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ummary

This research work investigates the impact behaviour of prestressed
concrete beams. A total number of forty 1000 mm long mode!l beams with a
rectangular section of 44 x 65 mm were cast. The beams were divided into four
series with ten beams in each series. Each beam was prestressed by four 1.6
mm diameter piano wires and the shear reinforcement was varied from series

to series.

The test rig available was modified so that the beam could have pin-end
supports with a span of 600 mm and a static or impact load could be applied at
the midspan. A total number of 40 static tests (8 static and 32
post-impact-static) and 32 impact tests were performed. The static load was
applied by a screw jack via a one meter long steel pressure bar. The impact
load was produced by the impact of a 350 mm steel cylinder projected at
velocitiesof 4to 17 m/s by compressed air onto the same pressure bar.

In each impact test, the impact force-time history was recorded by the
electrical resistance foil strain gauges attached on the pressure bar. The
transient deflections at various positions along the span were measured by
linear variable differential transducers and the reaction was measured by
aluminium load cells on which electrical resistance strain gauges were fixed.

A dynamic plastic model proposed by Fzral99) was developed and applied
in conjunction with the one-degree of freedom system to evaluate the
maximum dynamic midspan deflection, reactions, energy absorption capacity
and the initial impact beam velocity. A comparison was made between the

predicted and the experimental results.
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CHAPTER ONE

INTRODUCTJON

l.l Jevelopment ol Prestressed Loncre (112)

The basic principle of prestressing was applied to construction
centuries ago, when ropes or metal bands were wound around wooden staves
to form barrels. When the bands were tightened, they were under tensile
prestress which in turn created compressive prestress between the staves and
thus enabled them to resist hoop tension produced by internal liquid pressure.

This idea was applied to concrete and was first patented by P H Jackson
in California in 1886, and later by CE W Doehring of Germany. The concrete
was put into compression by tensioning the steel and holding it against the
concrete. Yet these patented methods were not successful because of of the
low tensile strength of steel. E Freyssinet of France in the early twentith
century used high strength concrete and high strength steel and this
resulted in a much better utilization of the two materials (steel and concrete).

However, it was not until the late 1940s that prestressed concrete really began
to develop.

Prestressed concrete 1s widely used nowadays in buildings, bridges, sca
structures (e.g. harbours, offshore terminals and oil platforms) and in
nuclear containment structures.

12 Dynamic Loads
1-2-1 -1 w-19°% (sti ' '.bo'.u 0] 14

A dynamic load, unlike a static load, is time dependent and cannot be
described by a single load parameter. A force (or pressure) and time
relationship is shown in fig. 1.1. The significant features are the ratio of rise

time t, duration T and peak load P,,,. Even if the impulse [ Pdt or energy

sent into a structure is known, the dynamic response of the structure cannot
be derived from its response under a low speed (static) loading because

(a) many common materials behave differently at high strain rates,

(b) local plastic region near the contact zone can be formed while other parts



of the member remain elastic or even undeformed, and
(c) inertia forces are generated at high rates of loading and these are

sufficent to alter the mode of deformation.

122 Classification of Dynamic Loads

From the external viewpoint, dynamic loads can be divided into three
types.

(a) Impact-The peak load and the variation of force with time are dependent
on the masses of colliding objects. e.g. vehicle collision.

(b) Impulse - The pressure-time history is produced by an explosion or
deflagration which depends upon the source and the type of explosion or
the striking object is considered to have no mass. i.e. mass is not involved
in an impulse. e.g. gaseous explosion.

(¢) Cyclic loading - A part of a structure undergoes a rapidly changing
displacement. e.g. earthquake.

Figure 1.2 gives the typical load-time curves of impact and impulsive

loads. The rise time of an impact load is generally longer than that for an
impulsive load.

1.3 Dvynap 01

In addition to static loads, structures are often subjected to dynamic
loads accidentally or deliberately. Industrial or transportation accidents,
demolition contracts, terrorist activities are just a few examples. The
consequencies could be devastating.

1.4 Design for Impact Resistance

.

The major considerations in design for impact are as follovcd.(s)

(a) The characteristics of the impact. Typical load-time histories of different

typesof impact were given by Struck and Voggenretier.(‘"
(b) The probability of occurrence. At present, there are little reliable data.(3)

(c) The behaviour of structures under high rate loading. The inherent
impact resistance of structures designed for static loads has been
investigated for years (see chapter 2). Yetthere is limited information on
prestressed concrete beams.(6)



Design recommendations are not usually found in civilian codes of
practice for structural design but do exist in a few text books and military
manuals.(7)

The objective of this investigation is to carry out a theoretical and
experimental study of the behaviour of pin-ended pre-tensioned prestressed
concrete beam during and after being impacted at midspan. From the results
of the investigation, it is expected that design recommendations could be
formulated.

In the experiment programme, the model beams were 44 mm wide x 65
mm deep x 600 mm span and were impacted at midspan by a steel rod (bullet)
28 mm diameter x 350 mm long driven by compressed air. In total, 32 beams
were impacted by a single blow and 8 beams were tested under static rate of
loading for comparison. Each impacted beam was also tested statically in order
to study post-impact behaviour. The independent variables were the amount
of shear reinforcement and the impact velocity. '

A literature review on the relevant subjects is presented in chapter 2.

