rigid faced steel missiles

have been impacted upon concrete model slabs to study the

perforation resistance or the scabbing resistance of the

slab. These two resistances have been quantified in terms of

the velocity at which the missile just perforates the slab,

or the face opposite impact is just scabbed. In addition to

this velocity, transient deflections of the target and the

magnitude of the load imposed by the target on the testing

frame were measured for each test. A high speed camera

recorded the impact event from the back of the slab opposite

to the impacted area to obtained the velocity of the ejected

concrete.

5.2 The Perforation Resistance of The Model Concrete Slabs 

5.2.1 Critical Perforation Velocity V cp

The results of experiments are described in which rigid flat

faced steel missiles have been impacted upon thirty-four

concrete targets to study the perforation resistance of the

targets. The quantity of flexural steel in these slabs was

varied between 0% and 1.55% each way, each face. The

concrete panel under test was supported on eight load cells

against a massive abutment as shown in plate (3.2).

A solid steel missile was projected by compressed air at the

centre point of the target. The impact force was controlled
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by varying the missile mass or the pressure causing motion.

The principal objective of the experiments was to derive a

value of missile impact velocity which would result in the

target being just perforated. This velocity is designated

the critical velocity for perforation V	 , and is derivedcp

on the basis of a balance of the energy of the system before

and after impact (32).

Thus

22	
r	

Mc„ 2

	

V I	 = V	 -I- V (1 + =)

	

i	 cp	 m

where

V. = incident velocity of the missile.
1

Vr = exit velocity of the missile.

mc = mass of concrete ejected by the impact and

M = mass of the missile.

This energy balance assumes that the ejected concrete travels

at the same velocity as the exit velocity of the missile (31)

and the ejected mass of concrete is equivalent to the mass of

concrete contained in a cylinder of diameter 1.7 times the

missile diameter and of height equal to the target thickness

(32).

The details of the experimental programme are shown in table

(4.1). Normally three targets of identical construction were

tested to study the perforation resistance for each series.

The impact velocity was adjusted in successive shots to

achieve the critical value. The instrumentation and the test

procedures have been described in Chapters 3 and 4

respectively.	 The impact test results relating to the
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perforation resistance of concrete slabs are presented in

table (5.1).

5.2.2 The Measurement of Transient Load at The Critical 
Perforation Velocity

The magnitude of the reaction upon the loading frame caused

by the impacting missile was also measured during the

perforation tests. The addition of the results obtained from

eight load cells provided the total reaction. Fig. (5.1)

shows the measurement of load-time history. The time and

magnitudes of the peak reaction loads are shown in table

(5.2).

5.2.3 The Transient Target Displacement at The Critical 
Perforation Velocity

Fig. (5.2) shows the measured transient displacements of the

target at four different positions from the centre of the

target at the critical perforation velocity using the linear

variable differential transformer described in section 3.3.3.

The time and the maximum transient deflection are shown in

table (5.3).

5.2.4 General Panel Damage Caused hy The Missile at The
Perforation Velocity

The front and rear face damage of the target which occured

during the perforation test are shown in plates (5.1) and

(5.2) respectively. When the missile passes completely

through the slab, a neat round hole is noticed where the nose

struck. The target rear face then shows spalling on the free

surface between supports. The front and rear reinforcement

mesh is deformed and in some parts broken at the place of

impact. It can be seen that the concrete is shattered within
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this conical plug and many concrete pieces fall from the rear

face of the slab. Plate (5.3) shows the damage caused at

perforation to a plain concrete specimen. In general,

similar damage was evident for all the slabs tested at the

perforation velocity.
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Load (KN)
Test No2	 Series No. 512
Target thickness 100 man	 Mass of missile 3.895 Kg

Flexural reinforcement quantity 0.5 1. each way each face

Critical perforation velocity 64.11 zois
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Test No.8	 Series No. S23
Target thickness 100 mm	 Maas of missile 3.689 IC,g
flexural reinforcement quantity 125 74 each way each face

Critical perforation velocity P2 .58 mis
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FIG. (5.1a) MEASURED TRANSIENT LOAD AT
CRITICAL PERFORATION VELOCITY
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FIG. (5.1b) MEASURED TRANSIENT LOAD AT
CRITICAL PERFORATION VELOCITY
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Time (ms)

— 523
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Load (KN)
Test No.9 Series No. S33
Target thickness 100 ram	 Naas of missile 32 kg
Flexural reinforcement quantity 126 9: each way each face

Critical perforation velocity 91.16 mis
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120 Load (KN)
Test No.12	 Series No. St3
Target thickness 100 ram	 Mass of missile 2.719 kg
Flexural reinforcement quantity 125 X each way each face

Critical perforaUan velocity 102.7 nal,
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FIG. (5.1c) MEASURED TRANSIENT LOAD AT
CRITICAL PERFORATION VELOCITY
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FIG. (5.1d) MEASURED TRANSIENT LOAD AT
CRITICAL PERFORATION VELOCITY
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Time (ms)
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Load (KN)
Test No.17	 Series No. S53
Target thickness 100 ram	 Mass of missile 223 kg
Flexural reinforcement quantity 1.25 % each way each face

Critical perforation velocity 1183 mis
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Test No.14
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Target thickness 80 sum	 Yam of missile 3.898 kg
Flexural reinforcement quanUty 125 % each way each face

Critical perforaUon velocity 85.33 mis
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FIG. (5.1e) MEASURED TRANSIENT LOAD AT
CRITICAL PERFORATION VELOCITY
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FIG. (5.1f) MEASURED TRANSIENT LOAD AT
CRITICAL PERFORATION VELOCITY
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Flexural reinforcement quantity 125 9: each way each face

Critical perforatian velocity 102.1 m/s

120 
Load (KN)

Test No24	 Series No. S83
Target thickness 100 min	 Naas of missile 3.685 kg
flexural reinforcement quantity 1.55 % each way each face

Critical perforation velocity 85/.76 mjs
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FIG. (5.1g) MEASURED TRANSIENT LOAD AT
CRITICAL PERFORATION VELOCITY
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FIG. (5.1h) MEASURED TRANSIENT LOAD AT
CRITICAL PERFORATION VELOCITY
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Load (KN)
Test No27	 Series No. 922
Target thickness 100 mm	 Yam of missile 3.894 kg
flexural reinforcement quantity 1 % each way each face

Critical perforation velocity 78.55 mis
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Load (KN)
Test No28
Target thickness 100 mm

Series No. S101
Mass of missile 3.895 kg

Flexural reinforcement quantity 125 % each way each face

Critical perforation velocity 82.12 mis
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FIG. (5.1i) MEASURED TRANSIENT LOAD AT
CRITICAL PERFORATION VELOCITY
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FIG. (5.1j) MEASURED TRANSIENT LOAD AT
CRITICAL PERFORATION VELOCITY

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
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Test No.62	 Series No. 5112
Target thickness 100 mm	 Mass of missile 3.644 kg
Flexural reinforcement quantity 0 % each way each face

Critical perforation velocity 37.37 mis

FIG. (5.1k) MEASURED TRANSIENT LOAD AT
CRITICAL PERFORATION VELOCITY
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Table (5.2): The maximum reaction loads of the targets at critical perforation velocity.

Test
No.

Series
No.

Total
percentage
of
reinforcement

Target
thickness
(mm)

Reinforcement
ratio
(kg/m')

Maximum
reaction
load
(KN)

At time
(ms)

2 51 1% 100 160 35.35 6

6 52 2.5% 100 390 104.7 10

9 S3 2.5% 100 390 104.6 10

12 S4 2.5% 100 390 106.09 10

17 55 2.5% 100 390 102.61 10
4

14 56 2.5% 00 390 52.73 12

21 S7 2.5% 120 400 80.91 10

24 SO 3.1% 100 490 99.03 12

27 59 2% 100 320 73.2 10

26 510 2.5% 100 390 81.94 10

62 511 0% 100 0 52.0 2

All the series have 4mm max. agg. size except 510 which had 2mm max. agg. size
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Table (5.3): The maximum transient deflection at critical perforation velocity.

Test
No.

Series
No.

Total
percentage
of
reinforcement

Target
thickness
(mm)

Reinforcement
ratio
(kg/m')

Maximum
transient
deflection
(mm)

At time
(ms)

2 51 1% 100 160 67 40

6 52 2.5% 100 390 67 35

9 53 2.5% 100 390 52 37

12 54 2.5% 100 390 72 42

17 55 2.5% 100 390 46 38

14 56 2.5% 80 390 71 40

21 S7 2.5% 120 400 56 8

24 58 3.1% 100 490 81 61

27 59 2% 100 320 20 33

26 510 2.5% 100 390 65 23

62 511 0% 100 0 20 23

All the series have 4mm max. agg. size except 510 which had 2mm max. agg. size
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PLATE (5.1)

FRONT FACE DAMAGE OF TARGET
(PERFORATION)



PLATE (5.2)

No.

REAR FACE DAMAGE OF TARGET
(PERFORATION)



PLATE (5.3)

REAR FACE DAMAGE OF PLAN CONCRETE
TARGET (PERFORATION)



5.3 The Scabbing Resistance of The Model Concrete Slabs

5.3.1 Critical Scabbing Velocity Vcs

Experiments were performed using the thirty slabs reported in

table (4.1). The test procedure used has been described in

section 4.4. Normally three targets of identical

construction were tested and the critical scabbing velocity

Vcs achieved in successive shots. This velocity was related

to the incident, V i and exit, Vr velocities by equating

energies before and after impact using the same equation

which has been described in section 5.2.1.

The ejected mass of concrete was based on measurements after

each test and was taken as 0.71 ± 0.01 kg for all the

targets. This mass was equivalent to the mass of the

concrete scab on the target rear face. The average diameter

of the scab from all the tests was found to be 200 mm and

thickness equal to the concrete cover. Also, it is assumed

that the ejected concrete cover travels at the same velocity

as the exit velocity of the missile (an assumption which has

• been shown to be generally true in practice). The test

results show that the missile penetrates the target front

face a distance of 9.0 ± 1.0 mm. The test results for the

determination of the scabbing resistance are given in table

(5.4).