Chapter 3 describes the fabrication of the model beams and the test
procedure. The layout of the experimental programme is also included.

The test results are given in chapter 4.

A theoretical analysis is made in chapter 5 and includes:
(a) beam behaviour under static load,
(b) one dimensional stress wave theory,
(c) beam behaviour under impact foad.

The theoretical predictions are compared against the experimental
results and discussed in chapter 6.

Chapter 7 gives the conclusions drawn and suggestions for future work.



______ Pmax= Peak Load

tr = Rise Time

T = Duration

Time

F1G. 1.1 CHARACTERISTICS OF DYNAMIC LOADS
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(a) Impact
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(b) Impulse

FIG.1.2 TYPICAL DYNAMIC LOADINGS



2.1 Introduction

The literature survey in this chapter covers briefly the following
aspects.

(a) Behaviour of prestressed concrete beams failing in flexure under static
condition.

(b) Strain rate sensitivitics of steel and concrete.

(c) Some theoretical approaches to structural dynamics probfems.
(d) Previousexperiments on the beam-impact problem.

(e) Problemsencountered in modelling.

2.2 Re stressed Concrete Beams unds

The behaviour of prestressed concrete beams under static loadings
presented in this section provides a platform to compare with beam under
impact loadings. The performance of simply supported prestressed concrete
beams subjected to a point-load at midspan was studied by many
invesﬁgawm.(5-9-'°) A typical load-deflection curve of such a beam failed in
flexure isshown in fig.2.1. There are three distinct stages of deformation.

In the first stage (stage I). the relationship between load and deflection
is linear and the deformation is very largely elastic. This stage is terminated
by the commencement of cracking. The energy of deformation (area under
the curve) associated with this stage is small by comparison with the total,

During the second stage (stage Il), the deflecti;'n increases rapidly and
disproportionately with increasing load. Apart from cracking of the concrete,
the deformation is still fargely elastic and recoverable on unloading. This
stage commences with the start of cracking and ends when the maximum load
is reached and the deformation becomes localised. i.e. a hinge forms under the
loading point. The energy of deformation in this stage is substantial and

largely recoverable.

In the final stage (stage III), the local damage at the hinge becomes



progressively more severe as the capacity of the member to support load
decreases with increasing deformation until finally complete collapse ensues.

In the absence of secondary effects, failure occurs as a result of progressive
fracture of the prestressing tendons with little damage to the concrete if the
amount of steel in the section is small; if the amount of steel is greater, more
severe damage to the concrete precedes the fracture of the tendons: and if the
amount of steel is still greater, crushing of the concrete without fracture of
the tendons may occur. The energy in this stage is absorbed by the
permanent deformation and the damage of the materials.

Throughout the application of the loading up to failure, there is only
one hinge formed within the span and is at the midspan.

2.3 Strair

Many materials possess properties which are dependent on the rate of
straining. The strain rate sensitivities of the two materials associated with
prestressed concrete structures, i.e. reinforcing steel and concrete, under
different orders of strain rate were studied by numerous resecarchers and are
summarised in this section and in table 2.1 (after Al-Azawi(5)). The dynamic
increase factors (DIF's) in the strengths of these materials presented in table
2.2 are given by the American Concrete Institute(!!) as a rough guide line.
These figures are not related to strain rate and hence they may not be safe to
be used without checking the strain rate involved in the view of the earlier

investigations. The actual DIF for concrete depends on the mix proportions,
materials, method of casting, curing and testing while the DIF for steel

depends on the static strength and method of testing.

2.3.1 '.' ! :'! ' l'

The results of some twenty independent experiments carried out in the
period from 1941 to 1972 on testing the uniaxial tensile strength of steel under
different strain rates were summarised by Mainstone{12) and eight sets of
experimental data obtained from 1942 to 1982 were studied by Al-Azawi(5)
The general conclusions are
(a) the Young's modulus is insensitive to strain rate,

(b) theyield and ultimate strengths are increased at high strain rates,
(c) low strength steel shows more enhancement in strength than high



strength steel at the same strain rate,
(d) the ultimate strain and ductility are slightly increased at high strain rate

in some tests while some other shows no change at all. i.e. the extra
allowance in this aspect should be treated with extreme care.

2.3.2 Sensiti

» » * &
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Mainstone{12) and Al-Azawi(5) again studied a total of twenty three
research works 1n the period from 1936 to 1982 on the strain rate effect on
concrete. The conclusions deduced are
(a) the Young's modulus increases with strain rate. Mainstone(12} proposed

that this was probably due to viscosity of the liquid phase of cement gel

and inertial resistances to the deformation associated with internal
cracking.

(b) the strain rate sensitivity is possibly affected by the type of aggregate in
the concrete.

(c) McHenry and Shideler{!3) found that the modulus of rupture increased by
about 20 % for an increase in rate of stressing by two orders of
magnitude. Their data were related ta rates of stressing below 10!
N/mm?s.

(d) shear strength increasesunder rapid loading.

(e) moisture content and temperature may be expected to affect the
sensitivity to strain rate.

(f) strain at maximum stress is greater at higher strain rate.

(g) thestronger the concrete. the less sensitive it is to the rate of straining.
(h) the bond resistance of deformed bars increases at high strain rate.