5.3.2 The Measurement of Transient Load at The Critical 
Scabbing Velocity

By using the load cells and the procedure described in

section 3.3.2, the total reaction loads were measured for the

targets when the velocity of the impacted missile just caused

scabbing. The total transient reaction loads of all the
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series are shown in Fig. (5.3). Each curve represents the

sum of the eight load cell signals. The time and magnitudes

of the maximum reaction loads are shown in table (5.5).

5.3.3 The Transient Target Displacement at The Critical
Scabbing Velocity 

Fig. (5.4) shows the measured transient displacements at four

different positions from the centre of the target at the

critical scabbing velocity. The results were obtained using

the procedure described in section 3.3.3. Table (5.6) shows

the time of occurrence and the maximum transient deflectionn

of each test.

5.3.4 General Panel Damage Caused by The Missile at The
Scabbing Velocity

The rear face damage of the targets tested at the scabbing

velocity are shown in plate (5.4). The plate shows stripping

of the concrete cover from the rear face. The scab having an

average diameter of 200 mm for all the series. The tests

also show the missile penetration to be equal to a depth of

9.0 ± 1.0 mm.
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FIG. (5.3a) MEASURED TRANSIENT LOAD AT
CRITICAL SCABBING VELOCITY

Load (KN)
Test No.33
Series No. S15
Target thiclmers 100 min
rlarural reinforcement quantity 0.5 % each way each face
Mass of missile 3.689 Kg
Critical scabbing velocity 41.1 mis

—40
0
	

2	 4	 6	 8 10 12 14 16 18 20 22 24 26 28

Time (ms)

— S15

FIG. (5.3b) MEASURED TRANSIENT LOAD AT
CRITICAL SCABBING VELOCITY

Load (ICN)
Test No.36
Series No. 326
Target thiclmem 100 nara
Flexural reinforcement quantity 1.25 % each way each face
Mass of missile 3.689 Kg
Critical scabbing velocity 482 mis
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Load (KN)
Test No.39
Series No. S35
Target thickness 100 rum
Flexural reinforcement quantity 1.25 % each way each face
Mass of missile 3.2 Kg
Critical scabbing velocity 51.39m./s

FIG. (5.3c) MEASURED TRANSIENT LOAD AT
CRITICAL SCABBING VELOCITY
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FIG. (5.3d) MEASURED TRANSIENT LOAD AT
CRITICAL SCABBING VELOCITY

Load (KN)
Test No.42
Series No. 546
Target thicloress 100 rum
flexural reinforcement quantity 1.25 % each way each face
Mass of misile 2.695 Kg
Critical scabbing velocity 54.9 mis

— S46

2	 4	 6	 8 10 12 14 16 18 20 22 24 26 28

Time (ms)
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120 Load (KN)
Test No.45
Series No. 855
Target thiclomm 100 nam
Flexural reinforcement quantity 1.25 7. each way each face
Ness of missile 2.21 Kg
Critical scabbing velocity 58.2 mis
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60

40

20

—20

—40
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Load (KN)
BO

Test No.46
Series No. S65
Target thiclmem 80 min
Flexural reinforcement quantity 1.23 X each way each face
Kass of missile 3.664 Kg
Critical scabbing velocity 35.62tais

20

—20

2	 4	 6	 8 10 12 14 16 18 20 22 24 26 28

Time (ms)

— S65

—40 
o

139

60

40

FIG. (5.3e) MEASURED TRANSIENT LOAD AT
CRITICAL SCABBING VELOCITY

FIG. (5.3f) MEASURED TRANSIENT LOAD AT
CRITICAL SCABBING VELOCITY



Load (KN)
Test No.52
Series No. 5115
Target thickness 100 inm
Flexural reinforcement quantity 1.55r.each way each face
Mass of missile 3.661 Kg
Critical scabbing velocity 51.13Ssais
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FIG. (5.3g) MEASURED TRANSIENT LOAD AT
CRITICAL SCABBING VELOCITY
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140
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0
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Test No.51
Series No. S75
Target thickness 120 mm.
Flexural reinforcement quantity 1.25 9: each way each face
Mass of missile 3.561 Kg
Critical scabbing velocity 55.841mis
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FIG. (5.3h) MEASURED TRANSIENT LOAD AT
CRITICAL SCABBING VELOCITY



Load (KN)
Test No.67
Series No. S96
Target thiclmess 100 ram
Flexural reinforcement quantity 1 7. each way each face
Mass of missile 3.656 Kg
Critijal scabbing velocity 4421m/s

100 
Load (KN)

Test No.68
Series No. 3106
Target thickness 100 ram
Flarural reinforcement quantity 1.25 7; each way each face
Mass of midis 3.652 Kg
Critical scabbing lel:Katy 46.23mis
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—20

—40
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FIG. (5.3i) MEASURED TRANSIENT LOAD AT
CRITICAL SCABBING VELOCITY
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FIG. (5.3j) MEASURED TRANSIENT LOAD AT
CRITICAL SCABBING VELOCITY
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Table (5.5): The maximum reaction loads of the targets at critical scabbing velocity

Test
No.

Series
No.

Total
percentage
of
reinforcement

Target
thickness
(mm)

Reinforcement
ratio
(kg/m')

Maximum
reaction
load
(KN)

At time
(ms)

33 Si 1% 100 160 83.35 2

36 52 2.5% 100 390 133.77 2

39 53 2.5% 100 390 122.75 2

42 54 2.5% 100 390 113.65 2

45 55 2.5% 100 390 98.4 2

46 56 2.5% BO 390 77.02 2

51 S7 2.5% 120 400 121.36 2

52 58 3.1% 100	 • 490 80.83 2

57 S9 2% 100 320 84.63 2

58 510 2.5% 100 390 86.51 2

All the series have 4mm max. agg. size except 510 which had 2mm max. agg. size
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Table (5.6): The maximum transient deflection at critical scabbing velocity.

Test
No.

Series
No.

Total
percentage
of
reinforcement

Target
thickness
(mm)

Reinforcement
ratio
(kg/m3)

Maximum
transient
deflection
(mm)

At time
(ms)

33 51 1% 100 160 79 51

36 52 2.5% 100 390 74 37

39 53 2.5% 100 390 73 55

42 54 2.5% 100 390 70 58

45 55 2.5% 100 390 62 50

46 86 2.5% 80 390 50 37

51 57 2.5% 120 400 73 39

52 58 3.1% 100 490 61 35

57 59 2% 100 320 16 18

58 510 2.5% 100 390 72.5 60

All the series have 4mm max. agg. size except 510 which had 2mm max. 2gg. size
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CHAPTER SIX

DEVELOPMENT AND APPLICATION OF NEW AND EXISTING FORMULAE

FOR THE DETERMINATION OF CRITICAL PERFORATION AND

SCABBING VELOCITIES

6.1 Introduction

This chapter describes the development of the new empirical

relationships for the determination of the critical

perforation and the critical scabbing velocities of hard

missile impact upon reinforced concrete model slabs. The

relationships have been developed as a direct result of the

experimental work which has been described. A comparison of

the experimental results with the predicted values of the

proposed perforation formula, the proposed scabbing formula

and the existing empirical formulae which have been described

in section 2.3 are also presented. Proposed correction

factors to be used with the new relationships and the

existing formulae are proposed. These factors make allowance

for variations in the amount of flexural reinforcement.

The perforation test observations are presented in section

6.2. This section also includes the development of the

proposed perforation formula with the correction factor and

the evaluation of the existing perforation formulae with the

suggested correction factors. Section 6.3 presents the

scabbing test observations. It also includes the development

of the proposed scabbing formula with the correction factors

and the evaluation of the existing scabbing formulae also

with the correction factors to account for variations in the

amount of flexural reinforcement.
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6.2 The Development and Application Of The Proposed New
Perforation Formula 

A review of the previously presented test results obtained

from the experimental work associated with the determination

of the critical perforation velocity is shown in table (6.1).

It has been assumed that in the development of an empirical

relationship to determine the critical perforation velocity,

the perforation thickness varied inversely with the square

root of concrete compressive strength f . This assumption

has been previously made with respect to high velocity

missile impact (6) and enables the experimental results

obtained from the tests S2, S6 and S7 series, to be plotted

directly on a graph of slab thickness versus missile critical

perforation velocity. By using an available computer program

"Minitab" (44) to carry out a regression analysis for these

test results, the following empirical relationship has been

found to define the perforation thickness d in terms of the
P

velocity Vcp

. 909Thus	 d = 1.778 V°
P	 cp

where	 d = target perforation thickness (mm).
P

(6.1)

V = critical perforation velocity (m/sec).cp

The thickness of the concrete slab to prevent perforation

increases as the missile mass increases, and reduces as the

concrete compressive strength and missile diameter increases

(9). Therefore, the form of a general perforation thickness

equation would be
C2

C	 M1	 C
d- 	 . 	  .V 5
P	 cp, c 4 	 c3

(fc)	 D

(6.2)
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Table (6.1) Experimental test results (perforation resistance)

Series
No.

Concrete
Critical
perforation
velocity
(m/sec.)

Si 54.11

52 4.972 82.56

53 54.4 4.973 91.15

54 4.986 102.7

55 IIIS 5236 4.983 118.3

56 4.985 65.33

57 4.988 102.1

58 4.974 89.76

59 4.985 76.55

510 4.986 82.12

511 0% 44.36 3.644 4.954 37.37

All the series have 4mm max. agg. size except 510 which had 2mm max.
agg. size
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C2

	

C	 M
d _ 	 1

. 	  . V0.909
P	 cpc

3D
0.5

(fC1)

(6.3)

1	
(2.719) 2 0.909

. (102.7) (6.4)100

where	 M = missile mass (kg).