Hughes and Watson{!4) measured the transient applied load away from
the specimen and calculated the actual transient load by using the
one-dimensional stress wave analysis (section 5.3). Their results indicated
that the average ratio of the impact strength to the static strength were lower
than that found in the earlier investigations. This discrepancy is due to the
fact that the earlier researchers took the load registered on the load cell as the
actual transient load which is the integration of all the reflected and
transmitted load pulses which is not the actual foad resisted by the specimen.



In principle, the behaviour of prestressed or reinforced concrete
structures under high rate loading can be deduced from the individual
properties of concrete and steel. However, the dynamic response (e.g. higher
modes of vibration, etc.) and the other failure modes may be overlooked (e.g.
unless higher bond strength can be developed, the increased strengths of
steel and concrete are likely to lead to bond failure). There are various
approaches to help in the design of structural members to resist dynamic
loadings. In this section, some classical methods are presented and discussed
followed by a general summary.

2.4.1 Dynamic Loag

This method considers a falling mass as the dynamic load. The
structure, e.g. beam, is designed to resist a static force equal to the weight of
the falling mass multiplied by a dynamic load factor, DLF.

The method employed by Mylrca.(w) is to idealise the beam to an elastic
model with the following assumptions.
(a) No inelastic deformation. i.e. no energy dissipation from local plastic
strain or fracture.
(b) Noinertia forces resisting movement or displacement,
(c) Linear and same force-deflection relationship for static and dynamic

loading conditions.
(d) Energy conserved at the instant when the velocity of the impacting body

iszero, then the internal strain energy (deflection) is maximum,
The DLF is given by

equ. 2.1

where h = heightof fall,
A = deflection as if the force ( weight of the falling mass) is

applied statically,
Wl - weight of beam,

W = weightofthe falling mass.



Knowing the DLF. the dynamic deflection can be easily calculated. However.
being bounded by the assumptions, equation 2.1 is of limited use. In the case

when it is applicable, the result will be conservative as the dynamic effects
(e.g.vibrations, enhancement in material strengths, etc.) are ignored.

2.42 Energy Method

This method assumes that all or a portion of the energy carried by the
impacting body is transferred to the structure, and by comparing it with the
static load-deflection curve, the deflection will be obtained.

Simms(16) employed the method for a simply supported beam being
impacted by a falling mass at midspan with the following assumptions.
(a) The load-deflection curve is identical for static and impact loads.
(b) The falling hammer (mass) remains in contact with the beam throughout
the period of impact.
(c) There is no deformation atthe point of contact. i.e. this point is infinitely
rigid.
By considering the conservation of momentum and energy and assuming an
elastic beam, the reduction factor « (= energy transferred to beam/ falling
mass energy) is

17 Wy

5 W
X = @ —_——— equ. 2.2a

Wy 2
1 +
( < )

i +

v

and Simms(16) justified that this equation could be simplified to

K B ——— equ. 2.2b

where W and W are defined as in section 2.4.1.



Using this reduction factor, the amount of energy transferred to the beam and
hence the deflection can be evaluated. Cracknell and Jarman(”’ proposed
this method to be used in design. However, all the assumptions are

questionable or only valid in a very special case.
2.4.3 Equivalent Dynami np Ma: sten

The structure which is under consideration is transformed into lump
masses at the points of interest and connected by elastic springs. The dynamic
load may need to be modified in this method to predict the response of these
particular points. The equivalent mass factors and the dynamic load factors in
different conditions (e.g. type of structure and shape of the dynamic pulse)
which are obtained from rigorous solution(18:19.20) are in terms of the
force-time function of the dynamic load, natural frequency and the ductility
of the member. More than one degree of freedom (hence higher modes of
vibration) can be considered in this method. However, if this is the case, this
method will then become very tedious even with the design charts produced
by Norris el at(13) op Biggs.(zo) The other major set back is that the force-time
function of the dynamic load is not often well defined though some typical
examples are obtainable from Struck and Vog genretier.(‘"

24.4 Finite Element Method (Mathematical Mode

The structure under investigation is divided into small rigid segments
joined by springs in this method. At each time step. a set of simultaneous
equations is generated by considering the equilibrium of each segment. The
dynamic response of the structure can be obtained by solving these equations
numerically in a computer. However, as in the model developed by Yan der
Veen and Blaauwendraad(2!), this method requires some hypotheses on the
failure mechanism (hence criteria), dynamic response of the material (e.g.
steel and concrete), suitable nodal points positions (size and orientation of

each segment). etc, which may lead to inaccuracy.

245 Approach ¢ 1ichesanc '(Zl)gnd Hugbgg ggd ngbx(ﬂ

In this approach, the response of a beam impacted by a rigid striker is
analysed by considering the local impact deformation and all the possible
modes of vibration. If the beam remains elastic throughout, the beam impact



equation derived is

2
2 |
(%)3 = Vol -

2
XU(E) | T
- {————1,4% [, E(T) dT )
2
PA [ Xgdx

2 4 a

g xi{x) t 5 - ~

-2 | F(t)sin{coi(t-t)}dt
i= 1,2 L 2 0

PA ®; IU }[idx

equ. 2.3

where F «impactforce
K =deformation constant for impact zone

o =limpactvelocity of striker
t =time

= striker mass

Xl = ith free vibration mode

T =pulseduration

P «beam density

A =areaof beam crosssection

X e=beam co-ordinate at point of impact

®; =angular frequency of ith free vibration mode

L =span
It is obvious from equation 2.3 that the beam is considered as a continuous
body. The response (displacement, moment, shear, etc.) of each beam section
with respect to time can be calculated or deduced from this equation.