D = missile diameter (cm).

f = concrete compressive strength (cube) (N/mm2).

in whichc,c,c3,c4 and C5 are experimentally determined
1	 2 

constants. A value of 0.5 is used for c which is based upon4

the empirical relationships for higher velocity missiles

impact. From eq. (6.1) the value of c s is 0.909 and is used

in the general perforation thickness equation as follows

In order to evaluate the constants in eq. (6.3), the

following procedure is adopted. The velocity of the missile

of mass 2.719 kg to perforate the slab of thickness 100 mm is

102.7 m/sec (S4 test result from table (6.1)). Using the S4

test result which is substituted into eq.(6.3)

0.5
(52.93)	 (4.986) 3

Also using the S10 test result from table (6.1) 	 and

substituting into eq. (6.3)

100 -
(3.695) 2	 0.9091 	  . (82.12)	 (6.5)

0.5
(46.63)	 (4.986) 3

Dividing eq. (6.5) by eq. (6.4)

C = 0.456
2

With the value of c 2 determined, the value of c 3 can be found

by using the S3 and S5 test results from table (6.1) in eq.
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0.456
(3.2)

(6.7)
0.909

. (91.15)

and

0.456
c	 M

1
. 	 - 1.778

(6.3) to give

0.456
	c 	 (2.23)	 0.909

	

1	 •	 . ( 118.3)100 - 	  .
0.5	 c

(52.36)	 (4.983) 3

(6.6)

0.5	 c
(54.4)	 (4.973) 3

Dividing eq. (6.7) by eq. (6.6) the constant

c3 = 45.5

By substituting c 2 = 0.456 and c2 = 45.5 into eq. (6.3), the

value of c can be determined by substituting into eq. (6.1)
1

as follows

0.5
(ft)
	

D45.5

0.5	 D 45.5

a = 1.778 x (f)	 (6.8)
0 . 456

The test results of series S2, S6 and S7 can be substituted

into eq. (6.8) to find the average value of c l which is equal

to 3.628 x 10
32 and the proposed perforation formula becomes

0.456	 V0 . 909
M 32	 cp

d = 3.628 x 10
P	 (f)0.5 D45.5

(6.9)

The formula is valid only for the experimental conditions

which have been previously described.
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Table (6.2) shows a comparison of the experimental results

with those predicted by the proposed formula. It can be seen

that the most accurate prediction of the formula occurs when

the flexural reinforcement ratios are 390 kg/m3 which is to

be expected. The prediction is not so accurate for other

ratios, however, and it is suggested that the formula be

corrected by a coefficient which is obtained by plotting the

ratio of test velocity to the predicted velocity V t/ Vf

against the flexural reinforcement ratio. This coefficient

will account for variation in the flexural reinforcement

ratio. From fig (6.1) the correction coefficient is obtained

in the following way

Vt

1 - — + yi
Vf

From AA ABC and DBE

Yi	 408 - r
-

0.455	 408

408 - r
y i = 0.455( 	 )

408

Substituting the value of y l into the above equation

Vt	 408 - r
1 - — + 0.455 ( 	 )

Vf	408

Vt	 408 - r
- 1 - 0.455 ( 	 )

Vf
	408

Vt	 r
- 0.455 (1.2 + ---)

Vf
	408
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Table (6.2) Comparison of test and proposed formula velocities (perforation
resistance)

Series
No.

Total
percentage
of
reinforcement

Flexural
reinforcement
ratio
(kg/m')

Critical perforation velocity
(m/sec.)

Test velocity
formula velocity
ratioTest Formula

Si 1% 160 54.11 84.94 0.637

52 2.5% 390 82.56 83.73 0.986

S3 2.5% 390 91.15 89.39 1.019

54 2.5% 390 102.7 108.89	 ' 0.943

55 2.5% 390 118.3 116.01 1.019

S6 2.5% 390 65.33 66.64 0.980

57 2.5% 400 102.1 105.33 0.969

58 3.1% 490 89.76 78.98 1.136

59 2% 320 76.55 85 0.9

510 2.5% 390 82.12 87.08 0.943

511 0% 0 37.37 61.81 0.604
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Vt = 0.455 (1.2 + ---)Vf408
(6.10)

where	 Vt = test velocity.

Vf = formula velocity

= flexural reinforcement ratio (kg/m3)

For a practical application for a given thickness of target,

equation (6.9) will be modified in the following manner. The

target thickness to be considered should lie within the range

80-120 mm and the corresponding value of critical perforation

velocity Vcp obtain from eq. (6.9). The value of Vcp	 is

substituted into eq. (6.10) and becomes the term V f The

quantity r will lie within the range 0-500 Kg/m 3 , hence,

Vt is calculated from eq. (6.10) and becomes the corrected

critical perforation velocity for the target.	 Table (6.3)

summarises the test velocities and predicted values of the

corrected proposed critical perforation velocities.

The test results show the dependence of the critical

perforation velocity upon the quantity of flexural

reinforcement. There would appear to be no significant

influence, however, of the maximum aggregate size upon this

velocity.

6.2.1 Evaluation Of Existing Empirical Formulae To Predict 
Critical Perforation Velocity

The critical perforation velocity of a missile impacting upon

a reinforced concrete target can be estimated using the

existing empirical formulae described in section 2.3. The

data obtained from the current experimental programme can be

used with these formulae to determine their accuracy. Table
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Table (6.3) Comparison of experimental results with the proposed formula
predictions (perforation resistance)

Series
No.

Flexural
reinforcement

Critical perforation velocity
(m/sec.)

Test velocity
formula velocity
ratio

ratio
(kg/m') Test

Formula with
correction factor

51 160 54.11 61.53 0.88

S2 390 82.56 82.13 1.005

53 390 91.15 87.68 1.039

54 390 7D2.7 7a6.D, F49,5?

55 390 118.3 113.8 1.039

56 390 65.33 65.37 0.999

57 400 102.1 104.5 0.977

58 490 89.76 86.28 1.04

59 320 76.55 76.74 0.997

510 390 82.12 85.42 0.961

511 0 37.37 35.75 1.045
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(6.4) summarises the measured and calculated critical

perforation velocities using these formulae. Typical

calculations of the critical perforation velocity for one of

the series are given in appendix A.

It can be seen from table (6.5) and fig (6.2) that the

modified Petry 1, "CEA - EDF", Haldar & Miller and Adeli &

Amin formulae provide results that are closest to the

measured critical perforation velocities defined by the

author. The author has ignored others because they are

restricted in their range of applicability as follows.

i. The ACE, NDRC, BRL and Kar formulae have been developed

for predicting damage to reinforced concrete panels from

non-deformable military type projectiles with velocities

typically exceeding 150 m/sec.

ii. The mass and the diameter of the missile used to

developed the Degen formula was between 17.5 to 343 kg and

100 to 300 mm respectively. The formula was also developed

for the prediction of a perforation thickness of concrete

target between 0.175 to 0.6 m which is greater than the

thickness investigated in this thesis.

iii. The Hughes formula is valid in the range I ' < 3500 which

is the range of available test dat,-, but it will be

conservative in the range I ' < 40 and d / D < 3.5 because the

theory used to develop this formula neglects both elastic and

global effects. These tend to reduce the severity of local

damage (29).

It should be noted that the formulae providing results

closest to the experimental values do not take into account

the variations in the level of flexural reinforcement. Since
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4	 5	 6

FORMULA No.

W44.

10

FIG (6.2a) TEST VELOCITY/FORMULA VELOCITY RATIOS
lit / yr	 (perforation resistance)

1—Modified Petry formula
2—ACE formula
3—NDRC formula
4—BRL formula
5—CEA—EDF formula
6—Kar formula

7—Degen formula
8—Chang formula
9—Haldar and Miller formula

10—Hughes formula
11—Adeli and Amin formula

The calculation uses the experimental data obtained
during the Si series
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4	 5	 6
FORMULA No.

1

FIG (6.2b) TEST VELOCITY/FORMULA VELOCITY RATIOS
VL / V f	 (perforation resistance)

1—Modified Petry formula
2—ACE formula
3—NDRC formula
4—BRL formula
5—CEA—EDF formula
6—Kar formula

7—Degen. formula
8—Chang formula
9—Haldar and Miller formula

10—Hughes formula
11—Adeli and Amin formula

The calculation uses the experimental data obtained
during the S2 series
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4	 5	 6

FORMULA No.
1 2 3

3
10
	

11.

'

FIG (6.2c) TEST VELOCITY/FORMULA VELOCITY RATIOS

vt / Vf	
(perforation resistance)

1—Modified Petry formula
2—ACE formula
3—NDRC formula
4—BRL formula
5 — CEA—EDF formula
6—Kar formula

7—Degen formula
8—Chang formula
9—Haldar and Miller formula

10—Hughes formula
11—Adeli and Arnin formula

The calculation uses the experimental data obtained
during the S3 series
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4	 5	 6
FORMULA No.

10	 11

FIG (6.2d) TEST VELOCITY/FORMULA VELOCITY RATIOS
(perforation resistance)Vt / y r

1—Modified Petry formula
2—ACE formula
3—NDRC formula
4—BRL formula
5—CEA—EDF formula
6—Kar formula

7—Degen formula
8—Chang formula
9—Haldar and Miller formula

10—Hughes formula
11—Adeli and Amin formula

The calculation uses the experimental data obtained
during the S4 series
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FIG (6.2e) TEST VELOCITY/FORMULA VELOCITY RATIOS
vt / V f	 (perforation resistance)

4	 5	 6

FORMULA No.
10	 11

1—Modified Petry formula
2—ACE formula
3—NDRC formula
4—BRL formula
5—CEA—EDF formula
6—Kar formula

7—Degen formula
8 —Chang formula
9—Haldar and Miller formula

10—Hughes formula
11—Adeli and Amin formula

The calculation uses the experimental data obtained
during the S5 series
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4	 5	 6

FORMULA No.

FIG (6.2f) TEST VELOCITY/FORMULA VELOCITY RATIOS
Vt / \Tr	

(perforation resistance)

1—Modified Petry formula
2—ACE formula
3—NDRC formula
4—BRL formula
5—CEA—EDF formula
6—Kar formula

7—Degen formula
8—Chang formula
9—Haldar and Miller formula

10—Hughes formula
11—Adeli and Amin formula

The calculation uses the experimental data obtained
during the S6 series
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FIG (6.2g) TEST VELOCITY/FORMULA VELOCITY RATIOS
vt. / V f	 (perforation resistance)

1	 4	 5	 8	 7	 8
	 9	 10	 11

FORMULA No.

1—Modified Petry formula
2—ACE formula
3—NDRC formula
4—BRL formula
5—CEA—EDF formula
6—Kar formula

7—Degen. formula
8—Chang formula
9—Haldar and Miller formula

10—Hughes formula
11—Adeli and Amin formula

The calculation uses the experimental data obtained
during the S7 series
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4	 5	 6

FORMULA No.
10	 11

FIG (6.2h) TEST VELOCITY/FORMULA VELOCITY RATIOS
(perforation resistance)Vt / Vf

1—Modified Petry formula
2—ACE formula
3—NDRC formula
4—BRL formula
5—CEA — EDF formula
6—Kar formula

7—Degen formula
8 —Chang formula
9—Haldar and Miller formula

10—Hughes formula
11—Adeli and Amin formula

The calculation uses the experimental data obtained
during the S8 series



4	 5	 6

FORMULA No.
10	 11

FIG (6.2i) TEST VELOCITY/FORMULA VELOCITY RATIOS

vL / V f	 (perforation resistance)

1—Modified Petry formula
2—ACE formula
3—NDRC formula
4—BRL formula
5—CEA—EDF formula
6—Kar formula

7—Degen formula
8—Chang formula
9—Haldar and Miller formula

10—Hughes formula
11—Adeli and Arnin formula

The calculation uses the experimental data obtained
during the S9 series
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10	 11

FORMULA No.

••••
••••
• •• •
••••
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••••,
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•n•n••••n•n•

FIG (6.2j) TEST VELOCITY/FORMULA VELOCITY RATIOS

vt / Vf	
(perforation resistance)

1—Modified Petry formula
2—ACE formula
3—NDRC formula
4—BRL formula
5—CEA—EDF formula
6—Kar formula

7—Degen formula
8—Chang formula
9—Haldar and Miller formula

10—Hughes formula
11—Adeli and Amin formula

The calculation uses the experimental data obtained
during the S10 series



the author's opinion is that the level of flexural

reinforcement is an important factor, these formulae will be

modified by the appropriate factor. The form of the factor

is the same, but each formula has its particular numerical

values, which are obtained by plotting the ratio of test

velocity to the predicted velocity (V t/Vf) against the

flexural reinforcement ratio (r, kg/m 3). From such a graph,

the correction factor is obtained using the method described

in section 6.2.

The critical perforation velocity given by the Modified Petry

1 formula should be corrected by the coefficient

r0.58 (0.724	 444"

Where r is the flexural reinforcement ratio, kg/m 3 .	 The

coefficient is obtained from a consideration of fig. (6.3).

Table (6.6) summarises the measured and the calculated

critical perforation velocities using the corrected Modified

Petry 1 formula.

The critical perforation velocity given by the "CED - EDF"

formula should be modified by including the correction

factor, 0.4 (1.5 + r ), fig (6.4).338

Table (6.7) summarises the measured and the corrected

calculated critical perforation velocities. It should be

noted that the corrected formula is only valid when there are

two layers of reinforcement mesh close to each face.

Reference (14) and section 2.5 discuss the limitation of the

formula for cases other than two layers of reinforcement

close to each face.

The critical perforation velocity given by the Chang formula

should be modified by including the correction factor,
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Table (6.6) Comparison of experimental results with the corrected Modified
Petry formula (perforation resistance)

Series
No.

Flexural
reinforcement
ratio
(kg/m')

Critical perforation velocity
(m/sec.)

Test velocity
formula velocity
ratioTest

Formula with
correction factor

Si 160 54.11 56.66 0.955

52 390 82.56 73.55 1.122

53 390 91.15 91.32 0.998

54 390 102.7 101.21 1.014

55 390 118.3 114.83 1.030

56 390 65.33 73.79 0.885

57 400 102.1 95.1 1.07

58 490 89.76 95.74 0.937

59 320 76.55 75.8 1.01

510 390 82.12 84.03 0.977
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Table (6.7) Comparison of experimental results with the corrected "CEA-EDF"
formula (perforation resistance)

Series
No.

Flexural
reinforcement
ratio
(kg/m')

Critical perforation velocity
(m/sec.)

Test velocity
formula velocity
ratioTest

Formula with
correction factor

51 160 54.11 65.75 0.823

52 390 82.56 87.93 0.939

53 390 91.15 95.62 0.953

54 390 102.7 105.1 0.977

55 390 118.3 119.44 0.99

56 390 65.33 58.95 1.108

57 400 102.1 100.77 1.013

58 490 89.76 91.13 0.985

59 320 76.55 73.22 1.045

510 390 82.12 80.23 1.023
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0.57 (0.75 + 0 )' fig	 (6.5).35

Table (6.8) summarises the results of the measured test

velocity to the corrected calculated velocity ratios.

The critical perforation velocity given by the Haldar &

Miller formula should be modified by the correction factor,

0.577 (0.733 + -57u), fig (6.6).

Table (6.9) summarises the results of the measured test

velocity to the corrected calculated formula velocity ratios.

Finally the Adeli & Amin formula should be modified by

2introducing the correction factor, 0.6	 + Th), fig (6.7).

Table (6.10) summarises the results for the measured and

corrected calculated critical perforation velocities.

6.3 The Development and Application Of The Proposed New
Scabbing Formula

The experimental results which have been obtained for the

determination of the critical scabbing velocity are presented

in table (6.11). It has been assumed that for the

development of an empirical formula to determine the critical

scabbing velocity, the depth of missile penetration is

inversely proportional to the square root of the concrete

compressive strength f (6) . The results of the current

experimental programme demonstrate that for the scabbing

tests the missile penetration can be assumed to be equal to

one-tenth of the slab thickness - section 5.3.4. Hence, the

minimum slab thickness to prevent scabbing may be assumed to

be inversely proportional to one-tenth of the square root of

the concrete compressive strength f. A plot of the slab

thickness versus critical scabbing velocity will enable an

empirical relationship to be obtained. 	 For this case the
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Table (6.8) Comparison of experimental results with the corrected
Chang formula (perforation resistance)

Series	 •
No.

Flexural
reinforcement
ratio
(kg/m')

Critical perforation velocity
(m/sec.)

Test	 N.elocity
formula velocity
ratioTest

Formula with
correction factor

Si 160 54.11 58.31 0.928

S2 390 82.56 89.9 0.918

53 390 91.15 96.64 0.943

54 390 102.7 105.8 0.970

55 390 118.3 119.86 0.987

56 390 65.33 59.99 1.08

57 400 102.1 99.11 1.03

58 490 89.76 93.96 0.955

59 320 76.55 69.64 1.09

S10 390 82.12 79.36 1.034
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Table (6.9) Comparison of experimental results with corrected Helder &
Miller formula (perforation resistance)

Series
No.

Flexural
reinforcement
ratio
(kg/m3)

Critical perforation velocity
(m/sec.)

Test velocity
formula velocity
ratioTest	 .

Formula with
correction factor

51 160 54.11 57.61 0.94

S2 390 82.56 88.0 0.938

53 390 91.15 93.16 0.978

54 390 102.7 99.88 1.028

55 390 118.3 109.75 1.078

56 390 65.33 69.96 0.933

57 400 102.1 95.77 1.066

58 490 89.76 94.37 0.951

59 320 76.55 71.02 1.077

510 390 82.12 80.47 1.02
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Table (6.10) Comparison of experimental results with corrected Adeli &
Amin formula (perforation resistance)

Series
No.

Flexural
reinforcement
ratio
(kg/m')

Critical perforation velocity
(m/sec.)

Test velocity
formula velocity
ratioTest .

Formula with
correction factor

51 160 54.11 58.22 0.929

52 390 82.56 89.26 0.925

53 390 91.15 94.49 0.964

54 390 102.7 101.18 1.015

S5 390 118.3 111.04 1.065

56 390 65.33 62.41 1.046

57 400 102.1 97.44 1.047

58 490 89.76 95.75 0.937

59 320 76.55 71.87 1.065

510 390 82.12 81.48 1.007
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Table (6.11) Experimental test results (scabbing resistance)

Series
No.

Total
percentage
of
reinforcement

Target
thickness
(mm)

Concrete
compressive
strength
ft'	 (cube)
(N/mm2)

Mass

of
missile
(kg)

Diameter
of
missile
(cm)

Critical
scabbing
velocity
m/sec.

Si 1% 100 57.56 3.689 4.983 41.1

52 2.5% 100 55.5 3.689 4.975 48.2

53 2.5% 100 54.53 3.2 4.975 .51.39

S4 2.5% 100 54.8 2.695 4.970 54.9

55 2.5% 100 53.26 2.21 4.968 58.2

56 2.5% 80 48.66 3.664 4.972 35.62

S7 2.5% 120 45.36 3.661 4.972 55.86

S8 3.1% 100 46.1 3.661 4.972 51.88

S9 2% 100 48.2 3.656 4.970 44.31

S10 2.5% 100 50.23 3.652 4.966 45.23

All the series have 4mm max. agg. size except S10 which had 2mm
max. agg. size
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slab thickness is defined as the thickness to just allow

scabbing.

By considering the test results obtained from the S2, S6 and

S7 series, it is possible to propose a formula which enables

the slab thickness to be determined from the critical

scabbing velocity. A regression analysis is carried out for

these test results and the corresponding equation of slab

scabbing thickness ds as a function of the velocity V 	 maycs

be obtained as follows

ds = 3.467 V0.877cs (6.11)

where	 d 	 target scabbing thickness (mm).

V s = critical scabbing velocity (m/sec).c

By assuming that the thickness to prevent scabbing of the

concrete increases with the missile mass, and reduces as the

concrete compressive strength and missile diameter increase

(9), then the scabbing thickness equation becomes

where M = missile mass (kg).

D = missile diameter (cm).

f = concrete compressive strength (cube) (N/mm2).c

The constants e, e 2 , e3 , e4 and e5 are experimentally

determined. A value of 0.5 for e is once more assumed.
4

This value has been obtained from experimental work

associated with high velocity missile impact (6).	 A value

of 0.877 is used for e and has been obtained from equation
5
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0 . 877e
2	 V

M	 CS

' e3D

ds =e .1
0.5

( f L )

(6.13)

100 = e .1 (6.14)

(6.11). The general scabbing thickness equation becomes

therefore

In which e1 is equal to e/0.1.	 In order to evaluate the

constants in eq. (6.13), the following procedure is adopted.