Numerical techniques have to be used to solve this equation as it cannot be
solved in closed form. After a dimensional analysis, equation 2.3 contains two

important parameters. They are

(a) the mass ratio = m,/m, and

(b) the pulse ratio =< /T,

10



where m, = beam mass
T = pulse duration when beam is massive compared to m.

T; =period of vibration of first mode (211/c3)

The limitations to the applicability of this approach are

(a) if the pulse ratio is small, a wave-travel solution is necessary,
(b) if the pulse ratio is large, errors can occur since the vibration sofution

does not ., as it should, approach static solution exactly.
The actual bounds of applicability can really only be found experimentally.

L

2.4.6 Design Guides (Load Factor and Dynamic Increase Factc

According to CP 110 part 1024) the ultimate design load P, in the case of

accidental impact load F;  is
PU - 1.05 (Gk + Qk + Fim) €qu. 2.4

where G, =dead load
Qy - imposed load

The partial safety factors for concrete and steel are 1.3 and 1.0 respectively

instead of the more commonly used valuesof 1.5 and 1.15. The kinetic energy
of the striker is assumed to be completely transformed into strain energy in
the impacted member.

The Home Office published a guide for nuclear shelters in 1982(23) to
resist blast loading (nuclear explosion). The ultimate load capacity of a

structural member subjected to blast loading is determined by considering its
capacity for sustaining external load by relatively large plastic deformations.
The design rules in this guide limit the magnitude of the plastic deformations
and thus the level of damage to the structural elements to a condition of
moderate damage, where there will be coansiderable yielding of steel and
concrete, but no impairment of the resistance to further loading. Load factors

for different types of elements in different degree of exposure (table 2.3) and
dynamic increase factors for steel and concrete in different aspect (same as

those values in table 2.2) can be found in this publication. Yet no explanation
is given for the derivation of the values of the load factors.
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2.4.7

Each of the approach mentioned so far (from section 2.4.1 to section
2.4.6) is restricted to certain particular cases in the view of design purpose.
The cause of the limitation on the usefulness of the individual method is due to
one or more of the following reasons.
() The assumption(s) is/are valid only in a special case.
(b) Itisan elastic approach and invalid in plastic response.
(¢c) The vibration response of the structure and the dynamic increase factors

of materials are ignored.
(d) Only certain points on the structure can be studied and there are

transformation problems. e.g. equivalent dynamic system (section 2.4.3).
(e) The equation(s) derived is/are complicated and tedious.
A simple plastic model is therefore developed (section 5.4) in this research and
hopefully will provide some useful information on beam impact problem to

designers.

25 Previous Investigations on Beam t Problesn

The experimental works carried out on reinforced or prestressed

concrete beams under impact loading are listed briefly in this section. Some
major findings of the individual study are summarised at the end of the

subsection under the name(s) of the investigator(s).

25.1 Mylrea 1940(15)

In this study, simply supported reinforced concrete beams 250 mm
wide x 400 mm deep x 2400 mm span with different grades and amount of steel
and no shear reinforcement were loaded at the midspan by a 225 kg or 930 kg
hammer falling from heights ranging from 0.23 m to 2.3 m.

Mylrea concluded that
(a) the analytical approach as described in section 2.4.1 was good.

(b) no noticeable difference 1n impact resistance was displayed by any of the
grades of steel used.

12



252 Simms 1945¢!6)

In this test, two types of simply supported reinforced concrete

structures (beams and slabs) were impacted at the midspan by a falling mass.

The beam dimensions were 100 mm wide x 200 mm deep x 1830 mm span while
the corresponding values for slab were 500 mm x 150 mm x 1524 mm. In

general, the longitudinal reinforcement in the beams consisted of either mild
steel bar or high strength steel while cold worked steel and ribbed mesh sheet
steel were employed in the slabs. The test conditions were

(a)

(b)
(c)
(d)

(a)

(b)

all specimens were designed to fail in bending. i.e. shear stirrups were
provided.

the impact was characterised by local deformation.

the weight of the falling mass was equal to that of the specimen.

the striking velocity ranged from2.44 m/sto 8.53 m/s.

Simms concluded that

in general, the form of damage of these units was roughly the same under
static loading or impact, and in such cases, the damage to beams and slabs
due to impact was reasonably predicted from considerations of the
energy absorbed under static loading, used in conjunction with a simple
energy equation (equation 2.2a or equation 2.2b, section 2.4.2).

in contrast to Mylrea.“s) (section 2.5.1), the performance of beams
with high strength steel was not as good as those beams reinforced with
mild steel bars.

2.5.3 Mavis and Greaves 1957(25)

In this study, simply supported beams 100 mm wide x 150 mm deep x

1980 mm span were loaded at the midspan by a dynamic spring load. The
beams were reinforced with different types of steel ( hard grade or
intermediate-grade). Mavis and Greaves reported that

(a) the performance of a beam under dynamic loading were different from

the corresponding static performance of a similar beam by
(1) the dynamic load capacity was higher,

(ii) the limiting dynamic strain was greater,

(iii) the dynamic reactions varied differently from the load,
(iv) the dynamic stress distributions was different.