The velocity of the missile of mass 3.689 kg which cause

scabbing of the concrete slab of thickness 100 mm is 48.2

in/sec (S2 test result from table (6.11).

Using the S2 test result and substitution into eq (6.13)

gives

e
(3.689) 2	 (48.2)0'877

e3
(55.5)0.5
	

(4.975)

Also using the S3 test result from table (6.11) substituting

into eq. (6.13)

e
(3.2) 2

100 = e . 	  .1

(51.39) 0.877

(6.15)
0.5	 e3

(54.53)	 (4.975)

Dividing eq. (6.14) by eq. (6.15)

e2 = 0.457

With the value of e determined the value of e3 can be found2

by using the test results of the S4 and S5 series from table

(6.11) and the value of e2 in eq. (6.13) to give
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100 = e .1 (6.16)

e.1

e = 3.4671 (6.18)

d
s
 =6.13 x 10

44
. (6.19)

(2.695) 0.457	 (54.9)0.877

e
3

(54.8)°' 5	(4.970)

and

(2.21) 0 ' 457	(58.2)0."
100 = e. 	 	 (6.17)

e
3

(53.26)(3.5
	

(4.968)

Dividing eq. (6.16) by eq. (6.17)

e
3 = 62.67

The value of e
1
 can be determined by substituting the value

of e
2
 and e

3
 into eq. (6.13) and substituting into eq.

(6.11).

Thus

0. 457
	 1

- 3.467
0.5

f
	

D
62.67

0.5

(C)
	 62.67

. 457

The test results of series S2, S6 and S7 from table (6.11)

can be used in eq. (6.18) to find the average value of e

which is found to be equal to 6.13 x 1044 and the proposed

scabbing formula becomes

0.457	 0.877
V

CS

1

0.5

f
	

D
62.67
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Table (6.12) shows the comparison of test and proposed

scabbing formula velocities using the experimental data of

all the series. The predicted critical scabbing velocity is

most accurate when the flexural reinforcement ratio is

390 kg/m3 which is to be expected. In order to improve the

predicted critical scabbing velocity for the reinforcement

quantities other than this ratio a correction factor will be

proposed. The derivation of the correction factor has been

discussed in section 6.2. 	 For the determination of the

critical scabbing velocity, the proposed correction factor is

0.5 (1 + 30)
	

(6.20)

The factor has been obtained from a consideration of fig.

(6.8), r being the flexural reinforcement ratio in kg/m3.

The use of equations (6.19) and (6.20) to obtain the critical

scabbing velocity is identical to the perforation case which

has been explained. Table (6.13) summarises the measured and

predicted values of the proposed critical scabbing velocity

when the correction factor is included. The test results

show 'a clear dependence of scabbing resistance on the

quantity of flexural reinforcement.

The maximum aggregate size used in the concrete is also a

factor influencing the critical scabbing velocity. The

extent of the influence of aggregate size upon the critical

scabbing velocity was not thoroughly investigated.

6.3.1 Evaluation Of Existing Empirical Formulae To Predict
Critical Scabbing Velocity

The critical scabbing velocity of a missile impacting upon a

reinforced concrete target can be estimated using the

existing empirical formulae described in section 2.3. The

data obtained from the current experimental programme can be
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Table (6.12) Comparison of test and proposed formula velocities (scabbing
resistance)

Series
No.

Total
percentage
of
reinforcement

Flexural
reinforcement
ratio
(kg/m')

Critical scabbing velocity
(m/sec.)

Test velocity
formula velocity
ratioTest Formula

51 1% 160 41.1 57.81 G.711

52 2.5% 390 48.2 50.48 0.955

53 2.5% 390 51.39 33.81 0.955

54 2.5% 390 54.9 54.93 0.999

S5 2.5% 390 58.2 58.23 0.999

S6 2.5%. 390 35.62 34.9 1.02

S7 2.5% 400 55.86 53.26 1.048

S8 3.1% 490 51.88 43.66 1.188

S9 2% 320 44.31 43.55 1.017

510 2.5% 390 45.23 42.12 1.073
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Table (6.13) Comparison of experimental results with the proposed formula
predictions (scabbing resistance)

Series
No.

Flexural
reinforcement
ratio
(kg/m')

Critical scabbing velocity
(m/sec.)

Test velocity
formula velocity
ratioTest

Formula with
correction factor

51 160 41.1 41.4 0.992

52 390 48.2 51.84 0.930

53 390 51.39 55.26 0.930

54 390 54.9 56.41 0.973

S5 390 58.2 59.80 0.973

56 390 35.62 53.84 0.993

57 400 55.86 55.42 1.008

58 490 51.88 50.74 1.022

59 320 44.31 43.6 1.016

510 390 45.23 43.25 1.045
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used with these formulae to determine their accuracy.	 Table

(6.14) summarises the measured and calculated critical

scabbing velocities using these formulae. Typical

calculations to determine this velocity for one of the

experimental series are given in appendix B.

It can be seen from table (6.15) and fig. (6.9) that only the

Chang and Haldar & Miller formulae provide a critical

scabbing velocity which is in close agreement to the

experimental value. These formulae can be improved by adding

a correction factor to allow for the variation of the

quantity of flexural reinforcement in the target. The author

has ignored other existing formulae because they are

restricted in their range of applicability. The restrictions

of these formulae have been discussed in section 6.2.1. Some

further comments will be made

i. The Bechtel corporation and Adeli & Amin formulae have

been developed for the prediction of damage to reinforced

concrete targets with a thickness between 0.15 to 0.6 m.

ii. The Stone & Webster corporation formula has been

developed for predicting a scabbing thickness of concrete

target for a concrete compressive strength of between 20 to

30 N/mm2.

The critical scabbing velocity given by Chang formula should

be corrected by the coefficient, 0.2 (4 + —r-1186.

Where r is the flexural reinforcement ratio (kg/m3). This

correction factor accounting for variation in the amount of

flexural reinforcement is obtained from a consideration of

fig (6.10) using the method described previously in section

6.2. Table (6.16) summarises the measured and the calculated
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critical scabbing velocity when this correction factor is

used.

The critical scabbing velocity given by the Haldar and Miller

formula should be corrected by	 the	 coefficient,

0.427 (1.34 + r ), fig (6.11).570

Table (6.17) summarises the measured and the calculated

critical scabbing velocities.
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FIG (6.9a) TEST VELOCITY/FORMULA VELOCITY RATIOS
(scabbing resistance)Vt / Vf

I. 4	 5	 6

FORMULA No.
9	 10

1—Modified Petry formula
2—NDRC formula
3—BRL formula
4—Bechtel formula
5—Stone 8.: Webster formula

6—Kar formula
7—Chang formula
8—Haldar and Miller formula
9—Hughes formula

10—Adeli & Amin formula

The calculation uses the experimental data obtained
during the Si series
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4	 5	 6
	

7
	

8
	

9
	

10

FORMULA No.

FIG (6.9b) TEST VELOCITY/FORMULA VELOCITY RATIOS

V. / Vf	
(scabbing resistance)

1—Modified Petry formula
2—NDRC formula
3—BRL formula
4—Bechtel formula
5—Stone & Webster formula

6—Kar formula
7—Chang formula
8—Haldar and Miller formula
9—Hughes formula

10—Adeli & Amin formula

The calculation uses the experimental data obtained
during the S2 series
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4	 5	 6

FORMULA No.
1.

FIG (6.9c) TEST VELOCITY/FORMULA VELOCITY RATIOS
Vt. / Vf	 (scabbing resistance)

1—Modified Petry formula
2—NDRC formula
3—BRL formula
4 — Bechtel formula
5—Stone & Webster formula

6—Kar formula
7—Chang foriuula
8—Haldar and Miller formula
9—Hughes formula

10—Ade & Amin formula

The calculation uses the experimental data obtained
during the S3 series

204



FIG (6.9d) TEST VELOCITY/FORMULA VELOCITY RATIOS

lit / \Tr	 (scabbing resistance)
6

4	 5	 6
	

7
	

8
	

9
	

10

FORMULA No.

1—Modified Petry formula
2—NDRC formula
3—BRL formula
4—Bechtel formula
5—Stone & Webster formula

6—Kar formula
7—Chang formula
8—Haldar and Miller formula
9—Hughes formula

10—Adeli & Arnin formula

The calculation uses the experimental data obtained
during the S4 series
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4	 5	 6

FORMULA No.
9	 10

FIG (6.9e) TEST VELOCITY/FORMULA VELOCITY RATIOS

Vt / Vf	
(scabbing resistance)

1—Modified Petry formula
2—NDRC formula
3—BRL formula
4—Bechtel formula
5—Stone & Webster formula

6—Kar formula
7—Chang formula
8—Haldar and Miller formula
9—Hughes formula

10—Adeli & Amin formula

The calculation uses the experimental data obtained
during the S5 series
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4	 5	 6

FORMULA No.

t

10

FIG (6.9f) TEST VELOCITY/FORMULA VELOCITY RATIOS

vt / V f	
(scabbing resistance)

1—Modified Petry formula
2—NDRC formula
3—BRL formula
4—Bechtel formula
5—Stone & Webster formula

6—Kar formula
7—Chang formula
8—Haldar and Miller formula
9—Hughes formula

10—Adeli & Amin formula

The calculation uses the experimental data obtained
during the S6 series
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4	 5	 6
	

7
	

8
	

9
	

1.0

FORMULA No.

FIG (6.9g) TEST VELOCITY/FORMULA VELOCITY RATIOS
vt / vi	 (scabbing resistance)

1—Modified Petry formula
2—NDRC formula
3—BRL formula
4—Bechtel formula
5—Stone & Webster formula

6—Kar formula
7—Chang formula
8—Haldar and Miller formula
9—Hughes formula

10—Adeli & Arnin formula

The calculation uses the experimental data obtained
during the S7 series
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1

FIG (6.9h) TEST VELOCITY/FORMULA VELOCITY RATIOS

Vt / Vf	 (scabbing resistance)

1	 2	 3	 4	 5	 6
	

B
	

10

FORMULA No.

1—Modified Petry formula
2—NDRC formula
3—BEL formula
4—Bechtel formula
5—Stone & Webster formula

6 —Kar formula
7—Chang formula
8—Haldar and Miller formula
9—Hughes formula

10—Adeli & Amin formula

The calculation uses the experimental data obtained
during the S8 series
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FIG (6.9i) TEST VELOCITY/FORMULA VELOCITY RATIOS

Vt / vr	 (scabbing resistance)

FORMULA No.