(b) beams with hard-grade steel outperformed beams with intermediate-grade

13



steel.

However, in the discussion paper by Fey, Hansen, Johnstone, Newmark
and White‘“’. it was pointed out that the pulse generated by the spring in this

study had a duration always higher than the natural period of the beam and
consequently, tests with pulses of short durations would also be required to
validate the conclusions.

2.5.4 Bate 1961(10).

The experiments carried out by Bate were an extension of the
_investigation by Simms (section 2.5.2). A total number of 54 reinforced
concrete beams and 306 prestressed concrete beams, all simply supported.
were loaded at the midspan by either a static load or a falling mass. Only the
details for prestressed concrete beam tests are reviewed here.

The independent variables were
(a) dimensions of specimens (width, depth and span),
(b) type, amount and position of prestressing steel,
(c) effective prestressing force,
(d) weight of the falling mass,
(e) height of fall,
(f) concrete strength.

Bate concluded that

(a) the energy of deformation (area under the load-deflection curve)
determined in static loading gave an approximate indication of resistance
to the impact of a single blow, provided that the failure modes under both
cases were similar, ..

(b) when faiflure occurred in bending, there was a particular proportion of
steel which gave greatest resistance to impact,

(c) the effects of slip of pre-tensioned wires and of shear failures had an
important influence on performance. e.g. it might lead to different modes
of failure under static and impact test.

(d) the shear effect was enhanced and stirrup reinforcement became much
more important in impact tests. This was also reported later by

Seabold(27) for reinforced concrete beams under impulsive loads.
(e) the impact resistance could be estimated by comparing the energy of

14



deformation with the energy transferred from the striker to the beam

using & simple energy equation (equation 2.2a or equation 2.2b,section
2.4.2).

255 Karim 1977(28)

A total number of 48 simply supported post-tensioned prestressed
concrete beams were tested either statically or dynamically by a drop
hammer. The variables were
(a) size of beam,

(b) area of prestressing steel,
(c) initial prestressing force,
(d) amount of web reinforcement.

Karim's conclusions are similar to those of Simms (section 25.2). In
addition, Karim also reported that
(2) the energy reduction factor calculated using equation 2.2a was always

higher than the one deduced by measuring the midspan deflection and
comparing with the static load-deflection graph. i.e. this calculation
method is conservative.

(b) in the case of bond slip, the extra amount of energy absorption capacity
which occurred in static test did not reproduce under impact, hence there

was a danger of over-estimating the impact resistance from the
knowledge of static test results.

2.5.6 Lai lﬁo(ﬁ) and Hughes 1981(29)

A total of 57 beam specimens were tested by Lai under the similar
condition as in Karim'’s study (section 2.5.5). In addition to Karim's variables,
polypropylene or steel fibre was introduced to some beams. Eight special
terms were proposed and defined as following.

(a) Energy unit (EU) - area under the calculated ‘dynamic’ load-deflection
curve upto the point corresponding to a compressive
strain of 0.0053 in concrete.

(b) Deflection unit (DU) -initial camber plus the deflection corresponding to

0.0055 concrete strain.
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(c) Prestressing index (PI) - P1 =« P_/(f,, bd)

where P, = effective prestressing force,

f., = static concrete cube strength,

b = width of beam,
d = depth totendon.
(d) Apparent impact energy (AIE) - product of the efficiency of the
hammer, the weight of hammer and the
. height of fall,
(e) Energy ratio (ER) = AIE/ EU
(f) Deflection ratio (DR) = measured dynamic deflection/ DU
(g) Maximum impact capacity (MIC) - impact resistance without ‘collapse’.

From the experiment data and the calculated values of EU and DU, a
unique ER vs DR curve was produced for same type of beams and of identical
Pl. A family of such curves (different types of beams and PI's) was therefore
generated and was readily applied to the evaluation and design of
impact-susceptible beams. In contrast to the previous studies, it can be seen
that the weight of the hammer (in relation to the weight of beam) on its own
has no noticeable effect on the dynamic response. In this investigation, it was
also found that for identical PI, the performance of steel-fibre beams was
better than that of the polypropylene-fibre beams which were better than
that of plain beams on the basis of impact capacity.

2.5.7 Watson and Ang 1981(30) 1982(31)

One eighth model microconcrete structures were impacted by a steel
cylinder of 1.78 kg at a velocity of 16 m/s. Longitudinal and transverse
reinforcement and span-depth ratios were varied for beams simply supported
and with column continuity. Watson and Ang concluded that
(a) impact loads up to 40 times larger than the static strength of beams,

produced punching shear fractures and higher mode flexural cracks
which were quite distinct from the lower mode flexural cracks under
static load.

(b) the impact fractures from a load up to 40 times greater than the static
strength of beams designed for ultimate loads, did not reduce the residual
static strength below that required for static service loads.

(c) the peak and residual deflections under impact load were reduced as the
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volume of shear reinforcement increased. Spiral stirrups produced a
stiffer beam than conventional tied reinforcement, comparing with the

conclusion of Seabold(2?) that inclined (spiral) stirrups were not
recommended to resist impulsive loading.

258 Hy_gﬂmiiuiﬁ_lﬁ(zz) and Hughes and Beeby 1232(7)

Some 92 pin-ended reinforced concrete beams of different span and
reinforcing details were impacted by a falling mass at midspan. Different
types of padding were used. The results were compared to the theoretical
approach asdescribed in section 2.4.5. They concluded that
(a) the theory showed good agreement with the experiment in the early stage

(i.e. beam remained elastic). However, the solution involved some
computational difficulties.

(b) the solution could be described 1n terms of dimensionless parameters
which were depended on the mass ratio and the pulse ratio as defined in
section 2.4.5.

(c) the limitations of the applicability were already described in section 2.4.5.

2.5.9 Mahmood 1283(32) and Hughes and Mahmood 1285(33)

Post- tensioned prestressed concrete beams of 1/4 and 1/2-scale were
tested in a manner similar to Lai (section 25.6). In addition to Lai's
terminologies, Lh_e following terms are added or modified.

(a) Reinforcement index (RI) - RI = (A * Astfy)/ (f'bd)

DfDY

where Ap = area of prestressing steel,
f .= yield stress of prestressing

PpY
steel,
Ast « area of normal reinforcement
in tension,

f, = vield stress of normal

reinforcement in tension,
f' = cylinder crushing strength of

concrete,
b = width of beam,

d = depth to centroid of all tension
steel.
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(b) Prestressing index (PI) - P] « Po/(f.'bd)

where P, = effective prestressing force.

(c) Reference toughness (RT) =EUasin Lai'sterms.
(d) Reference deflection (RD) = DU as in Lai's terms.

(e) Nominal impact capacity (NIC) - the impact energy of the impact which
just produdes an excessive residual
central deflection which lies within a
range 1/300 to 1/250 of the span.

The impact data were generalised through these terms. Data of beams of
similar PI and RI at differeat impact intensities were plotted (i.e. ER vs DR)
and provided 2 comprehensive indication of the behaviour of beams under the
effect of impact loading (e.g. NIC). Beams impacted with an intensity equal to
or below their NIC retained more than 83 % of their static ultimate strength
and beams impacted by a single blow having an intensity equal to the NIC
could generally resist a greater total energy if it was delivered as the sum of
energies of two or more impacts.

25.10 Ang 1984(34)

This work on model structures was the base of the work of Watson and
An 3(30-3” (section 2.5.7). From the high speed films, Ang observed that only

part of the structure (reduced effective span) might respond to an impact
before the response of the whole structure, depending on the material

properties (e.g. dimensions.etc.) and the pulse characteristics (e.g. duration,
etc.). Using this reduced effective span concept and the experimental data, a

set of design curves involving parameters of beam properties and materials
properties were produced and successfully predicted the energy absorption

capacitics of some test specimens.

2.6 Modelling

Physical models are very often used for developing new methods of
design and in checking the performance of corresponding prototypes because

they are less expensive and less time-consuming than testing the prototypes.
However, as it is pointed out by Mirza(35). care must be exercised throughout
all stages of the modelling process and testing of the models. i.e. modelling
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Jaws must be observed.

26.1 Laws of Similitude(36.37)

The structural response of a full scale structure can be predicted from
the response of a model by using as appropriate scale factor. i.e.

Q, ~SxQp

where Q = physical quantity; S =scale factor;

and subscripts p = prototype; m = model.

The scale factors can be obtained from the laws of similitude which can be
determined by using the method of dimensional analysis. The fundamental
dimensions of this research involved in the famous Buckingham Il thcory(36)

are mass (M), length (L) and time (T). The Buckingham [T theory states that
the expression

F(Ql'02'03' .................... .Qn) "'0
can be reduced to the form
P ("l 'n2'“3. .................... . "n-k) =0 ‘

where Q = physical quantity,

1 = dimensionless quantity which isa product of Q's,

k = number of fundamental dimensions.
A list of the relationships between the prototype Q terms and model Q terms is
presented in table 2.4. The full derivation of these relationships by using the
Buckingham T theory can be found in Brideman(38) Inkester(39) and

Al-Azawil3). It can be seen that only two scale factors are needed to determine
all the relations. They are the stress factor S; and the geometric (length)

factor SL'

2.6.2 Materials for model and Associated Problems

A direct model which is used to predict the behaviour of the prototype
up to failure must be of a material whose entire stress-strain curve {s
homologous to that of the prototype material. Since prestressed concrete beam
consists of concrete and steel, it is necessary to have the same stress factor for

both the substitudes for concrete and steel. To satisfy this condition. cement
"mortar (microconcrete) and steel wires are often used. Accordingly, the stress

factor for the two material will be near to unity.i.e. S =1,
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In some aspects of the model or material, the geometric factor §;

cannot be truly satisfied. They are
(2) in table 2.4, it requires the model to have a density equal to §; times that

of the prototype (S, =1) which is difficult to achieve and is ignored in this

research.

(b) the constituents of the microconcrete should be scaled down. Finely
ground cement is rare and expensive. Accordingly, ordinary rapid
hardening Portland cement was used in this research. The requirements
for the aggregate and mix design will be discussed in section 3.2.2.2.