1—Modified Petry formli1a
2—NDRC formula
3—BRL formula
4—Bechtel formula
5—Stone & Webster formula

6—Kar formula
7—Chang formula
8—Haldar and Miller formula
9—Hughes formula

10—Adeli & Amin formula

The calculation uses the experimental data obtained
during the S9 series
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4	 5	 6

FORMULA No.
10

FIG (6.9j) TEST VELOCITY/FORMULA VELOCITY RATIOS
(scabbing resistance)VL / Vf

1—Modified Petry formula
2—NDRC formula
3—BRL formula
4—Bechtel formula
5—Stone & Webster formula

6—Kar formula
7—Chang formula
8—Haldar and Miller formula
9—Hughes formula

10—Adeli & Amin formula

The calculation uses the experimental data obtained
during the S10 series
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Table (6.16) Comparison of experimental results with coirected
Chang formula (scabbing resibtance)

,

Series
No.

Flexural
reinforcement

Critical scabbing velocity
(m./sec)

Test \elocity
formula velocity
ratio

ratio
(kg/m') Test

Formula with
correction factor

51 160 41.1 39.96 1.028

S2 390 48.2 48.99 0.983

53 390 51.39 52.84 0.972

54 390 54.9 54.92 0.999

55 390 58.2 58.63 0.992

56 390 35.62 32.6 1.092

57 400 55.86 57.93 0.964

S8 490 51.88 48.03 1.08

59 320 44.31 42.48 1.043

S10 390 45.23 46.4 0.974
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Table (6.17) Comparison of experimental results with corrected Haldar &
Miller formula (scabbing resistance)

Series
No.

Flexural
reinforcement
ratio
(kg/m')

Critical scabbing velocity
(m/sec.)

Test velocity
formula velocity
ratioTest

Formula with
correction factor

51 160 41.1 39.93 1.029

52 390 48.2 49.52 0.973

S3 390 51.39 52.13 0.985

54 390 54.9 56.83 0.966

55 390 58.2 61.85 0.941

S6 390 35.62 35.71 0.997

S7 400 55.86 53.87 1.036

S8 490 51.88 48.56 1.068

59 320 44.31 42.86 1.033

510 390 45.23 46.61 0.970
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CHAPTER SEVEN

DISCUSSION

7.1 Perforation and Scabbing Resistance of the Target 

Some authors incorrectly conclude from their test results

involving under-reinforced structures, that reinforcement is

of no influence upon the local effects of hard missile

impact.

The objective of the current work was to establish an

equation in which the level of flexural reinforcement was

accounted for. Also, the influence of maximum aggregate size

was to be established.

The results show the dependence of perforation resistance of

the target upon the quantity of flexural reinforcement.

Perforation resistance of the targets has been quantified in

terms of the velocity at which the missile just perforates

the target. This resistance is improved by increasing in the

amount of reinforcement. There would appear no significant

influence of varying the maximum aggregate size upon the

perforation resistance.

The test results show that the scabbing resistance of the

target depends upon the quantity of flexural reinforcement.

Once again this resistance has been quantified in terms of

the velocity at which the missile just causes scabbing of

concrete from the back face of the target. The scabbing

resistance increases as the amount of flexural reinforcement

increases.	 Also, the maximum aggregate size used in the
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concrete is a factor influencing the scabbing resistance.

This influence, however, was not thoroughly investigated

during the course of the experimental work.

7.2 Procedures Used for Determininq the New Formulae 

The proposed perforation and scabbing formulae were developed

using the second method described in section 2.2. This

method shows that the perforation or scabbing thickness could

be empirically correlated with the missile properties if

reliable and sufficient experimental results were available.

The BRL formula, the Bechtel formula, Stone & Webster formula

and "CEA-EDF" formula were based on the same concept.

The derivation of the New Formulae followed the steps used

in the development of the Bechtel Corporation formula (9).

Thus, the forms of equations (6.9) and (6.19) are similar to

the Bechtel formula, but are applicable to different range of

parameters.

7.3 Limitations of the Proposed Perforation and Scabbing
Formulae 

The proposed perforation and scabbing formulae have been

developed as a direct result of the experimental work. The

work which has examined a finite range of parameters. The

application of these two formulae, therefore, has only

validity with the range of the test parameters.

Extrapolation outside this range is likely to predict

inadequate results. In particular, the diameter of the

missile is important since the development of the formulae is

related to only one diameter (49.8 mm). For this reason the
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powers of D are 45.5 and 62.67 in the proposed perforation

and scabbing formulae respectively. It should be noted that

these values are high and as a consequence the constant cl

and e1 are also very high.

The applications of the proposed perforation and scabbing

formulae are limited to the following conditions.

i) The formula are valid for a fully fixed edge concrete

target impacted by a perpendicular hard missile.

ii) The ratio between the flexural reinforcement mass in

the target and the concrete volume is 0 kg/m3 to

500 kg/m3.

iii) The concrete compressive cube strength varies between

44 N/mm to 57 N/mm2.

iv) The slab thickness varies between 80 mm to 120 mm.

v) The mass of the missile varies between 2 kg to 4 kg.

7.4 The Mechanisms of Scabbing and Perforation Damage
Caused by the Missile Impact 

The mechanism of scabbing and perforation damage may be

described in the following way.

i)	 For scabbing, similar damage was observed for all the

slabs tested at the critical scabbing velocity. 	 On

impact,	 a compressive dilatational wave starts

propagating into the slab. The compressive wave travels

218



in the slab at the speed of sound and if it encounters a

free surface the wave will be reflected as a tensile

wave causing scabbing of the back face of the slab (45)

over a certain diameter. An average value of 200mm for

all the series was observed. Whether this wave causes

scabbing of the material depends upon the concrete

tensile strength of the impacted slab and the loading

generated on the slab because of this impact. The

concrete situated between the back face and the nearest

layer of steel reinforcement is reduced to small pieces

and is ejected at a velocity which can be measured. The

tests also show the missile penetration to be equal to a

depth of 9.0 T 1.0 mm.

ii) For perforation, the missile velocity is higher than the

scabbing velocity. The missile will penetrate the slab

beyond the depth which causes scabbing at higher

velocities, forming a cylindrical penetration hole with

a diameter only slightly greater than the missile

diameter. Further increase in velocity produces

cracking of the concrete on the back face followed by

ejection of concrete from this face. With increasing

missile velocity, perforation of the slab will occur as

the penetration hole extends through the slab thickness.

A higher velocity will cause the missile to exit from

the back face of the slab when the missile passes

completely through the slab. In this case a neat round

hole is observed where the nose of the missile struck.
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The associated velocity is known as the perforation

velocity. The front and rear reinforcement mesh is

deformed and in some parts broken at the place of

impact. It can be seen that the concrete is shattered

into a conical plug shape.

Similar damage was evident for plain concrete specimen.

7.5 Comments on the Transient Displacement and Reaction 
Load Measurements 

The measured transient displacement of the target shown in

fig. (5.2) and fig. (5.4) confirm that the reduced circular

area formed within the square target provided appropriate

boundary conditions allowing symetrical bending. The

measurements also confirm that although missile perforation

or penetration is a local phenomenon, some bending of the

impacted structure around the impact zone should be allowed

(32).

The transient displacement of the target at the critical

perforation velocity shown in fig(5.2) confirms that:

i- From the 0% reinforcement specimen (fig 5.2k), it can

be seen that very low imposed energy occurs, thus the

reinforcement, even at low percentage (fig 5.2a) is an

essential agent in penetration resistance. The

relatively small displacements are associated with the

lack of ductility in the panel.

ii- For the over-reinforced case (fig 5.2h) the initial

recovery is very slow, corresponding with less level of

reinforcement.
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iii- The compressive strength of the concrete appears to have

considerable influence on the pattern of recovery. This

can be observed when a comparison between the fig(5.2b),

fig(5.2g) and fig(5.2j) is made. With the low strength

of concrete, the initial (start) recover point is well

defined and followed by a brief period of rapid recovery

turning into a recovery at a slower rate. 	 This

observation can be explained in the contribution of the

steel reinforcement to the recovery process. The

recovery in the concrete once the shape is largely

recovered is at a much slower rate than that of the

steel. With more balanced slabs, in terms of concrete

strength and reinforcement, the phenomena do not appear

to the same degree.

The transient displacement of the target at the critical

scabbing velocity shown in fig(5.4) confirms that:

i- The initial recovery according to the 205mm position

transducer is extended in the case of the

under-reinforcement slab (fig 5.4a).

ii- The recovery in the case of the most over-reinforcement

slab (fig 5.4h) is distinctly different for the general

observation, in that the starting point of recovery is

clearly defined.

iii- The thicker slab has deformation over a wide area

considering the 270mm position transducer and generally

a faster rate of initial recover part the start point

of recovery (fig (5.4f), fig (5.4d) and fig (5.4g))
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iv- The total recovery time generally appears to be related

to the total imposed kinetic energy, higher values

having longer recovery periods. This could be

explained by the assumption that there is a common

strain energy disruption rate for the materials.

The equal distribution of reaction loads also demonstrates

the symmetric nature of the experimental arrangement. Some

of the results of the measurement of the variation of

transient reaction load with time have been plotted in

Chapter 5.	 It can be seen from these plots that the

variation with time of the reaction load varies with the

amount- of specimen reinforcement and concrete compressive

strength. From fig(5.1) and fig(5.3) the following

conclusions have been drawn:

i- An increase in the value of the maximum reaction load

of the target at the critical perforation or scabbing

velocities for increasing amounts of reinforcement at

almost constant concrete compressive strength. This

increase in the valus is very clear when a comparison

between the test results of the series Si and 52 and

between the series S8, S9 and S10 is made.

ii- An increase in the value of the maximum reaction load

of the target if the concrete compressive strength

increased and the amount of reinforcement was constant.

This result can be observed when a comparison between

the test results of the series S2, S3, S4, S5 and S10

is made.
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Table (6.1): Results for perforation resistance tests

Series
No

Maximum
reaction
load (kN)

Total
percentage of
reinforcement

Concrete compressive
strength f i c (cube)

(N/mm2)

Si 35.35 1.0% 56.53
S2 104.70 2.5% 56.00

S9 73.20 2.0% 45.46
S10 81.94 2.5% 46.63
S8 99.03 3.1% 48.50

S2 104.70 2.5% 56.00
S3 104.60 2.5% 54.40
S4 106.09 2.5% 52.93
S5 102.61 2.5% 52.36
S10 81.94 2.5% 46.63

Table (6.2): Results for scabbing resistance tests

Series
No

Maximum
reaction
load (kN)

Total
percentage of
reinforcement

Concrete compressive
strength f' c (cube)

(N/mm2)

Si 83.35 1.0% 57.56
S2 133.77 2.5% 55.50

S9 84.63 2.0% 48.20
S10 86.51 2.5% 50.23
S8 80.83 3.1% 46.10

S2 133.77 2.5% 55.50
S3 122.75 2.5% 54.53
S4 113.65 2.5% 54.80
S5 98.40 2.5% 53.26
S10 86.51 2.5% 50.23
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CHAPTER EIGHT

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

A number of formulae which have been developed from

experimental studies of impact phenomena are in use for

assessing the impact performance of reinforced concrete

targets. These formulae, however, do not take account of the

amount of flexural reinforcement.

In the work reported in this thesis a series of experiments

have been undertaken to investigate the effects of variations

in the amount of flexural reinforcement in a concrete slab

upon the critical perforation and the critical scabbing

velocities. The influence of the maximum size of aggregate

used in the concrete on the value of these velocities has

been considered.

During the course of the experimental work, new empirical

relationships have been proposed to determine the critical

perforation and the critical scabbing velocity of hard

missile impact upon reinforced concrete model slabs.

Some of the most appropriate of the existing perforation and

scabbing formulae have been modified to account for the

amount of flexural reinforcement.

This chapter presents the conclusions of the current work and

discusses the limitations of the proposed formulae. Finally,

recommendations for future work are proposed.

8.1 Conclusions 

From the experimental programme carried out on reinforced

concrete model slabs subjected to high velocity impact, the
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following formulae have been developed:

The proposed Perforation formula

m0.456d = 3.628 x 10 32 	 V 
0.909

cp 
(f,0). s	 •

C
)
	 D

45.5

The proposed scabbing formula

and

ds = 6.13 x 10 44 14°• 457

".c)

0.877
V

CS

D
62.67

From these formula it is possible to calculate the critical

perforation and scabbing velocities for a given range of

experimental conditions.

The following two conclusions may be drawn from the

application of these equations.

i) The proposed perforation formula, which has been

developed as a direct result of the experimental work

incorporates the factor,

0.455 (1.2 + r408'

to account for the amount of flexural reinforcement

where r is the flexural reinforcement ratio kg/m3.

The inclusion of this factor provides results which are

in close agreement with the experimental values.

ii) The proposed scabbing formula with the factor,

0.5(1 + 773)

predicted results which agree very closely with

the measured values.
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Other significant conclusions follow:

iii) The test results show the dependence of the critical

perforation velocity upon the quantity of flexural

reinforcement. There would appear to be no significant

influence, however, of the maximum aggregate size upon

this velocity.

iv) By comparing the experimental results with the

predictions of critical perforation velocity using

existing empirical formulae enables a modification

factor accounting for the amount of flexural

reinforcement to be obtained. This has been done for

the most appropriate formulae thus enabling a favourable

comparison with experimental results. The modification

factors may be summarised as follows.

modification factor 

Petry 1 formula	 0.58(0.724 + 44'4)

"CED-EDF" formula 	 0.4(1.5 + 3L3)

Chang formula	 0.57(0.75 + 315.0)

Haldar & Miller formula 	 0.577(0.733 +

2	 rAdeli & Amin formula	 0.6(5 +

v) The test results show that the scabbing resistance

depends upon the quantity of flexural reinforcement.

Also, the maximum aggregate size used in the concrete

is a factor influencing the critical scabbing

velocity. The extent of the influence of aggregate

size upon the critical scabbing velocity was not

thoroughly investigated.

400)
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vi) By comparing the experimental results with the

predictions of critical scabbing velocity using

existing empirical formulae enables a modification

factor accounting for the amount of flexural

reinforcement to be obtained. This has been done for

the most appropriate formulae thus enabling a favourable

comparison with experimental results. The modification

factors may be summarised as follows.

modification factor

Chang formula	 0.2(4 + r6 )18

Haldar & Miller formula	 0.427(1.34 + jo)

vii) The proposed perforation and scabbing formulae have

been developed as a direct result of the experimental

work. The work which has examined a finite range of

parameters. The application of these two formulae,

therefore, has only validity within the range of the

test parameters. Extrapolation outside this range

is likely to predict inadequate results. Section 7.3

discusses the parametric limitation of the applications

of the proposed perforation and scabbing formulae.
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8.2 Recommendations for Future Work

The following recommendations are made for future work.

i) Further tests outside the range of parameters reported

in this thesis should enable the range of validity of

the proposed perforation and scabbing formulae to be

extended. In particular, the effect of varing the

missile diameter should be investigated.

ii) Since the maximum aggregate size used in the concrete

is a factor influencing the critical scabbing velocity,

some more tests should be carried out using a wide

range of maximum aggregate size to investigate this

influence thoroughly.

iii) A test programme may be developed to study the effects

of other parameter that influence the local damage in

the target structural element, such as:

- The geometry of the target.

- The span/depth ratio of the target.

- The hardness of the missile impacted upon the target.

- The effect of the type of target support.

- The inclination of the missile on the target

- The inclusion of shear reinforcement and its

variation in a concrete target and

- Arrangement of reinforcement within the target.

iv) The bulk of the hard missiles tested have been flat

faced cylinders. The effects of both nose shape and

cross-section, therefore, deserves investigation.

v) All the targets used in experiments up to the present

time have been flat and the performance of cylindrical
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and domed reinforced concrete targets has yet to be

investigated.

vi) A series of experiments could be carried out on steel-

concrete composite targets to quantify the effects of

steel plate cladding on the perforation resistance.

The steel plates might be attached to either the

impacted or back face, or to both faces.
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A-
P	 area of missile

- 389.34 lb/ft2W

APPENDIX A

Calculation of The Critical Perforation Velocity of The

missile Using The Existing Empirical Formulae Described in

Section 2.3.

The calculation uses the experimental data obtained during

the S2 series.	 The following data is relevant

52 has 390 kg/m3 of flexural reinforcement and 4mm max.	 agg.

size

d = slab thickness	 = 100 mm = 3.937 in
P

W = wt. of missile	 = 3.689 kg = 8.1328 lb

D = dim. of missile	 = 49.72 mm = 1.957 in

Vcp = critical perforation

fc '

velocity (test)	 = 82.56 m/sec.

= concrete compressive

= 270.8 ft/sec.

fr

strength (cylinder)	 = 44.8 N/mm2

= concrete tensile

= 6496 psi

strength	 = 7.51/T- ' = 4.1688 N/mm2 =c 604.48 psi

P = density of concrete	 = 2257 kg/m3

1. Modified Petry Formula

d	 = 2 X
P	 P

2

where

V‘= 24	 log 10.k	 . A	 _	 (
P	 P 	 - 1 4-	 215000'

k = 0.00284
P

for special reinforcement
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.	 282 w v1.5
2 785 ..."D '	 r 10.5 10001.5
C 

D
+ 0.5

3.937 = 24 (0.00284) 389.34 log(1 + 	 V2 
215000 )

... V	 = 259.58 ft/sec.cp

79.14 m/sec.

2.	 Army Corps of Engineers Formula

dX,..,	 X
_.2	 =1.32 + 1.24 --.	 1.35	 —2 s 13.5D	 D	 D

3.937
1.957

Xio
= 1.32 + 1.24 -A-D

X
D = °•5578

8.1328  V
1•5

0.5	 15 + 0.5(1.957)2.785 (6496)	 (1000).

1.5V 	 = 416.71

V	 = 55.79 ft/sec.cp

= 17 m/sec.

3.	 Modified National Research Committee Formula

d	 X	 X	 X
—2

10,2
s 1 53D	 = 3.19 (	 r )-2) - 0.718 (

D	
. D

X3.937h = —2= 3.19 h	 0.718 h
2

-1.957	 D

0.5578 =	 282
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where k = 0.72 and k =1 = 2.2333180

3.937

1.957

h2 - 4.4429 h + 2.8 = 0

- V(-B + B2 - 4AC
2A

...	 h = 0.76	 or	 h = 3.68

use h = 0.76	 h	 1.35

X	 4 k k1 W V
1.8

h = -2 -(	 0.5)D	 1.8D(1000D)

(0.76) 2 = 4 (0.72)(2.2333) 8.1328 V1.8

1.957 (1000 x 1.957)1"0)

V1.8 = 18176.148

V	 = 232.48 ft/sec.cp

= 70.88 m/sec.

4.	 The Ballistic Research Laboratory Formula

427 W V1•33_P 	
.5	 1.33D2.8 (f C1)0.5 (1000)

427 (8.1328) V1.33

(1.957) 2.8 (6496) 0.5 (1000) 1.33

V1.33 = 2990.08

VCp = 410.48 ft/sec.

= 125.14 in/sec.