(c) small size of high yield steel wire is difficult to manufacture. Mild steel
wires are aoften further treated by cold working. knurling (indentating),
etc. before they are used as a substitute. The details and effects of these
treatments can be found 1n Brock(qo). Harris et al41.42) Clark(43). Sabedt
and Garas'44) and Evans and Clarke(45),

Modelling of bond is seriously hindered because of the limited
knowledge of the bond mechanism in prototype prestressed or reinforcement
concrete. Intensive study on the bond behaviour in prototypes and models
was carried out by Harris et at{41) yos(46) sabedi and Garas{44), White and
Clark(49), Clark“s). Mirza{49) and Noor and Khalid(39). Their conclusions are
summarised below.

(a) The ultimate bond strength decreases as embedment length increases.

(b) Deformed wire is better than plain wire in crack simulation.

(c) Deformed wire hasa higher peak value for ultimate bond stress than plain
or plain corroded wire.

(d) Wire of smaller diameter and rougher surface requires smaller anchorage
length.

(e) Plain wire and prestressing strand are not affected by high rate of
loading.

The phenomenon known as size effect was investigated by
Johnson(5l). Litle and Paparoni(-"z). Syamal(53), Evans, Clark and Beeby‘s‘”
and Sabnis and Mirza(33), It is concluded that the strengths (compressive,
tensile, etc.) of concrete are increased and is more variable as the size of the

specimen decreases. This effect becomes apparent when the size is smaller
than a certain critical size depending on the type of behaviour being studied.
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e.g.Chowvdhury and White{56) successfully predicted the moment rotation
relationship of a prototype beam-column joint by 1/10-scale models, and

McCutcheon(37) produced satisfactory results on prestressed concrete beams
by 1/4 and 1/8 models while Alexander{58) reported that the ultimate bending
moment obtained from a 1/22-scale microconcrete beam was 40 % higher than
the theoretical predicted value.
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Material DIF

Reinforcing Steel

fy = 267 N/mm’
fy = 345 N/mn’
fy = 414 N/mm°

Prestressing Steel

Concrete

Axial and Flexural Compression

Shear

NOTES DIF - Dynamic increase factor which may

be applied to static material
strengths

fy - yield stress

TABLE 2.2 DYNAMIC INCREASE FACTORS FOR CONCRETE
AND REINFORCING STEEL (AFTER ACI(11))

Shallow Buried
Surface
In Dry High Water
Ground Level

Roofs and Pso Pso Pso
Floors
Walls 0.5 Pso Pso 2.3 Pso

NOTES Pso - overpressure

TABLE 2.3 LOAD FACTORS FOR BLAST LOAD 2%



Parmeter Ssymbol Fundamental Relétionship to

Mass

Length

Force
Time
otress
Strain

Young's
Modulus

Density

Ratio

Notes :

Acceleration

Deformation

Velocity

Poisson's

Dimension Prototype
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SL = geometric scale factor
Sf = stress scale factor
SY = acceleration scale factor = 1/SL(5)
subscripts p'= prototype
m = model

TABLE 2.4 RELATIONSHIPS OF PROTOTYPE
QUANTITIES AND MODEL QUANTITIES



ADRICALIIUN AND TESTIN

3.1 Iatroduction

In this chapter, the details and fabrication of the model prestressed
concrete beams are described, followed by the description of the test equipment

and procedure. Data of the material properties required for the
one-dimensional stress wave analysis (chapter 5, section 5.3) are also presented

at the end of this chapter.

32 TestSpecimen
3.2.1 Dimensions of Model Beam

The test rig available was first used by JE Inkester(39) and TH Ang(-”‘”
for a rectangular beam section of 635 x 44 mm based on a geometric scale factor
of about 1/8. For convenience, the same size of beam section was used. The
span was set at a constant length of 600 mm and the overall length was 1000
mm (section 3.4) for all beams.

3.2.2 Model Materials

3.2.2.1 Emﬂmssmmm

Piano wire with a diameter of 1.6 mm was used as the model prestressing
wire and was obtained from McArthur Young Ltd., Barnsley in a single batch.
The wire was cut into pieces of 1.5 m long. Since the wire had a very smooth
surface, each piece of wire was sand-blasted to improve the bond. A Super 6
Guyson sand blast cleaner, borrowed from the Mechanical Engineering
Department, University of Sheffield, was used with Salfigrain of size 60/ 80.
Fach wire was sand-blasted for approximately four minutes under a pressure of

7 bar.

Five pieces of treated wire (1500 mm) were choosen at random. The

stress-strain characteristics and relaxation were determined from a 300 mm
and a 500 mm ptlece cut from each 1500 mm wire. Each 300 mm piece was tested
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in an Amsler loading machine with a 50 mm gauge length. The stress-strain
obtained from the average of five wires is shown in figure 3.1. The average 0.1
% proof stress, ultimate strength, Young's modulus and percentage of maximum
elongation were found to be 1625 N/mm?, 2200 N/mm?, 208.8 kN/mm? and 1.6 %
respectively. Each 500 mm piece was stressed to a tension of 235 kN by a
prestressing device (section 3.5.2). The average relaxation after 14 days was
foundto be 2.0 %.

With a geometric scale factor of 1/8, the piano wire represents a wire of
12.8 mm in diameter.