5.	 Commissariala a L'Energie Atomique Electricite
de France 

D.d 2
0.5 0.16666

() 0.6666V = 1.3 (cc)
M '

= 1.3 (44.8 x 10 6 ) 0.5 (2257)0.16666 0.04972)(0.1)0.6666
3.689

V	 = 82.84 m/sec.op

6.	 Kar Formula

d 
P

- a	 Xr, )t	 X = 3.19 -z -18 
()
-„p 2 _2	 1.35D	 D	 1) 	 D

X

	

3.937 - 0.078 
-.957
	 _p	 X

	

1.957	 - 0.18 (-2)2

h2 - 4. 4429h + 2.7 	 0

= 0.742 or h	 3.7

use	 h = 0.742

X_p	 [I 4 k k1 E 1.25	
0.5

(T) V1.8	 X
-22

(1°00D)1'8

where k = 0.72, kl = 2.2333 and k,E)_,1.25 = 0.9367rnE

(0.742) 2 = 4(0.72)122333) (09367),	
.	 8.1328 V1.8

1.957	 (1000 x 1.957) 1.8

.8Vi	= 18496.17

V	 = 234.74 ft/sec.cp

71.56 m/sec.
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Degen Formula

X	 X
= 2.2 -2 - 0.3( -2)2

D	 D

7.

d

D D	 1.52

3.937
1.957 = 2.2h - 0.3h

2 X
h= -2

D

h2 — 7.333h - 6.7058 = 0

h = 1.07 or 6.26

uses
X

h = 1.07 = _2D

0.5

X	 4kk WV1.81	 )
52 = (D(1000D)

1.8

...711(2,2333)(8 	 v181.8
(1.07) 2 = 

1.957 (1000 x

V1•8 = 36028.17

V	
= 340 ft/sec.

cp

„ 103 .65 m/sec.

8. Chang Formula

. 2	 n

d .	
,200,0.25 , m-y )..5,

P	 V-V-)	 fc

(12) (8.1328) V 2  1
200 0.25 ,

	

3.937 =	 (-V-)	 t(32.2)(1.957)(6496)I

	

V	 = 277•5 ft/ sec
-cp

, 84. 6 m/ sec.

1.957)1.8

X
52	2.0

0.5
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9.	 Haldar & Miller Formula

d X	 X	 xn
-2 = 3.19 ( -2 ) - 0.718 ( -2 ) 2	 -z	 1.35
D D	 D	 D

	

3.937	 X
=	

23.19h - 0.718h h = -2	1.957	 D

h2 - 4.4429h + 2.8 = 0

h = 0.76 or 3.68

X
use h = 0.76 = -2D

X
-2 = -0.0308 + 0.2251 ID 0.3 -- I	 4.0

I = 3.513

12 X 0.72I-
32.2

12 x 0.723.513 =

W V2

D 3 f
C

8.1328 V2

32.2	 (1.957)3(6496)

V	 = 279.96 ft/sec.cp

=	 85.35 m/sec.

10. Hughes Formula

d X
-2 = 3.6 -2	 d = 3.5D D	 D

3.937
1.957

X
=3.6 -2D

X
-2 = 0.55882D
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0.55882 = (0.19)(1)	 (8.1328)12 V2
3(32.2)(604.48)(1.957)

X
-2 = 0.19 k' 'VSD

7..t 7 2
= 0.19 k' 	

fr.D3

1

MV 2
1 4- 12.3 in (1 + 0.03	 -4)

fr.D-

1

0.03 (8.1328)12 V 2	
11 + 12.3 in (1 +

(32.2)(604.48)(1.957)

4396.5 = V2 1

1 + 12.3 in (1 + 2.00693 x 10-5 V 2 )

V	 = 172.2 ft/sec.cp

=	 52.5 m/sec.

11. Adeli & Amin Formula

d
-2 = 0.906 + 0.3214 I - 0.0106 12D

3.937 
- 0.906 + 0.3214 I - 0.0106 1 2

1.957

1 2 - 30.32 I + 104.31 = 0

I = 3.46 or I = 26.36

use	 I = 3.96

I _  k W V 2

g D3 fc '
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3.96 _	 (0.72) (8.1328) 12 V2 

(32.2) (1.957) 3 (6496)

V	 = 297.24 ft/sec.cp

= 90.62 m/sec.
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W . 4.872 = 233.475 lb/ft2areaAP = area

and

APPENDIX B
'

Calculation of The Critical Scabbing Velocity of The Missile

using The Existing Empirical Formulae described in section

2.3.

The calculation uses the experimental data obtained during

the S5 series. The following data is relevant.

S5 has 390 kg/m3 of flexural reinforcement and 4 mm max. agg.

size.

ds = slab thickness	 = 100 mm	 = 3.937 in

W = wt. of missile

D = dim, of missile

V = critical scabbingcs

= 2.21 kg	 = 4.872 lb

= 49.68 mm	 = 1.956 in

velocity (test)	 = 58.2 m/sec. = 190.9 ft/sec.

fc' = concrete compressive

strength (cylinder)	 = 42.6 N/mm2 = 6178.16 psi

fr = concrete tensile

strength = 7.5 VT' = 4.065 N/mm2 = 589.51 psic

1.	 Modified Petry Formula

ds = 2.2 XP

N7
2 	

1= 2.2 (12) k A log (1 +
P P	 2150001

where

k = 0.00284 for special reinforcement
P
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X	 X
= 7.91 ( -2 ) - 5.06 (52)2D

ds
D

V2 3.937 = 2.2 (12) (0.00284) (233.475) log (1 + 215000 )

... V	 = 381.82 ft/sec.cs

= 116.4 m/sec.

2.	 Modified National Research Committee Formula

X3.937 = 7.91 h - 5.06 h2 h ._2
1.956	 D

h2 - 1.5632 h + 0.3977 = 0

-B T A2 - 4AC
2A

where

A = 1	 B = -1.5632	 and	 C = 0.3977

... h = 0.3199 or h = 1.2433

use h = 0.3199

h=

X	 [ 4kk1 WV
1.8

_2 .
D	 D(1000D) 1.8

1 
0.5

i

X
-2 5 2.0D

where

k = 0.72	 and	 k1 = .71.-, = 2.29
C

4(0.72) (2.29) 4.872 14	 v1.8(0.3199)2-
1.956 (1000 x 1.956)1.-

180
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.-. V	 = 116.43 ft/sec.cs

=	 35.5 m/sec.

3.	 The Ballistic Research Laboratory Formula

ds = 2dP

427 W D V1.33

=	 (2)	 2 8	 ' 0.5	 1.33D .	 fc	(1000)

3.937 = 854 (4.872) V1.33

8	 .(1.956) 1.	 (6178.16) 05 (1000) 1.33

V	 = 351.38 ft/sec.cs

= 107.12 m/sec.

4.	 Bechtel Corporation Formula

ds = 15.5 	fc
'0.5D 0.2

w0 v0.4	 .5

3.937 —
0.415.5 (4.872)

(6178.16) 0.5 (1.956)0.2
V°.5

V	 = 146.86 ft/sec.cs

=	 44.77 m/sec.

5.	 Stone & Webster Formula

ds =( C



X
-2	 0.65D

ds
D

< 3

ds -a	 X	 X
b ( 	 D ) = 7.91 -2 - 5.06 (-2)2D	 D

3.937 =	 (4.872 V
2 ) 3

942.3

Vcs = 108.64 ft/sec.

=	 33.12 in/sec.

6.	 Kar Formula

where

Em 0.2b = ( E-)	 = 1.0102 and a = 4 mm = 0.078 in

X
10102 ( 3.937 

.
-
95

0
6 
.078.	 )	 =7.91 h - 5.06 h2 	h	 _2
1 D

.-. h2 
- 1.5632 h + 0.3938 = 0

... h = 0.3157 or h = 1.2475

uses h = 0.3157

]0.5
X	 [4 k k1 	 E 1.25	 W V1.8

in
.	 	  ( E )

D	 D	 (1000D)1.8

where

E 1.25
E(--)	 = 0.9384m

4 (0.72) (2.29) (0.3157) 2 =	 ( 0.9384)	 (4.872) V
18

1.956	 (1000 x 1.956)1.8

... V	 = 118.86 ft/sec.cs

=	 36.23 in/sec.

250



7. Chang Formula

84 (200---) 0.13	 (M V
2

)
0.4

d = 1.
S V	 D°2	

' 0.4f c

(4.872) (12) V2
)
0.4

3.937 = 1.84 (200---)0.13 	 32.2 

(1.956) 0.2	 0.4
V	 (6178.16)

80.346 = ,200,0.13 (0.1513 V2)("4v

V	 = 142.16 ft/sec.cs

43.34 m/sec.

8. Haldar & Miller Formula

ds

5- = 3.3437 + 0.0342 I 	 21 Is I	 385

1= 12 k W V 2

32.2 D3 fc '

3.937 = 3.3437 + 0.034 I1.956

The value of I will be negative, therefore the indirect

method to estimate the critical scabbing velocity (28) will

be used.

-2 -s 0.65
ds

	

	 X	 X 2
= 7.91 ( 52 ) - 5.06 (52)

3
ds

3.937
1.956 = 7.91 h - 5.06 h2
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d	 X
D

s = 5.0 -2D
X
52 < 0.7

3.937
1.956

h2 - 1.5632 h + 0.3977 = 0

h = 0.3199 or h = 1.2433

uses h = 0.3199

X

D
	 -0.0308 + 0.2251 I	 0.3	 I	 4.0

0.3199 = -0.0308 + 0.2251 I

I = 1.558

W k V 2
_

g D 3 fc'

12 (4.872)	 0.72	 1 1.558 -	 V2

32.2	 (1.956)3 6178.16

V	 = 234.7 ft/secCS

= 71.56 m/sec.

9.	 Hughes Formula

X
= 5.0 -2D

X
-2 = 0.40255D

X
-2 = 0.19 k' I'/SD
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3.937
1.956

0.3615 - (0.72) (4.872) 12
1.7

2

M.V 2

= 0.19 k'
fr . D3

1

M.V 2

1 + 12.3 ln(1 + 0.03 	 q)
fr.D-

4.872) (12) V20.40255 = (0.19) (1)
(32.2) (589.51) (1.956)

1

(4.872) (12) V2 1 + 12.3 ln(1 + 0.03
3)(32.2) (589.51) (1.986)

5147.91 = V2 	 1 
-5

V	 = 132.65 ft/sec.cs

= 40.44 m/sec.

10. Adeli & Amin Formula

= 1.8685 + 0.04035 I - 0.0114 1 2 	0.3	 I	 21

1 + 12.3 in (1 + 1.234685 x 10

:.

ds
D

= 1.8685 + 0.4035 I - 0.0114 12

12 _ 35.394 I + 12.656 = 0

I = 0.3615 or I = 35.0325

use	 I = 0.3615

I	
kWW 	 V2

g D 3 fc'

(32.2) (1.956) 3 (6178.16)
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V	 = 113.07 ft/sec.cs

=	 34.47 m/sec.
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