3.2.2.2 Microconcrete and Mix Proportions

In order to satisfy the similitude conditions, the concrete constituents
should also be scaled down by the same factor. Since finer ground cement was

not available, ordinary graded cement was used. Rapid hardening Portland
cement (Ferrocrete), a product of the Blue Circle Group, was used throughout
the experimental programme to achieve a high early strength. Accordingly,
the time of the programme was shortened. Sabnis, Harris, White and Mim(sg)
concluded that if a mean size of coarse aggregate exists in the prototype
concrete, then a corresponding scaled-down mean size of (sand) particles
should exist in the model concrete. However, scaling down the maximum size is
also acceptable as it is implicitly assumed that the scale ratio between the
maximum size aggregate of model and prototype materials has the same ratio as
the mean sizes of the two. Secondly, the finer particles are limited to less than
10 % passing the US no. 100 sieve (= BS no. 100) to avoid the necessity for very
high water/ cement ratios in order to obtain a workable mix. The maximum
size of sand used in the present investigation was chosen to be 2.36 mm (BS
sieve no. 7), which compares with 19 mm for the normal prototype maximum

size aggregate.

The gradation curves (before and after all sizes larger than 2.36 mm
were omitted) of the available river sand obtained by sieving according to BS
410(60) are shown in figure 3.2. After sieving, all sizes larger than 2.36 mm

were omitted and the sand shifted from zone 2 to zone 3 (BS gg2(61)),

Sand/ cement and water/ cement ratios of 2.5 and 0.55 by weight were
chosen respectively after testing several different mixes. This mix achieved an
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average 14-day compressive strength of 39.7 N/mm? from S0 mm diameter x 100
mm control cylinders and 32.6 N/mm? from 100 x 100 x 300 mm prisms. The
stress-strain relation is shown in figure 3.3. The axial strain indicated is the
average strain on two prisms. The strain at the centre of two opposite faces of
each prism were measured by a 200 mm demec gauge extensometer. These tests
were carried out using as ELE crushing machine. The saturated density
measured according to BS 1881 part 5(62) was 2240 kg/m3. The logitudinal wave

velocity, G . was measured by a commerically available PUNDIT equipment, CNS

Instruments Ltd.,, London and also using a pair of 50 mm diameter, 54 kHz
probes placed 100 mm and 300 mm apart on the prisms, using the direct method
given in BS 4408 part 5(63). The average value found was 3340 m/s.

3.2.2.3 Shear Reinforcement and Carrier Ba

Black annealed mild steel wire of 2.0 mm diameter was used as shear
reinforcement and carrier bars while 0.45 mm diameter wire was used as

binding wire.

The 2.0 mm wire was purchased from McArthur Young Ltd., Barnsley in
a single batch. Since the wire came in a coil, it was straightened out and had
the kinks removed by drawing. This operation was done in the Metallurgy

Department, University of Sheffield. The drawing machine was that described
by JE Inkester(39) and T H Ang(31), A 0.079 inch (2.0 mm) die was used. The

length of ecach piece of wire was cut to 1.2 m approximately and all the wire was
drawn in the same day. The stress-strain curve was obtained in a similar

manner as the piano wire (section 3.2.2.1) and is shown in figure 3.4. The
average 0.2 % proof strength, ultimate strength and Young's modulus were

found to be 300 N/mm?2, 350 N/mm? and 199 kN/mm?2 rqspcctivcly.

With a geometric scale factor of 1/8, this wire represented the 16 mm
diameter prototype wire.

3.3 Experimental Programme

The details of the experimental programme are shown in table 3.1. Four
series of beams were tested. Beams in the same series were reinforced
similarly. The details of the reinforcement are described in section 3.4. Each
series contained five pairs of beams. One pair was tested statically while the
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other four pairs were tested under various impact velocities by using different
air gun pressures (section 3.7.6). A post-impact-static test was carried out on
cach impacted beam to determine its residual static load resistance.

3.4 Reinforcing Detajls(?4.64.65.66.67)

For convenience, four piano wires with a diametér of 1.6 mm and a
straight profile were used and each wire was pre-tensioned to 56.5 % (2.5 kN) of
its ultimate strength in all beams. The four 1.6 mm diameter wires gave a steel
ratio of 0.28 % which satisfied the requirement to ensure gradual failure as

stated in CP 110 part 1{24)

Closed rectangular stirrups were used in all beams. According to the
same code of practice(z‘“, the maximum stirrup spacing should be 0.75 x
effective depth in shear = 44.3 mm, From the previous studies mentioned in
section 2.5, the shear effect is enhanced under a dynamic load. The stirrup
spacings in series 1,2, 3 and 4 were set at 40, 80, 20 and 10 mm respectively. An
extra stirrup was introduced in the end region to avoid development of
horizontal cracks(64.65),

cp 110(24) only gives a vague recommendation on the transfer length
for pre-tensioned tendons. Accordingly, the recommendation in the ACI

code(“) of 100 x wire diameter (160 mm) was used. In order to achieve a
constant bending moment within the span, the beam was extended by a

conservative length of 200mm beyond each support. The total embedment
length, and hence the total length of the beam, was 1000 mm. This length was
checked against the values recommended in the ACI code{66) and by Zia and
Mosatafa{67)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>